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UNIT I
Protein Structure and Function



Amino Acids 1

Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

P ro te in s  a re  th e  m o s t  a b u n d a n t  a n d  fu n c t io n a l ly  d iv e r s e  m o le c u le s  in  l iv in g  

s y s te m s . V ir tu a l ly  e v e ry  l i f e  p ro c e s s  d e p e n d s  o n  th is  c la s s  o f  m a c ro m o le c u le s .  

F o r  e x a m p le , e n z y m e s  a n d  p o ly p e p tid e  h o rm o n e s  d ir e c t  a n d  r e g u la te  m e ta b o l is m  

in  th e  b o d y , w h e re a s  c o n tra c t i le  p ro te in s  in  m u s c le  p e rm it  m o v e m e n t .  In  b o n e , 

th e  p ro te in  c o l la g e n  fo rm s  a  f r a m e w o rk  fo r  th e  d e p o s i t io n  o f  c a lc iu m  p h o s p h a te  

c ry s ta ls ,  a c t in g  l ik e  th e  s te e l  c a b le s  in  r e in fo rc e d  c o n c re te .  In  th e  b lo o d s tr e a m , 

p ro te in s ,  s u c h  a s  h e m o g lo b in  a n d  a lb u m in , t r a n s p o r t  m o le c u le s  e s s e n t ia l  to  life , 

w h e re a s  im m u n o g lo b u lin s  f ig h t  in fe c t io u s  b a c te r ia  a n d  v iru s e s .  In  sh o r t ,  p ro te in s  

d is p la y  a n  in c re d ib le  d iv e r s i ty  o f  fu n c t io n s ,  y e t  a l l  s h a re  th e  c o m m o n  s tru c tu ra l  

fe a tu re  o f  b e in g  l in e a r  p o ly m e rs  o f  a m in o  a c id s . T h is  c h a p te r  d e s c r ib e s  th e  

p ro p e r t ie s  o f  a m in o  a c id s . C h a p te r  2 e x p lo re s  h o w  th e s e  s im p le  b u i ld in g  b lo c k s  

a re  jo in e d  to  fo rm  p ro te in s  th a t  h a v e  u n iq u e  th re e -d im e n s io n a l  s tru c tu re s ,  

m a k in g  th e m  c a p a b le  o f  p e r fo rm in g  s p e c if ic  b io lo g ic  fu n c t io n s .

II. STRUCTURE

A lth o u g h  > 3 0 0  d if f e r e n t  a m in o  a c id s  h a v e  b e e n  d e s c r ib e d  in  n a tu re ,  o n ly  2 0  a re  

c o m m o n ly  fo u n d  as  c o n s ti tu e n ts  o f  m a m m a lia n  p ro te in s .  [N o te : T h e s e  s ta n d a rd  

a m in o  a c id s  a re  th e  o n ly  a m in o  a c id s  th a t  a re  e n c o d e d  b y  D N A , th e  g e n e t ic  

m a te r ia l  in  th e  c e l l  ( s e e  p . 4 1 1 ) . N o n s ta n d a rd  a m in o  a c id s  a re  p ro d u c e d  b y  

c h e m ic a l  m o d if ic a t io n  o f  s ta n d a rd  a m in o  a c id s  ( s e e  p . 4 5 ) .]  E a c h  a m in o  a c id  h a s  

a  c a rb o x y l  g ro u p , a  p r im a ry  a m in o  g ro u p  (e x c e p t  fo r  p ro lin e , w h ic h  h a s  a  

s e c o n d a ry  a m in o  g ro u p ) ,  a n d  a  d is t in c t iv e  s id e  c h a in  (R  g ro u p )  b o n d e d  to  th e  a -



c a rb o n  a to m . A t  p h y s io lo g ic  p H  (~ 7 .4 ) , th e  c a rb o x y l  g ro u p  is  d is s o c ia te d , 

fo rm in g  th e  n e g a t iv e ly  c h a rg e d  c a rb o x y la te  io n  ( - C O O - ), a n d  th e  a m in o  g ro u p  

is  p ro to n a te d  ( - N H 3+) (F ig . 1 .1 A ). In  p ro te in s ,  a lm o s t  a l l  o f  th e s e  c a rb o x y l  a n d

a m in o  g ro u p s  a re  c o m b in e d  th ro u g h  p e p t id e  l in k a g e  a n d , in  g e n e ra l,  a re  n o t  

a v a i la b le  fo r  c h e m ic a l  r e a c t io n  e x c e p t  fo r  h y d ro g e n  b o n d  fo rm a t io n  (F ig . 1 .1 B ). 

T h u s , i t  is  th e  n a tu re  o f  th e  s id e  c h a in s  th a t  u l t im a te ly  d ic ta te s  th e  ro le  a n  a m in o  

a c id  p la y s  in  a  p ro te in .  T h e re fo re ,  i t  is  u s e fu l  to  c la s s ify  th e  a m in o  a c id s  

a c c o rd in g  to  th e  p ro p e r t ie s  o f  th e ir  s id e  c h a in s ,  th a t  is , w h e th e r  th e y  a re  n o n p o la r  

(h a v e  a n  e v e n  d is tr ib u t io n  o f  e le c tro n s )  o r  p o la r  (h a v e  a n  u n e v e n  d is tr ib u t io n  o f  

e le c tro n s , s u c h  a s  a c id s  a n d  b a s e s )  as  s h o w n  in  F ig u re s  1 .2  a n d  1 .3 .





F ig u re  1 .1  A , B . S tru c tu ra l  f e a tu re s  o f  a m in o  a c id s .

F ig u re  1 .2  C la s s if ic a t io n  o f  th e  2 0  s ta n d a rd  a m in o  a c id s , a c c o rd in g  to  th e  c h a rg e  

a n d  p o la r i ty  o f  th e i r  s id e  c h a in s  a t  a c id ic  p H , is  s h o w n  h e re  a n d  c o n t in u e s  in  

F ig u re  1 .3 . E a c h  a m in o  a c id  is  s h o w n  in  i ts  fu lly  p ro to n a te d  fo rm , w ith  

d is s o c ia b le  h y d ro g e n  io n s  r e p re s e n te d  in  re d . T h e  p K  v a lu e s  fo r  th e  a - c a rb o x y l  

a n d  a - a m in o  g ro u p s  o f  th e  n o n p o la r  a m in o  a c id s  a re  s im ila r  to  th o s e  s h o w n  fo r  

g ly c in e .



F ig u re  1 .3  C la s s if ic a t io n  o f  th e  2 0  s ta n d a rd  a m in o  a c id s , a c c o rd in g  to  th e  c h a rg e



a n d  p o la r i ty  o f  th e ir  s id e  c h a in s  a t  a c id ic  p H  (c o n t in u e d  f ro m  F ig . 1 .2 ). [N o te : A t  

p h y s io lo g ic  p H  (7 .3 5  to  7 .4 5 ), th e  a - c a r b o x y l  g ro u p s , th e  a c id ic  s id e  c h a in s , a n d  

th e  s id e  c h a in  o f  f re e  h is t id in e  a re  d e p ro to n a te d .]

A. Amino acids with nonpolar side chains
E a c h  o f  th e s e  a m in o  a c id s  h a s  a  n o n p o la r  s id e  c h a in  th a t  d o e s  n o t  g a in  o r  

lo s e  p ro to n s  o r  p a r t ic ip a te  in  h y d ro g e n  o r  io n ic  b o n d s  ( s e e  F ig . 1 .2 ). T h e  

s id e  c h a in s  o f  th e s e  a m in o  a c id s  c a n  b e  th o u g h t  o f  a s  “ o i ly ” o r  l ip id - l ik e ,  a  

p ro p e r ty  th a t  p ro m o te s  h y d ro p h o b ic  in te ra c t io n s  (s e e  F ig . 2 .1 0 , p . 19 ).

1. L o c a t io n  in  p ro te in s :  In  p ro te in s  fo u n d  in  a q u e o u s  s o lu tio n s  (a  p o la r  

e n v iro n m e n t) ,  th e  s id e  c h a in s  o f  th e  n o n p o la r  a m in o  a c id s  te n d  to  c lu s te r  

to g e th e r  in  th e  in te r io r  o f  th e  p ro te in  (F ig . 1 .4 ). T h is  p h e n o m e n o n , 

k n o w n  as  th e  h y d ro p h o b ic  e f fe c t,  is  th e  r e s u l t  o f  th e  h y d ro p h o b ic i ty  o f  

th e  n o n p o la r  R  g ro u p s , w h ic h  a c t  m u c h  l ik e  d ro p le ts  o f  o il  th a t  c o a le s c e  

in  a n  a q u e o u s  e n v iro n m e n t .  B y  f i l l in g  u p  th e  in te r io r  o f  th e  fo ld e d  

p ro te in ,  th e s e  n o n p o la r  R  g ro u p s  h e lp  g iv e  th e  p ro te in  its  th r e e 

d im e n s io n a l  s h a p e . H o w e v e r ,  fo r  p ro te in s  th a t  a re  lo c a te d  in  a  

h y d ro p h o b ic  e n v iro n m e n t ,  s u c h  a s  a  m e m b ra n e ,  th e  n o n p o la r  R  g ro u p s  

a re  fo u n d  o n  th e  o u ts id e  s u r fa c e  o f  th e  p ro te in ,  in te ra c t in g  w i th  th e  l ip id  

e n v i ro n m e n t  (s e e  F ig . 1 .4 ). T h e  im p o r ta n c e  o f  th e s e  h y d ro p h o b ic  

in te ra c t io n s  in  s ta b i l iz in g  p ro te in  s tru c tu re  is  d is c u s s e d  o n  p . 19 .



F ig u re  1 .4  L o c a t io n  o f  n o n p o la r  a m in o  a c id s  in  s o lu b le  a n d  m e m b ra n e  p ro te in s .

S ic k le  c e l l  a n e m ia , a  d is e a s e  o f  re d  b lo o d  c e lls  th a t  c a u s e s  th e m  to  b e c o m e  

s ic k le  s h a p e d  r a th e r  th a n  d is c  s h a p e d , r e s u lts  f ro m  th e  r e p la c e m e n t  o f  p o la r  

g lu ta m a te  w i th  n o n p o la r  v a l in e  a t  th e  s ix th  p o s i t io n  in  th e  p s u b u n it  o f  

h e m o g lo b in  A  (s e e  p . 3 6 ).

2. P ro lin e : P ro l in e  d if fe r s  f ro m  o th e r  a m in o  a c id s  in  th a t  its  s id e  c h a in  a n d  

a - a m in o  n i t r o g e n  fo rm  a  r ig id ,  f iv e -m e m b e re d  r in g  s tru c tu re  (F ig . 1 .5 ).



P ro lin e , th e n , h a s  a  s e c o n d a ry  ( ra th e r  th a n  a  p r im a ry )  a m in o  g ro u p . I t  is  

f r e q u e n t ly  r e f e r r e d  to  a s  a n  “ im in o  a c id .” T h e  u n iq u e  g e o m e try  o f  p ro lin e  

c o n tr ib u te s  to  th e  fo rm a t io n  o f  th e  f ib ro u s  s tru c tu re  o f  c o l la g e n  (s e e  p . 

4 5 ) , b u t  i t  in te r ru p ts  th e  a -h e l ic e s  fo u n d  in  g lo b u la r  p ro te in s  ( s e e  p . 16 ).

r-

Secondary amino 
group

N

Primary amino 
group

o COOH V 7  COOH

+h 2n -
1

—  C - H +H3N—C - H

H2C ^  /C H 2 
CH2

CH3

Proline Alanine
____________________________________

F ig u re  1 .5  C o m p a r is o n  o f  th e  s e c o n d a ry  a m in o  g ro u p  fo u n d  in  p ro l in e  w ith  th e  

p r im a ry  a m in o  g ro u p  fo u n d  in  o th e r  a m in o  a c id s  s u c h  a s  a la n in e .

B. Amino acids with uncharged polar side chains
T h e s e  a m in o  a c id s  h a v e  z e ro  n e t  c h a rg e  a t  p h y s io lo g ic  p H , a l th o u g h  th e  

s id e  c h a in s  o f  c y s te in e  a n d  ty ro s in e  c a n  lo s e  a  p ro to n  a t  a n  a lk a lin e  p H  (se e  

F ig . 1 .3 ). S e r in e , th re o n in e ,  a n d  ty ro s in e  e a c h  c o n ta in  a  p o la r  h y d ro x y l  

g ro u p  th a t  c a n  p a r t ic ip a te  in  h y d ro g e n  b o n d  fo rm a t io n  (F ig . 1 .6 ). T h e  s id e  

c h a in s  o f  a s p a ra g in e  a n d  g lu ta m in e  e a c h  c o n ta in  a  c a rb o n y l  g ro u p  a n d  a n  

a m id e  g ro u p , b o th  o f  w h ic h  c a n  a lso  p a r t ic ip a te  in  h y d ro g e n  b o n d s .



F ig u re  1 .6  H y d ro g e n  b o n d  b e tw e e n  th e  p h e n o l ic  h y d ro x y l  g ro u p  o f  ty ro s in e  a n d  

a n o th e r  m o le c u le  c o n ta in in g  a  c a rb o n y l  g ro u p .

1. D is u lf id e  b o n d : T h e  s id e  c h a in  o f  c y s te in e  c o n ta in s  a  s u lfh y d ry l  ( th io l)  

g ro u p  ( - S H ) ,  w h ic h  is  a n  im p o r ta n t  c o m p o n e n t  o f  th e  a c t iv e  s i te  o f  m a n y  

e n z y m e s . In  p ro te in s ,  th e  - S H  g ro u p s  o f  tw o  c y s te in e s  c a n  b e  o x id iz e d  to  

fo rm  a  c o v a le n t  c ro s s - l in k  c a l le d  a  d is u lf id e  b o n d  ( - S - S - ) .  T w o  

d is u lf id e - l in k e d  c y s te in e s  a re  r e f e r r e d  to  a s  c y s tin e . (S e e  p . 19  fo r  a  

fu r th e r  d is c u s s io n  o f  d is u lf id e  b o n d  fo rm a tio n .)

M a n y  e x tra c e l lu la r  p ro te in s  a re  s ta b i l iz e d  b y  d is u lf id e  b o n d s . A lb u m in ,  a  

b lo o d  p ro te in  th a t  fu n c t io n s  a s  a  t r a n s p o r te r  fo r  a  v a r ie ty  o f  m o le c u le s ,  is  an  

e x a m p le .



2. S id e  c h a in s  a s  a t ta c h m e n t  s ite s  fo r  o th e r  c o m p o u n d s :  T h e  p o la r  h y d ro x y l  

g ro u p  o f  s e r in e , th re o n in e , a n d  ( ra re ly )  ty ro s in e  c a n  s e rv e  as  a  s i te  o f  

a t ta c h m e n t  fo r  s tru c tu re s  s u c h  as  a  p h o s p h a te  g ro u p . In  a d d i t io n , th e  

a m id e  g ro u p  o f  a s p a ra g in e , a s  w e l l  a s  th e  h y d ro x y l  g ro u p  o f  s e r in e  o r  

th re o n in e , c a n  s e rv e  a s  a  s i te  o f  a t ta c h m e n t  fo r  o l ig o s a c c h a r id e  c h a in s  in  

g ly c o p ro te in s  ( s e e  p . 1 6 5 ).

C. Amino acids with acidic side chains
T h e  a m in o  a c id s  a s p a r t ic  a c id  a n d  g lu ta m ic  a c id  a re  p ro to n  d o n o rs . A t  

p h y s io lo g ic  p H , th e  s id e  c h a in s  o f  th e s e  a m in o  a c id s  a re  fu lly  io n iz e d , 

c o n ta in in g  a  n e g a t iv e ly  c h a rg e d  c a rb o x y la te  g ro u p  ( - C O O - ). T h e  fu lly  

io n iz e d  fo rm s  a re  c a l le d  a s p a r ta te  a n d  g lu ta m a te .

D. Amino acids with basic side chains
T h e  s id e  c h a in s  o f  th e  b a s ic  a m in o  a c id s  a c c e p t  p ro to n s  (s e e  F ig . 1 .3 ). A t  

p h y s io lo g ic  p H , th e  R  g ro u p s  o f  ly s in e  a n d  a rg in in e  a re  fu lly  io n iz e d  a n d  

p o s i t iv e ly  c h a rg e d . In  c o n tra s t ,  th e  f re e  a m in o  a c id  h is t id in e  is  w e a k ly  b a s ic  

a n d  la rg e ly  u n c h a rg e d  a t  p h y s io lo g ic  p H . H o w e v e r ,  w h e n  h is t id in e  is  

in c o rp o ra te d  in to  a  p ro te in ,  its  R  g ro u p  c a n  b e  e i th e r  p o s i t iv e ly  c h a rg e d  

(p ro to n a te d )  o r  n e u tra l ,  d e p e n d in g  o n  th e  io n ic  e n v i ro n m e n t  p ro v id e d  b y  

th e  p ro te in .  T h is  im p o r ta n t  p ro p e r ty  o f  h is t id in e  c o n tr ib u te s  to  th e  b u f fe r in g  

ro le  i t  p la y s  in  th e  fu n c t io n in g  o f  s u c h  p ro te in s  as  h e m o g lo b in  (s e e  p . 3 0 ). 

[N o te : H is t id in e  is  th e  o n ly  a m in o  a c id  w i th  a  s id e  c h a in  th a t  c a n  io n iz e  

w ith in  th e  p h y s io lo g ic  p H  ra n g e .]

E. Abbreviations and symbols for commonly occurring 
amino acids

E a c h  a m in o  a c id  n a m e  h a s  a n  a s s o c ia te d  th r e e - le t te r  a b b re v ia t io n  a n d  a  o n e -  

le t te r  s y m b o l  (F ig . 1 .7 ). T h e  o n e - le t te r  c o d e s  a re  d e te rm in e d  b y  th e  

fo llo w in g  ru le s .



Q  Unique first letter:

Cysteine = Cys = C
Histidine = His = H
Isoleucine = Ile = 1
Methionine = Met = M

Serine = Ser = S
Valine = Val = V

B V  Most commonly occurring 
E J  amino acids have priority:

Alanine = Ala = A
Glycine = Gly = G
Leucine = Leu = L
Proline = Pro = P
Threonine = Thr = T

Similar sounding names:

Arginine = Arg = R (“aRginine”)
Asparagine = Asn = N (contains N)
Aspartate = Asp = D ("asparDic")
Glutamate = Glu = E ("glutEmate")
Glutamine = Gin = Q (“Q-tamine”)
Phenylalanine = Phe = F (“Fenylalanine”)
Tyrosine = Tyr = Y  (“tYrosine”)
Tryptophan = Trp = W (double ring in 

the molecule)

Letter close to initial letter:

Aspartate or = Asx = B (near A)
asparagine 

Glutamate or = Glx = Z
glutamine

Lysine = Lys = K  (near L)
Undetermined = X

amino acid



F ig u re  1 .7  A b b re v ia t io n s  a n d  s y m b o ls  fo r  th e  s ta n d a rd  a m in o  a c id s .

1. U n iq u e  f i r s t  le tte r : I f  o n ly  o n e  a m in o  a c id  b e g in s  w ith  a  g iv e n  le tte r ,  th e n  

th a t  le t te r  is  u s e d  as  its  s y m b o l.  F o r  e x a m p le , V  = v a l in e .

2. M o s t  c o m m o n ly  o c c u r r in g  a m in o  a c id s  h a v e  p r io r i ty :  I f  m o re  th a n  o n e  

a m in o  a c id  b e g in s  w ith  a  p a r t ic u la r  le tte r ,  th e  m o s t  c o m m o n  o f  th e se  

a m in o  a c id s  r e c e iv e s  th is  le t te r  a s  its  s y m b o l.  F o r  e x a m p le , g ly c in e  is  

m o re  c o m m o n  th a n  g lu ta m a te ,  so  G  = g ly c in e .

3. S im ila r  s o u n d in g  n a m e s : S o m e  o n e - le t te r  s y m b o ls  s o u n d  lik e  th e  a m in o  

a c id  th e y  r e p re s e n t .  F o r  e x a m p le , F  = p h e n y la la n in e ,  o r  W  = try p to p h a n  

( “ tw y p to p h a n ” a s  E lm e r  F u d d  w o u ld  sa y ) .

4 . L e t te r  c lo s e  to  in i t ia l  le tte r :  F o r  th e  r e m a in in g  a m in o  a c id s , a  o n e - le t te r  

s y m b o l  is  a s s ig n e d  th a t  is  as  c lo s e  in  th e  a lp h a b e t  a s  p o s s ib le  to  th e  in i t ia l  

le t te r  o f  th e  a m in o  a c id , fo r  e x a m p le , K  = ly s in e . F u r th e rm o re , B  is  

a s s ig n e d  to  A sx , s ig n ify in g  e i th e r  a s p a r t ic  a c id  o r  a s p a ra g in e ;  Z is  

a s s ig n e d  to  G lx , s ig n ify in g  e i th e r  g lu ta m ic  a c id  o r  g lu ta m in e ;  a n d  X  is  

a s s ig n e d  to  a n  u n id e n t if ie d  a m in o  a c id .

F. Amino acid isomers
B e c a u s e  th e  a - c a r b o n  o f  a n  a m in o  a c id  is  a t ta c h e d  to  fo u r  d if f e r e n t  c h e m ic a l  

g ro u p s , i t  is  a n  a s y m m e tr ic  (c h ira l)  a to m . G ly c in e  is  th e  e x c e p t io n  b e c a u s e  

its  a - c a r b o n  h a s  tw o  h y d ro g e n  s u b s t i tu e n ts .  A m in o  a c id s  w ith  a  c h ir a l  a -  

c a rb o n  e x is t  in  tw o  d if f e r e n t  is o m e r ic  fo rm s , d e s ig n a te d  d a n d  l, w h ic h  a re  

e n a n t io m e rs ,  o r  m ir ro r  im a g e s  (F ig . 1 .8 ). [N o te : E n a n tio m e rs  a re  o p tic a l ly  

a c tiv e . I f  a n  is o m e r , e i th e r  d o r  l, c a u s e s  th e  p la n e  o f  p o la r iz e d  l ig h t  to  

ro ta te  c lo c k w is e , i t  is  d e s ig n a te d  th e  (+ ) fo rm .]  A l l  a m in o  a c id s  fo u n d  in  

m a m m a lia n  p ro te in s  a re  o f  th e  l c o n f ig u ra tio n .  H o w e v e r ,  D- a m in o  a c id s  a re  

fo u n d  in  s o m e  a n t ib io t ic s  a n d  in  b a c te r ia l  c e l l  w a lls  ( s e e  p . 2 5 2 ) . [N o te : 

R acem ases  e n z y m a tic a l ly  in te r c o n v e r t  th e  d- a n d  L- is o m e rs  o f  f re e  a m in o  

a c id s .]



F ig u re  1 .8  d a n d  l fo rm s  o f  a la n in e  a re  m ir ro r  im a g e s  (e n a n t io m e rs ) .

III. ACIDIC AND BASIC PROPERTIES

A m in o  a c id s  in  a q u e o u s  s o lu tio n  c o n ta in  w e a k ly  a c id ic  a - c a r b o x y l  g ro u p s  a n d  

w e a k ly  b a s ic  a - a m in o  g ro u p s . In  a d d i tio n , e a c h  o f  th e  a c id ic  a n d  b a s ic  a m in o  

a c id s  c o n ta in s  a n  io n iz a b le  g ro u p  in  i ts  s id e  c h a in . T h u s , b o th  f re e  a m in o  a c id s  

a n d  s o m e  a m in o  a c id s  c o m b in e d  in  p e p t id e  l in k a g e s  c a n  a c t  as  b u f fe r s .  A c id s  

m a y  b e  d e f in e d  a s  p ro to n  d o n o rs  a n d  b a s e s  as  p ro to n  a c c e p to rs .  A c id s  (o r  b a s e s )  

d e s c r ib e d  a s  w e a k  io n iz e  to  o n ly  a  l im i te d  e x te n t.  T h e  c o n c e n tra t io n  o f  p ro to n s  

([H + ]) in  a q u e o u s  s o lu t io n  is  e x p re s s e d  a s  p H , w h e re  p H  = lo g  1 /[H +] o r  - l o g  

[H +]. T h e  q u a n t i ta t iv e  r e la t io n s h ip  b e tw e e n  th e  p H  o f  th e  s o lu t io n  a n d  

c o n c e n tra t io n  o f  a  w e a k  a c id  (H A )  a n d  its  c o n ju g a te  b a s e  (A - ) is  d e s c r ib e d  b y  

th e  H e n d e r s o n -H a s s e lb a lc h  e q u a t io n .

A. Equation derivation
C o n s id e r  th e  r e le a s e  o f  a  p ro to n  b y  a  w e a k  a c id  r e p re s e n te d  b y  H A :



HA ;zt H* + A‘
weak acid proton salt form or conjugate base

T h e  s a l t  o r  c o n ju g a te  b a s e , A - , is  th e  io n iz e d  fo rm  o f  a  w e a k  a c id . B y  

d e f in it io n , th e  d is s o c ia t io n  c o n s ta n t  o f  th e  a c id , K a, is:

[N o te : T h e  la rg e r  th e  K a, th e  s t ro n g e r  th e  a c id , b e c a u s e  m o s t  o f  th e  H A  h a s  

d is s o c ia te d  in to  H + a n d  A - . C o n v e rs e ly ,  th e  s m a l le r  th e  K a, th e  le s s  a c id  h a s

d is s o c ia te d  a n d , th e re fo re ,  th e  w e a k e r  th e  a c id .]  B y  s o lv in g  fo r  th e  [H +] in  

th e  a b o v e  e q u a t io n , ta k in g  th e  lo g a r i th m  o f  b o th  s id e s  o f  th e  e q u a tio n , 

m u l t ip ly in g  b o th  s id e s  o f  th e  e q u a t io n  b y  - 1 ,  a n d  s u b s t i tu t in g  p H  = - l o g  

[H +] a n d  p K a = - l o g  K a, w e  o b ta in  th e  H e n d e r s o n -H a s s e lb a lc h  e q u a tio n :

pH = pKa + log

B. Buffers
A  b u f f e r  is  a  s o lu t io n  th a t  r e s is ts  c h a n g e  in  p H  fo llo w in g  th e  a d d i t io n  o f  a n  

a c id  o r  b a s e . A  b u f f e r  c a n  b e  c re a te d  b y  m ix in g  a  w e a k  a c id  (H A )  w ith  its  

c o n ju g a te  b a s e  (A - ). I f  a n  a c id  s u c h  a s  H C l is  a d d e d  to  a  b u f fe r ,  A -  c a n  

n e u tra l iz e  it, b e in g  c o n v e r te d  to  H A  in  th e  p ro c e s s .  I f  a  b a s e  is  a d d e d , H A  

c a n  l ik e w is e  n e u tra l iz e  it, b e in g  c o n v e r te d  to  A -  in  th e  p ro c e s s .  M a x im u m  

b u f f e r in g  c a p a c ity  o c c u rs  a t  a  p H  e q u a l  to  th e  p K a, b u t  a  c o n ju g a te  a c id -  

b a s e  p a ir  c a n  s t i l l  s e rv e  a s  a n  e f f e c t iv e  b u f f e r  w h e n  th e  p H  o f  a  s o lu t io n  is  

w ith in  a p p ro x im a te ly  ± 1  p H  u n i t  o f  th e  p K a. I f  th e  a m o u n ts  o f  H A  a n d  A 

a re  e q u a l, th e  p H  is  e q u a l  to  th e  p K a. A s  s h o w n  in  F ig u re  1 .9 , a  s o lu tio n  

c o n ta in in g  a c e tic  a c id  (H A  = C H 3 -  C O O H )  a n d  a c e ta te  (A -  = C H 3 -  

C O O - ) w ith  a  p K a o f  4 .8  r e s is ts  a  c h a n g e  in  p H  f ro m  p H  3 .8  to  5 .8 , w ith  

m a x im u m  b u f f e r in g  a t  p H  4 .8 . A t  p H  v a lu e s  le s s  th a n  th e  p K a, th e  

p ro to n a te d  a c id  fo rm  (C H 3 -  C O O H )  is  th e  p r e d o m in a n t  s p e c ie s  in  s o lu tio n .



A t p H  v a lu e s  g re a te r  th a n  th e  p K a, th e  d e p ro to n a te d  b a s e  fo rm  (C H 3 -  

C O O - ) is  th e  p r e d o m in a n t  s p e c ie s .





F ig u re  1 .9  T i tr a t io n  c u rv e  o f  a c e tic  a c id .

C. Amino acid titration
T h e  t i t r a t io n  c u rv e  o f  a n  a m in o  a c id  c a n  b e  a n a ly z e d  in  th e  sa m e  w a y  a s  

d e s c r ib e d  fo r  a c e tic  a c id .

1. C a rb o x y l g ro u p  d is s o c ia t io n :  C o n s id e r  a la n in e , fo r  e x a m p le , w h ic h  

c o n ta in s  a n  io n iz a b le  a - c a r b o x y l  a n d  a - a m in o  g ro u p . [N o te : I ts  - C H 3 R  

g ro u p  is  n o n io n iz a b le .]  A t  a  lo w  (a c id ic )  p H , b o th  o f  th e s e  g ro u p s  a re  

p ro to n a te d  (F ig . 1 .1 0 ). A s  th e  p H  o f  th e  s o lu tio n  is  ra is e d , th e  - C O O H  

g ro u p  o f  fo rm  I c a n  d is s o c ia te  b y  d o n a t in g  a  H+ to  th e  m e d iu m . T h e  

re le a s e  o f  a  H+ re s u lts  in  th e  fo rm a t io n  o f  th e  c a rb o x y la te  g ro u p , - C O O - . 

T h is  s t ru c tu re  is  s h o w n  a s  fo rm  II, w h ic h  is  th e  d ip o la r  fo rm  o f  th e  

m o le c u le  (s e e  F ig . 1 .1 0 ). T h is  fo rm , a lso  c a l le d  a  z w it te r io n  ( f ro m  th e  

G e rm a n  w o rd  fo r  “h y b r id ” ), is  th e  is o e le c t r ic  fo rm  o f  a la n in e , th a t  is , i t  

h a s  a n  o v e ra l l  (n e t)  c h a rg e  o f  z e ro .

OH“ H20 OH“ H20
COOH

>
COO“ COO“

+H3N -C -H +H 3N -C -H h 2n - c - h

CH3
H+

CHg
H+

CHg

FORM 1 FORM II FORM IIIC
O

C
siII

*a

pK2 = 9.1

Alanine in acid solution Alanine in neutral solution Alanine in basic solution
(PH <2) (pH ~6) (pH >10)

Net charge = +1 Net charge = 0 
(isoelectric form)

Net charge = -1

F ig u re  1 .1 0  Io n ic  fo rm s  o f  a la n in e  in  a c id ic ,  n e u tra l ,  a n d  b a s ic  s o lu tio n s .

2 . A p p l ic a t io n  o f  th e  H e n d e r s o n -H a s s e lb a lc h  e q u a t io n : T h e  d is s o c ia t io n  

c o n s ta n t  o f  th e  c a rb o x y l g ro u p  o f  a n  a m in o  a c id  is  c a l le d  K ^  ra th e r  th a n  

K a, b e c a u s e  th e  m o le c u le  c o n ta in s  a  s e c o n d  t i t r a ta b le  g ro u p . T h e  

H e n d e r s o n -H a s s e lb a lc h  e q u a t io n  c a n  b e  u s e d  to  a n a ly z e  th e  d is s o c ia t io n  

o f  th e  c a rb o x y l g ro u p  o f  a la n in e  in  th e  s a m e  w a y  a s  d e s c r ib e d  fo r  a c e tic  

ac id :



w h e re  I is  th e  fu lly  p ro to n a te d  fo rm  o f  a la n in e  a n d  II  is  th e  is o e le c t r ic  

fo rm  o f  a la n in e  ( s e e  F ig . 1 .1 0 ). T h is  e q u a t io n  c a n  b e  r e a r r a n g e d  a n d  

c o n v e r te d  to  its  lo g a r i th m ic  fo rm  to  y ie ld :

3. A m in o  g ro u p  d is s o c ia t io n :  T h e  s e c o n d  t i t r a ta b le  g ro u p  o f  a la n in e  is  th e  

a m in o  ( - N H 3+) g ro u p  s h o w n  in  F ig u re  1 .1 0 . B e c a u s e  th is  is  a  m u c h  

w e a k e r  a c id  th a n  th e  - C O O H  g ro u p , i t  h a s  a  m u c h  s m a l le r  d is s o c ia t io n  

c o n s ta n t,  K 2. [N o te : I ts  p K a is , th e re fo re ,  la rg e r .]  R e le a s e  o f  a  H+ f ro m

th e  p ro to n a te d  a m in o  g ro u p  o f  fo rm  II  r e s u l ts  in  th e  fu lly  d e p ro to n a te d  

fo rm  o f  a la n in e , fo rm  III  ( s e e  F ig . 1 .1 0 ).

4 . A la n in e  p K s : T h e  s e q u e n t ia l  d is s o c ia t io n  o f  H+ f ro m  th e  c a rb o x y l  a n d  

a m in o  g ro u p s  o f  a la n in e  is  s u m m a r iz e d  in  F ig u re  1 .1 0 . E a c h  t i t r a ta b le  

g ro u p  h a s  a  p K a th a t  is  n u m e r ic a l ly  e q u a l  to  th e  p H  a t  w h ic h  e x a c tly  o n e

h a lf  o f  th e  H+ h a v e  b e e n  r e m o v e d  f ro m  th a t  g ro u p . T h e  p K a fo r  th e  m o s t  

a c id ic  g ro u p  ( - C O O H )  is  p K 1, w h e re a s  th e  p K a fo r  th e  n e x t  m o s t  a c id ic  

g ro u p  ( - N H 3+) is  p K 2. [N o te : T h e  p K a o f  th e  a - c a r b o x y l  g ro u p  o f  a m in o  

a c id s  is  ~ 2 , w h e re a s  th a t  o f  th e  a - a m in o  g ro u p  is  ~ 9 .]

5. A la n in e  t i t r a t io n  c u rv e : B y  a p p ly in g  th e  H e n d e r s o n -H a s s e lb a lc h  e q u a t io n  

to  e a c h  d is s o c ia b le  a c id ic  g ro u p , i t  is  p o s s ib le  to  c a lc u la te  th e  c o m p le te  

t i t r a t io n  c u rv e  o f  a  w e a k  a c id . F ig u re  1 .1 1  s h o w s  th e  c h a n g e  in  p H  th a t  

o c c u rs  d u r in g  th e  a d d i t io n  o f  b a s e  to  th e  fu lly  p ro to n a te d  fo rm  o f  a la n in e  

(I) to  p ro d u c e  th e  c o m p le te ly  d e p ro to n a te d  fo rm  (III) . N o te  th e  

fo llo w in g :





F ig u re  1 .1 1  T h e  t i t r a t io n  c u rv e  o f  a la n in e .

a. B u f fe r  p a irs : T h e  - C O O H /- C O O -  p a ir  c a n  s e rv e  a s  a  b u f f e r  in  th e  p H  

re g io n  a ro u n d  p K 1? a n d  th e  - N H 3+ /- N H 2 p a ir  c a n  b u f f e r  in  th e  r e g io n  

a ro u n d  p K 2.

b . W h e n  p H  = p K : W h e n  th e  p H  is  e q u a l  to  p K 1 (2 .3 ) , e q u a l  a m o u n ts  o f  

fo rm s  I a n d  II  o f  a la n in e  e x is t  in  s o lu tio n . W h e n  th e  p H  is  e q u a l  to  p K 2 

(9 .1 ) , e q u a l  a m o u n ts  o f  fo rm s  II  a n d  III  a re  p r e s e n t  in  so lu tio n .

c. I s o e le c tr ic  p o in t: A t  n e u t r a l  p H , a la n in e  e x is ts  p re d o m in a n t ly  as  th e  

d ip o la r  fo rm  II  in  w h ic h  th e  a m in o  a n d  c a rb o x y l  g ro u p s  a re  io n iz e d , 

b u t  th e  n e t  c h a rg e  is  z e ro . T h e  is o e le c t r ic  p o in t  (p I)  is  th e  p H  a t  w h ic h  

a n  a m in o  a c id  is  e le c tr ic a l ly  n e u tra l ,  th a t  is , in  w h ic h  th e  s u m  o f  th e  

p o s i t iv e  c h a rg e s  e q u a ls  th e  s u m  o f  th e  n e g a t iv e  c h a rg e s .  F o r  a n  a m in o  

a c id , s u c h  a s  a la n in e , th a t  h a s  o n ly  tw o  d is s o c ia b le  h y d ro g e n s  (o n e  

f ro m  th e  a - c a r b o x y l  a n d  o n e  f ro m  th e  a - a m in o  g ro u p ) ,  th e  p I  is  th e  

a v e ra g e  o f  p K 1 a n d  p K 2 (p I  = [2 .3  + 9 .1 ] /2  = 5 .7 )  a s  s h o w n  in  F ig u re  

1 .1 1 . T h e  p I  is , th u s , m id w a y  b e tw e e n  p K 1 (2 .3 )  a n d  p K 2 (9 .1 ) . p I  

c o r re s p o n d s  to  th e  p H  a t  w h ic h  th e  fo rm  II  (w ith  a  n e t  c h a rg e  o f  z e ro )  

p r e d o m in a te s  a n d  a t  w h ic h  th e re  a re  a lso  e q u a l  a m o u n ts  o f  fo rm s  I (n e t 

c h a rg e  o f  + 1 )  a n d  III  (n e t  c h a rg e  o f  - 1 ) .

S e p a ra t io n  o f  p la s m a  p ro te in s  b y  c h a rg e  ty p ic a l ly  is  d o n e  a t  a  p H  a b o v e  th e  

p I  o f  th e  m a jo r  p ro te in s .  T h e re fo re ,  th e  c h a rg e  o n  th e  p ro te in s  is  n e g a t iv e . 

In  a n  e le c tr ic  f ie ld , th e  p ro te in s  w il l  m o v e  to w a rd  th e  p o s i t iv e  e le c tro d e  a t  a  

r a te  d e te rm in e d  b y  th e ir  n e t  n e g a t iv e  c h a rg e . V a r ia t io n s  in  th e  m o b i l i ty  

p a t te rn  a re  s u g g e s t iv e  o f  c e r ta in  d is e a se s .

6. N e t  c h a rg e  a t  n e u t r a l  p H : A t  p h y s io lo g ic  p H , a m in o  a c id s  h a v e  a  

n e g a t iv e ly  c h a rg e d  g ro u p  ( - C O O - ) a n d  a  p o s i t iv e ly  c h a rg e d  g ro u p  

( - N H 3+), b o th  a t ta c h e d  to  th e  a - c a rb o n .  [N o te : G lu ta m a te ,  a s p a r ta te ,  

h is t id in e , a rg in in e , a n d  ly s in e  h a v e  a d d i t io n a l  p o te n t ia l ly  c h a rg e d  g ro u p s  

in  th e ir  s id e  c h a in s .]  S u b s ta n c e s  s u c h  as  a m in o  a c id s  th a t  c a n  a c t  e i th e r  as  

a n  a c id  o r  a  b a s e  a re  d e f in e d  as  a m p h o te r ic  a n d  a re  r e fe r re d  to  as  

a m p h o ly te s  (a m p h o te r ic  e le c tro ly te s ) .



D. Other applications of the Henderson-Hasselbalch 
equation

T h e  H e n d e r s o n -H a s s e lb a lc h  e q u a t io n  c a n  b e  u s e d  to  c a lc u la te  h o w  th e  p H  

o f  a  p h y s io lo g ic  s o lu t io n  re s p o n d s  to  c h a n g e s  in  th e  c o n c e n tr a t io n  o f  a  

w e a k  a c id  a n d /o r  i ts  c o r re s p o n d in g  s a l t  fo rm . F o r  e x a m p le , in  th e  

b ic a rb o n a te  b u f f e r  sy s te m , th e  H e n d e r s o n -H a s s e lb a lc h  e q u a t io n  p re d ic ts  

h o w  s h if ts  in  th e  b ic a rb o n a te  io n  c o n c e n tra t io n , [H C O 3- ], a n d  th e  c a rb o n  

d io x id e  c o n c e n tra t io n  [C O 2] in f lu e n c e  p H  (F ig . 1 .1 2 A ). T h e  e q u a t io n  is  

a lso  u s e fu l  fo r  c a lc u la t in g  th e  a b u n d a n c e  o f  io n ic  fo rm s  o f  a c id ic  a n d  b a s ic  

d ru g s . F o r  e x a m p le , m o s t  d ru g s  a re  e i th e r  w e a k  a c id s  o r  w e a k  b a s e s  (F ig . 

1 .1 2 B ). A c id ic  d ru g s  (H A ) r e le a s e  a  H +, c a u s in g  a  c h a rg e d  a n io n  (A - ) to  

fo rm .



Q  BICARBONATE AS A BUFFER

. p H , p K . t o g

•  An increase in HC03_ causes 
the pH to rise.

•  Pulmonary obstruction causes an 
increase in carbon dioxide, which 
causes the pH to fall, resulting
in respiratory acidosis.

C 0 2 + H20  H2C 0 3 H+ + H C 03"
> -------------------------------------------------<

I  DRUG ABSORPTION

•  pH = pK + log [Pru9~]
[Drug-H]

•  At the pH of the stomach (1.5), 
a drug like aspirin (weak acid,
pK = 3.5) will be largely protonated 
(COOH) and, thus, uncharged.

•  Uncharged drugs generally cross 
membranes more rapidly than do 
charged molecules.

Lipid
m p m h ra n p



F ig u re  1 .1 2  T h e  H e n d e r s o n -H a s s e lb a lc h  e q u a t io n  is  u s e d  to  p re d ic t:  (A ) c h a n g e s  

in  p H  a s  th e  c o n c e n tra t io n s  o f  b ic a rb o n a te  (H C O 3- ) o r  c a rb o n  d io x id e  (C O 2) a re  

a l te re d  a n d  (B ) th e  io n ic  fo rm s  o f  d ru g s .

HA <z! H+ + A ‘

W e a k  b a s e s  (B H + ) c a n  a lso  r e le a s e  a  H +. H o w e v e r ,  th e  p ro to n a te d  fo rm  o f  

b a s ic  d ru g s  is  u s u a lly  c h a rg e d , a n d  th e  lo s s  o f  a  p ro to n  p ro d u c e s  th e  

u n c h a rg e d  b a s e  (B ).

BH~ <zt B + H*

A  d ru g  p a s s e s  th ro u g h  m e m b ra n e s  m o re  r e a d i ly  if  i t  is  u n c h a rg e d .  T h u s , fo r  

a  w e a k  a c id , s u c h  a s  a s p ir in , th e  u n c h a rg e d  H A  c a n  p e rm e a te  th ro u g h  

m e m b ra n e s , b u t  A -  c a n n o t .  L ik e w is e , fo r  a  w e a k  b a s e , s u c h  a s  m o rp h in e , 

th e  u n c h a rg e d  B  fo rm  p e rm e a te s  th ro u g h  th e  c e l l  m e m b ra n e ,  b u t  B H + d o e s  

n o t. T h e re fo re ,  th e  e f f e c tiv e  c o n c e n tra t io n  o f  th e  p e rm e a b le  fo rm  o f  e a c h  

d ru g  a t  its  a b s o rp t io n  s ite  is  d e te rm in e d  b y  th e  r e la t iv e  c o n c e n tra t io n s  o f  th e  

c h a rg e d  ( im p e rm e a n t)  a n d  u n c h a rg e d  (p e rm e a n t)  fo rm s . T h e  r a t io  b e tw e e n  

th e  tw o  fo rm s  is  d e te rm in e d  b y  th e  p H  a t  th e  s ite  o f  a b s o rp t io n  a n d  b y  th e  

s tr e n g th  o f  th e  w e a k  a c id  o r  b a s e , w h ic h  is  r e p re s e n te d  b y  th e  p K a o f  th e  

io n iz a b le  g ro u p . T h e  H e n d e r s o n -H a s s e lb a lc h  e q u a t io n  is  u s e fu l  in  

d e te rm in in g  h o w  m u c h  d ru g  is  fo u n d  o n  e i th e r  s id e  o f  a  m e m b ra n e  th a t  

s e p a ra te s  tw o  c o m p a r tm e n ts  th a t  d if fe r  in  p H , fo r  e x a m p le , th e  s to m a c h  (p H  

1 .0 -1 .5 )  a n d  b lo o d  p la s m a  (p H  7 .4 ).

IV. CONCEPT MAPS

S tu d e n ts  s o m e t im e s  v ie w  b io c h e m is t ry  a s  a  l i s t  o f  fa c ts  o r  e q u a t io n s  to  b e  

m e m o r iz e d , r a th e r  th a n  a  b o d y  o f  c o n c e p ts  to  b e  u n d e r s to o d .  D e ta i ls  p ro v id e d  to  

e n r ic h  u n d e r s ta n d in g  o f  th e s e  c o n c e p ts  in a d v e r te n t ly  tu rn  in to  d is tra c tio n s .  W h a t  

s e e m s  to  b e  m is s in g  is  a  r o a d  m a p — a  g u id e  th a t  p ro v id e s  th e  s tu d e n t  w i th  a n  

u n d e r s ta n d in g  o f  h o w  v a r io u s  to p ic s  f i t  to g e th e r  to  “ te l l  a  s to r y .” T h e re fo re ,  in  

th is  te x t,  a  s e r ie s  o f  b io c h e m ic a l  c o n c e p t  m a p s  h a v e  b e e n  c re a te d  to  g ra p h ic a lly  

i l lu s tr a te  r e la t io n s h ip s  b e tw e e n  id e a s  p r e s e n te d  in  a  c h a p te r  a n d  to  s h o w  h o w  th e  

in fo rm a tio n  c a n  b e  g ro u p e d  o r  o rg a n iz e d . A  c o n c e p t  m a p  is , th u s , a  to o l  fo r



v is u a l iz in g  th e  c o n n e c t io n s  b e tw e e n  c o n c e p ts .  M a te r ia l  is  r e p re s e n te d  in  a  

h ie ra rc h ic  fa s h io n , w i th  th e  m o s t  in c lu s iv e ,  m o s t  g e n e ra l  c o n c e p ts  a t  th e  to p  o f  

th e  m a p , a n d  th e  m o re  sp e c if ic ,  le s s  g e n e ra l  c o n c e p ts  a r r a n g e d  b e n e a th .  T h e  

c o n c e p t  m a p s  id e a lly  fu n c t io n  as  te m p la te s  o r  g u id e s  fo r  o rg a n iz in g  in fo rm a tio n , 

so  th e  s tu d e n t  c a n  re a d i ly  f in d  th e  b e s t  w a y s  to  in te g ra te  n e w  in fo rm a tio n  in to  

k n o w le d g e  th e y  a l r e a d y  p o s s e s s .  C o n c e p t  m a p  c o n s tru c t io n  is  d e s c r ib e d  b e lo w .

A. Concept boxes and links
E d u c a to rs  d e f in e  c o n c e p ts  a s  “p e rc e iv e d  re g u la r i t ie s  in  e v e n ts  o r  o b je c ts .” 

In  th e  b io c h e m ic a l  m a p s , c o n c e p ts  in c lu d e  a b s tr a c t io n s  ( fo r  e x a m p le , f re e  

e n e rg y ) ,  p ro c e s s e s  ( fo r  e x a m p le , o x id a tiv e  p h o s p h o ry la t io n ) ,  a n d  

c o m p o u n d s  ( fo r  e x a m p le , g lu c o s e  6-p h o s p h a te ) .  T h e s e  b ro a d ly  d e f in e d  

c o n c e p ts  a re  p r io r i t iz e d  w i th  th e  c e n tra l  id e a  p o s i t io n e d  a t  th e  to p  o f  th e  

p a g e . T h e  c o n c e p ts  th a t  fo l lo w  f ro m  th is  c e n tra l  id e a  a re  th e n  d ra w n  in  

b o x e s  (F ig . 1 .1 3 A ). T h e  s iz e  o f  th e  ty p e  in d ic a te s  th e  r e la t iv e  im p o r ta n c e  o f  

e a c h  id e a . L in e s  a re  d ra w n  b e tw e e n  c o n c e p t  b o x e s  to  s h o w  w h ic h  a re  

re la te d . T h e  la b e l  o n  th e  l in e  d e f in e s  th e  r e la t io n s h ip  b e tw e e n  tw o  c o n c e p ts ,  

so  th a t  i t  r e a d s  as  a  v a l id  s ta te m e n t  ( th a t  is , th e  c o n n e c t io n  c re a te s  

m e a n in g ) .  T h e  l in e s  w ith  a r ro w h e a d s  in d ic a te  in  w h ic h  d ir e c t io n  th e  

c o n n e c t io n  s h o u ld  b e  r e a d  (F ig . 1 .1 4 ).
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Figure 1.13 A-C. Symbols used in concept maps.

Protein Structure

Amino acids

are composed of when protonated can
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(-COOH) I -n h 2) (R g ro u p s )

(20 d if fe re n t o n e s ) and act as

weak acidsProtonated (NH3  )Deprotonated (COO ) grouped as
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described by

Henderson-Hasselbalch
equation:

A "pH = pKa + log
[HA]
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a n d  in  th e  in te r io r  o f  m e m b r a n e -a s s o c ia te d  p ro te in s

predicts
In  th e  in te r io r  o f  p r o te in s  th a t  fu n c t io n

in  a n  a q u e o u s  e n v ir o n m e n t  a n d  o n

th e  s u r fa c e  o f  p r o te in s  (s u c h  a s  m e m b r a n e
pH = pKa when [HA] = [A- ]p ro te in s )  th a t  in te r a c t  w ith  l ip id s

Thus, the chemicalIn proteins, most
nature of the sideoc-COO . . .  how the 

protein folds 
into its native 
conformation

and Therefore, these chain determinesa-NH 3 +of amino X .g ro u p s  are not > > th e  role that theacids are y S available for f  amino acid playscombined through chemical reaction in a proteinpeptide bonds.
particularly. . .

F ig u re  1 .1 4  K e y  c o n c e p t  m a p  fo r  a m in o  a c id s . [N o te : * F re e  h is t id in e  is  la rg e ly  

d e p ro to n a te d  a t  p h y s io lo g ic  p H , b u t  w h e n  in c o rp o ra te d  in to  a  p ro te in ,  i t  c a n  b e  

p r o to n a te d  o r d e p ro to n a te d  d e p e n d in g  o n  th e  lo c a l  e n v iro n m e n t .]



B. Cross-links
U n lik e  l in e a r  f lo w  c h a r ts  o r  o u tl in e s ,  c o n c e p t  m a p s  m a y  c o n ta in  c ro s s - l in k s  

th a t  a l lo w  th e  r e a d e r  to  v is u a l iz e  c o m p le x  r e la t io n s h ip s  b e tw e e n  id e a s  

r e p re s e n te d  in  d if f e r e n t  p a r ts  o f  th e  m a p  (F ig . 1 .1 3 B ) o r  b e tw e e n  th e  m a p  

a n d  o th e r  c h a p te r s  in  th is  b o o k  (F ig . 1 .1 3 C ). C ro s s - l in k s  c a n , th u s , id e n tify  

c o n c e p ts  th a t  a re  c e n tra l  to  m o re  th a n  o n e  to p ic  in  b io c h e m is t ry ,  

e m p o w e r in g  s tu d e n ts  to  b e  e f f e c t iv e  in  c l in ic a l  s i tu a tio n s  a n d  o n  th e  U n ite d  

S ta te s  M e d ic a l  L ic e n s u re  E x a m in a t io n  (U S M L E )  o r  o th e r  e x a m in a t io n s  th a t  

r e q u ire  in te g ra t io n  o f  m a te r ia l .  S tu d e n ts  le a rn  to  v is u a l ly  p e rc e iv e  n o n lin e a r  

r e la t io n s h ip s  b e tw e e n  fa c ts , in  c o n t r a s t  to  c ro s s - re fe re n c in g  w ith in  l in e a r  

te x t.



V. CHAPTER SUMMARY

E a c h  a m in o  a c id  h a s  a n  a - c a r b o x y l  g ro u p  a n d  a  p r im a ry  a - a m in o  g ro u p  

(e x c e p t fo r  p ro lin e , w h ic h  h a s  a  s e c o n d a ry  a m in o  g ro u p ) .  A t  p h y s io lo g ic  

p H , th e  a - c a r b o x y l  g ro u p  is  d is s o c ia te d , fo rm in g  th e  n e g a t iv e ly  c h a rg e d  

c a rb o x y la te  io n  ( - C O O - ), a n d  th e  a - a m in o  g ro u p  is  p ro to n a te d  ( - N H 3+). 

E a c h  a m in o  a c id  a lso  c o n ta in s  o n e  o f  2 0  d is t in c t iv e  s id e  c h a in s  a t ta c h e d  to  

th e  a - c a r b o n  a to m . T h e  c h e m ic a l  n a tu re  o f  th is  R  g ro u p  d e te rm in e s  th e  

fu n c t io n  o f  a n  a m in o  a c id  in  a  p ro te in  a n d  p ro v id e s  th e  b a s is  fo r  

c la s s i f ic a t io n  o f  th e  a m in o  a c id s  as  n o n p o la r ,  u n c h a rg e d  p o la r ,  a c id ic  (p o la r  

n e g a t iv e ) ,  o r  b a s ic  (p o la r  p o s it iv e ) .  A l l  f re e  a m in o  a c id s , p lu s  c h a rg e d  

a m in o  a c id s  in  p e p t id e  c h a in s , c a n  s e rv e  a s  b u f fe r s .  T h e  q u a n t i ta t iv e  

r e la t io n s h ip  b e tw e e n  th e  p H  o f  a  s o lu t io n  a n d  th e  c o n c e n tr a t io n  o f  a  w e a k  

a c id  (H A )  a n d  its  c o n ju g a te  b a s e  (A - ) is  d e s c r ib e d  b y  th e  H e n d e rs o n -  

H a s s e lb a lc h  e q u a t io n . B u f fe r in g  o c c u rs  w ith in  ± 1  p H  u n i t  o f  th e  p K a a n d  is

m a x im a l  w h e n  p H  = p K a, a t  w h ic h  [A - ] = [H A ]. B e c a u s e  th e  a - c a r b o n  o f  

e a c h  a m in o  a c id  ( e x c e p t  g ly c in e )  is  a t ta c h e d  to  fo u r  d if f e r e n t  c h e m ic a l  

g ro u p s , i t  is  a s y m m e tr ic  (c h ira l) ,  a n d  a m in o  a c id s  e x is t  in  d- a n d  L- is o m e r ic  

fo rm s  th a t  a re  o p tic a l ly  a c t iv e  m ir ro r  im a g e s  ( e n a n t io m e rs ) .  T h e  L- fo rm  o f  

a m in o  a c id s  is  fo u n d  in  p ro te in s  s y n th e s iz e d  b y  th e  h u m a n  b o d y .

Study Questions

h o o s e  th e  O N E  b e s t  a n s w e r .

.1 . W h ic h  o n e  o f  th e  fo l lo w in g  s ta te m e n ts  c o n c e rn in g  th e  t i t r a t io n  c u rv e  fo r  a  

n o n p o la r  a m in o  a c id  is  c o r re c t?  T h e  le t te r s  A  th ro u g h  D  d e s ig n a te  c e r ta in  

re g io n s  o n  th e  c u rv e  b e lo w .



C . P o in t  C  r e p re s e n ts  th e  r e g io n  w h e re  th e  n e t  c h a rg e  o n  th e  a m in o  a c id  is  

z e ro .

D . P o in t  D  r e p re s e n ts  th e  p K  o f  th e  a m in o  a c id ’s c a rb o x y l  g ro u p .

E . T h e  a m in o  a c id  c o u ld  b e  ly s in e .

C o r r e c t  a n s w e r  = C . P o in t  C  re p re s e n ts  th e  is o e le c t r ic  p o in t ,  o r  p i ,  a n d  a s  s u c h  

is  m id w a y  b e tw e e n  p K 1 a n d  p K 2 fo r  a  n o n p o la r  a m in o  a c id . T h e  a m in o  a c id  is  

fu lly  p ro to n a te d  a t  P o in t  A . P o in t  B  r e p re s e n ts  a  r e g io n  o f  m a x im u m  b u f fe r in g , 

as  d o e s  P o in t  D . L y s in e  is  a  b a s ic  a m in o  a c id , a n d  f re e  ly s in e  h a s  a n  io n iz a b le  

s id e  c h a in  in  a d d i t io n  to  th e  io n iz a b le  a - a m in o  a n d  a - c a r b o x y l  g ro u p s .

.2 . W h ic h  o n e  o f  th e  fo llo w in g  s ta te m e n ts  c o n c e rn in g  th e  p e p t id e  s h o w n  b e lo w  

is  c o r re c t? V  a l -C y s -G lu -  S e r -A s p -A rg -C y s

A . T h e  p e p t id e  c o n ta in s  a s p a ra g in e .

B . T h e  p e p t id e  c o n ta in s  a  s id e  c h a in  w i th  a  s e c o n d a ry  a m in o  g ro u p .



C . T h e  p e p t id e  c o n ta in s  a  s id e  c h a in  th a t  c a n  b e  p h o s p h o ry la te d .

D . T h e  p e p t id e  c a n n o t  fo rm  a n  in te rn a l  d is u lf id e  b o n d .

E . T h e  p e p t id e  w o u ld  m o v e  to  th e  c a th o d e  (n e g a t iv e  e le c tro d e )  d u r in g  

e le c tro p h o re s is  a t  p H  5.

C o r r e c t  a n s w e r  = C . T h e  h y d ro x y l  g ro u p  o f  s e r in e  c a n  a c c e p t  a  p h o s p h a te  

g ro u p . A s p  is  a s p a r ta te .  P ro l in e  c o n ta in s  a  s e c o n d a ry  a m in o  g ro u p . T h e  tw o  

c y s te in e  re s id u e s  c a n , u n d e r  o x id iz in g  c o n d it io n s ,  fo rm  a  d is u lf id e  ( c o v a le n t)  

b o n d . T h e  n e t  c h a rg e  o n  th e  p e p t id e  a t  p H  5 is  n e g a t iv e , a n d  i t  w o u ld  m o v e  to  

th e  a n o d e .

.3 . A  2 -y e a r -o ld  c h i ld  p re s e n ts  w ith  m e ta b o l ic  a c id o s is  a f te r  in g e s t in g  a n  

u n k n o w n  n u m b e r  o f  f la v o re d  a s p ir in  ta b le ts .  A t  p re s e n ta tio n ,  h e r  b lo o d  p H  

w a s  7 .0 . G iv e n  th a t  th e  p K a o f  a s p ir in  ( s a l ic y lic  a c id )  is  3, c a lc u la te  th e  

ra t io  o f  i ts  io n iz e d  to  u n io n iz e d  fo rm s  a t  p H  7 .0 .

C o r r e c t  a n s w e r  = 1 0 ,0 0 0  to  1. p H  = p K a + lo g  [A - ] /[H A ] . T h e re fo re ,  7 = 3 + x

a n d  x = 4 . T h e  r a t io  o f  A -  ( io n iz e d )  to  H A  (u n io n iz e d ) ,  th e n , is  1 0 ,0 0 0  to  1 

b e c a u s e  th e  lo g  o f  1 0 ,0 0 0  is  4 .



Protein Structure 2

Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

T h e  2 0  a m in o  a c id s  c o m m o n ly  fo u n d  in  p ro te in s  a re  jo in e d  to g e th e r  b y  p e p t id e  

b o n d s . T h e  l in e a r  s e q u e n c e  o f  th e  l in k e d  a m in o  a c id s  c o n ta in s  th e  in fo rm a tio n  

n e c e s s a ry  to  g e n e ra te  a  p ro te in  m o le c u le  w ith  a  u n iq u e  th re e -d im e n s io n a l  s h a p e  

th a t  d e te rm in e s  fu n c t io n . T h e  c o m p le x i ty  o f  p ro te in  s tru c tu re  is  b e s t  a n a ly z e d  b y  

c o n s id e r in g  th e  m o le c u le  in  te rm s  o f  fo u r  o rg a n iz a t io n a l  le v e ls :  p r im a ry , 

s e c o n d a ry , te r t ia ry , a n d  q u a te rn a ry  (F ig . 2 .1 ). A n  e x a m in a t io n  o f  th e se  

h ie ra rc h ie s  o f  in c re a s in g  c o m p le x i ty  h a s  r e v e a le d  th a t  c e r ta in  s t ru c tu ra l  e le m e n ts  

a re  r e p e a te d  in  a  w id e  v a r ie ty  o f  p ro te in s ,  s u g g e s tin g  th a t  th e re  a re  g e n e ra l  ru le s  

re g a rd in g  th e  w a y s  in  w h ic h  p ro te in s  a c h ie v e  th e ir  n a t iv e , f u n c t io n a l  fo rm . 

T h e s e  r e p e a te d  s tru c tu ra l  e le m e n ts  ra n g e  f ro m  s im p le  c o m b in a t io n s  o f  a -h e l ic e s  

a n d  p -s h e e ts  fo rm in g  s m a l l  m o t if s  to  th e  c o m p le x  fo ld in g  o f  p o ly p e p tid e  

d o m a in s  o f  m u l t i fu n c t io n a l  p ro te in s  ( s e e  p . 19 ).
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F ig u re  2 .1  F o u r  h ie ra rc h ie s  o f  p ro te in  s tru c tu re .

II. PRIMARY STRUCTURE

T h e  s e q u e n c e  o f  a m in o  a c id s  in  a  p ro te in  is  c a l le d  th e  p r im a ry  s tru c tu re  o f  th e  

p ro te in .  U n d e r s ta n d in g  th e  p r im a ry  s tru c tu re  o f  p ro te in s  is  im p o r ta n t  b e c a u s e  

m a n y  g e n e t ic  d is e a s e s  r e s u l t  in  p ro te in s  w i th  a b n o rm a l  a m in o  a c id  s e q u e n c e s ,  

w h ic h  c a u s e  im p ro p e r  fo ld in g  a n d  lo s s  o r  im p a irm e n t  o f  n o rm a l  fu n c t io n . I f  th e  

p r im a ry  s tru c tu re s  o f  th e  n o rm a l  a n d  th e  m u ta te d  p ro te in s  a re  k n o w n , th is  

in fo rm a tio n  m a y  b e  u s e d  to  d ia g n o s e  o r  s tu d y  th e  d is e a se .

A. Peptide bond
In  p ro te in s ,  a m in o  a c id s  a re  jo in e d  c o v a le n t ly  b y  p e p t id e  b o n d s , w h ic h  a re  

a m id e  l in k a g e s  b e tw e e n  th e  a - c a r b o x y l  g ro u p  o f  o n e  a m in o  a c id  a n d  th e  a -  

a m in o  g ro u p  o f  a n o th e r . F o r  e x a m p le , v a l in e  a n d  a la n in e  c a n  fo rm  th e  

d ip e p tid e  v a ly la la n in e  th ro u g h  th e  fo rm a t io n  o f  a  p e p t id e  b o n d  (F ig . 2 .2 ). 

P e p tid e  b o n d s  a re  r e s is ta n t  to  c o n d i t io n s  th a t  d e n a tu re  p ro te in s ,  s u c h  as  

h e a t in g  a n d  h ig h  c o n c e n tra t io n s  o f  u r e a  (s e e  p . 2 0 ). P ro lo n g e d  e x p o s u re  to  a  

s tro n g  a c id  o r  b a s e  a t  e le v a te d  te m p e ra tu re s  is  r e q u ire d  to  b r e a k  th e s e  b o n d s  

n o n e n z y m ic a l ly  (s e e  p . 14 ).





F ig u re  2 .2  A . F o rm a t io n  o f  a  p e p t id e  b o n d , s h o w in g  th e  s tru c tu re  o f  th e  

d ip e p tid e  v a ly la la n in e .  B . C h a ra c te r is t ic s  o f  th e  p e p t id e  b o n d . [N o te : P e p tid e  

b o n d s  in v o lv in g  p ro l in e  m a y  h a v e  a  c is  c o n f ig u ra tio n .]

1. N a m in g  th e  p e p t id e : B y  c o n v e n t io n , th e  f re e  a m in o  e n d  (N - te rm in a l)  o f  

th e  p e p t id e  c h a in  is  w r i t te n  to  th e  le f t  a n d  th e  f re e  c a rb o x y l  e n d  (C - 

te rm in a l)  to  th e  r ig h t .  T h e re fo re ,  a l l  a m in o  a c id  s e q u e n c e s  a re  r e a d  f ro m  

th e  N - to  th e  C - te rm in a l  e n d . F o r  e x a m p le , in  F ig u re  2 .2 A , th e  o rd e r  o f  

th e  a m in o  a c id s  in  th e  d ip e p tid e  is  v a l in e , a la n in e . L in k a g e  o f  > 5 0  a m in o  

a c id s  th ro u g h  p e p t id e  b o n d s  r e s u l ts  in  a n  u n b ra n c h e d  c h a in  c a l le d  a  

p o ly p e p tid e ,  o r  p ro te in .  E a c h  c o m p o n e n t  a m in o  a c id  is  c a l le d  a  r e s id u e  

b e c a u s e  i t  is  th e  p o r t io n  o f  th e  a m in o  a c id  re m a in in g  a f te r  th e  a to m s  o f  

w a te r  a re  lo s t  in  th e  fo rm a t io n  o f  th e  p e p t id e  b o n d . W h e n  a  p e p t id e  is  

n a m e d , a l l  a m in o  a c id  r e s id u e s  h a v e  th e ir  s u f f ix e s  ( - in e , -a n , - ic , o r  -a te )  

c h a n g e d  to  -y l, w ith  th e  e x c e p t io n  o f  th e  C - te rm in a l  a m in o  a c id . F o r  

e x a m p le , a  t r ip e p t id e  c o m p o s e d  o f  a n  N - te rm in a l  v a l in e , a  g ly c in e , a n d  a  

C - te rm in a l  le u c in e  is  c a l le d  v a ly lg ly c y l le u c in e .

2. P e p tid e  b o n d  c h a ra c te r is t ic s :  T h e  p e p t id e  b o n d  h a s  a  p a r t ia l  d o u b le -b o n d  

c h a ra c te r ,  th a t  is , i t  is  s h o r te r  th a n  a  s in g le  b o n d  a n d  is  r ig id  a n d  p la n a r  

(F ig . 2 .2 B ). T h is  p re v e n ts  f re e  ro ta t io n  a ro u n d  th e  b o n d  b e tw e e n  th e  

c a rb o n y l  c a rb o n  a n d  th e  n i t r o g e n  o f  th e  p e p t id e  b o n d . H o w e v e r ,  th e  

b o n d s  b e tw e e n  th e  a - c a rb o n s  a n d  th e  a - a m in o  o r  a - c a r b o x y l  g ro u p s  c a n  

b e  f re e ly  ro ta te d  ( a l th o u g h  th e y  a re  l im i te d  b y  th e  s iz e  a n d  c h a ra c te r  o f  

th e  R  g ro u p s ) .  T h is  a l lo w s  th e  p o ly p e p tid e  c h a in  to  a s s u m e  a  v a r ie ty  o f  

p o s s ib le  c o n fo rm a tio n s .  T h e  p e p t id e  b o n d  is  a lm o s t  a lw a y s  in  th e  tra n s  

c o n f ig u ra t io n  ( in s te a d  o f  th e  c is ; s e e  F ig . 2 .2 B ), in  la rg e  p a r t  b e c a u s e  o f  

s te r ic  in te r f e re n c e  o f  th e  R  g ro u p s  ( s id e  c h a in s )  w h e n  in  th e  c is  p o s it io n .

3. P e p tid e  b o n d  p o la r i ty :  L ik e  a l l  a m id e  l in k a g e s , th e  - C  = O  a n d  - N H  

g ro u p s  o f  th e  p e p t id e  b o n d  a re  u n c h a rg e d ,  a n d  n e i th e r  a c c e p t  n o r  re le a s e  

p ro to n s  o v e r  th e  p H  ra n g e  o f  2 - 1 2 .  T h u s , th e  c h a rg e d  g ro u p s  p r e s e n t  in  

p o ly p e p tid e s  c o n s is t  s o le ly  o f  th e  N - te rm in a l  ( a - a m in o )  g ro u p , th e  C - 

te rm in a l  ( a - c a rb o x y l)  g ro u p , a n d  a n y  io n iz e d  g ro u p s  p r e s e n t  in  th e  s id e  

c h a in s  o f  th e  c o n s t i tu e n t  a m in o  a c id s . T h e  - C  = O  a n d  - N H  g ro u p s  o f  th e  

p e p t id e  b o n d  a re  p o la r , h o w e v e r ,  a n d  a re  in v o lv e d  in  h y d ro g e n  b o n d s  

( fo r  e x a m p le , in  a - h e l ic e s  a n d  p -s h e e ts ) ,  a s  d e s c r ib e d  o n  p p . 1 6 - 1 7 .



B. Determining the amino acid composition of a 
polypeptide

T h e  f i r s t  s te p  in  d e te rm in in g  th e  p r im a ry  s tru c tu re  o f  a  p o ly p e p tid e  is  to  

id e n tify  a n d  q u a n t i ta te  its  c o n s t i tu e n t  a m in o  a c id s . A  p u r if ie d  s a m p le  o f  th e  

p o ly p e p tid e  to  b e  a n a ly z e d  is  f i r s t  h y d ro ly z e d  b y  s tro n g  a c id  a t  1 1 0 °C  fo r  

2 4  h o u rs .  T h is  t r e a tm e n t  c le a v e s  th e  p e p t id e  b o n d s  a n d  r e le a s e s  th e  

in d iv id u a l  a m in o  a c id s , w h ic h  c a n  b e  s e p a ra te d  b y  c a t io n -e x c h a n g e  

c h ro m a to g ra p h y . In  th is  te c h n iq u e , a  m ix tu re  o f  a m in o  a c id s  is  a p p l ie d  to  a  

c o lu m n  th a t  c o n ta in s  a  r e s in  to  w h ic h  a  n e g a t iv e ly  c h a rg e d  g ro u p  is  t ig h tly  

a t ta c h e d . [N o te : I f  th e  a t ta c h e d  g ro u p  is  p o s i t iv e ly  c h a rg e d , th e  c o lu m n  

b e c o m e s  a n  a n io n -e x c h a n g e  c o lu m n .]  T h e  a m in o  a c id s  b in d  to  th e  c o lu m n  

w ith  d if f e r e n t  a f f in i t ie s ,  d e p e n d in g  o n  th e ir  c h a rg e s ,  h y d ro p h o b ic i ty ,  a n d  

o th e r  c h a ra c te r is t ic s .  E a c h  a m in o  a c id  is  s e q u e n t ia l ly  r e le a s e d  f ro m  th e  

c h ro m a to g ra p h y  c o lu m n  b y  e lu tin g  w i th  s o lu tio n s  o f  in c re a s in g  io n ic  

s tr e n g th  a n d  p H  (F ig . 2 .3 ). T h e  s e p a ra te d  a m in o  a c id s  c o n ta in e d  in  th e  

e lu a te  f ro m  th e  c o lu m n  a re  q u a n t i ta te d  b y  h e a t in g  th e m  w ith  n in h y d r in  (a  

r e a g e n t  th a t  fo rm s  a  p u rp le  c o m p o u n d  w ith  m o s t  a m in o  a c id s , a m m o n ia , 

a n d  a m in e s ) .  T h e  a m o u n t  o f  e a c h  a m in o  a c id  is  d e te rm in e d  

s p e c tro p h o to m e tr ic a l ly  b y  m e a s u r in g  th e  a m o u n t  o f  l ig h t  a b s o rb e d  b y  th e  

n in h y d r in  d e r iv a tiv e . T h e  a n a ly s is  d e s c r ib e d  a b o v e  is  p e r fo rm e d  u s in g  a n  

a m in o  a c id  a n a ly z e r ,  a n  a u to m a te d  m a c h in e  w h o s e  c o m p o n e n ts  a re  

d e p ic te d  in  F ig u re  2 .3 .
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F ig u re  2 .3  D e te rm in a t io n  o f  th e  a m in o  a c id  c o m p o s i t io n  o f  a  p o ly p e p tid e  u s in g  

a n  a m in o  a c id  a n a ly z e r .

C. Sequencing the peptide from its N-terminal end
S e q u e n c in g  is  a  s te p w is e  p ro c e s s  o f  id e n t ify in g  th e  s p e c if ic  a m in o  a c id  a t 

e a c h  p o s i t io n  in  th e  p e p t id e  c h a in , b e g in n in g  a t  th e  N - te rm in a l  e n d . 

P h e n y lis o th io c y a n a te ,  k n o w n  a s  E d m a n  re a g e n t,  is  u s e d  to  la b e l  th e  a m in o 

te rm in a l  r e s id u e  u n d e r  m ild ly  a lk a lin e  c o n d i t io n s  (F ig . 2 .4 ). T h e  r e s u l t in g  

p h e n y l th io h y d a n to in  (P T H )  d e r iv a tiv e  in t ro d u c e s  a n  in s ta b i l i ty  in  th e  N - 

te rm in a l  p e p t id e  b o n d  s u c h  th a t  i t  c a n  b e  h y d ro ly z e d  w ith o u t  c le a v in g  th e  

o th e r  p e p t id e  b o n d s . T h e  id e n t i ty  o f  th e  a m in o  a c id  d e r iv a tiv e  c a n  th e n  b e  

d e te rm in e d . E d m a n  r e a g e n t  c a n  b e  a p p l ie d  r e p e a te d ly  to  th e  s h o r te n e d  

p e p t id e  o b ta in e d  in  e a c h  p re v io u s  c y c le . A u to m a te d  s e q u e n c e rs  a re  n o w  

u se d .

F ig u re  2 .4  D e te rm in a t io n  o f  th e  a m in o  (N )- te rm in a l  r e s id u e  o f  a  p o ly p e p tid e  b y  

E d m a n  d e g ra d a tio n . P T H  = p h e n y l th io h y d a n to in .

D. Cleaving the polypeptide into smaller fragments
M a n y  p o ly p e p tid e s  h a v e  a  p r im a ry  s tru c tu re  c o m p o s e d  o f  > 1 0 0  a m in o  

a c id s . S u c h  m o le c u le s  c a n n o t  b e  s e q u e n c e d  d ir e c t ly  f ro m  e n d  to  en d . 

H o w e v e r ,  th e s e  la rg e  m o le c u le s  c a n  b e  c le a v e d  a t  s p e c if ic  s i te s  a n d  th e  

re s u l t in g  f r a g m e n ts  s e q u e n c e d . B y  u s in g  m o re  th a n  o n e  c le a v in g  a g e n t  

( e n z y m e s  a n d /o r  c h e m ic a ls )  o n  s e p a ra te  s a m p le s  o f  th e  p u r if ie d  

p o ly p e p tid e ,  o v e r la p p in g  f r a g m e n ts  c a n  b e  g e n e ra te d  th a t  p e rm it  th e  p ro p e r  

o rd e r in g  o f  th e  s e q u e n c e d  f r a g m e n ts ,  th e re b y  p ro v id in g  a  c o m p le te  a m in o  

a c id  s e q u e n c e  o f  th e  la rg e  p o ly p e p tid e  (F ig . 2 .5 ). E n z y m e s  th a t  h y d ro ly z e



p e p t id e  b o n d s  a re  te rm e d  peptidases (proteases). [N o te : E xopeptidases  c u t 

a t  th e  e n d s  o f  p ro te in s  a n d  a re  d iv id e d  in to  am inopeptidases  a n d  

carboxypeptidases. C arboxypeptidases  a re  u s e d  in  d e te rm in in g  th e  C - 

te rm in a l  a m in o  a c id . E ndopeptidases  c le a v e  w ith in  a  p ro te in .]
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F ig u re  2 .5  O v e r la p p in g  o f  p e p t id e s  p ro d u c e d  b y  th e  c le a v a g e  a c t io n  o f  trypsin  
a n d  c y a n o g e n  b ro m id e .

E. Determining a protein’s primary structure by DNA 
sequencing

T h e  s e q u e n c e  o f  n u c le o t id e s  in  a  p ro te in -c o d in g  r e g io n  o f  th e  D N A  

s p e c if ie s  th e  a m in o  a c id  s e q u e n c e  o f  a  p o ly p e p tid e .  T h e re fo re ,  i f  th e  

n u c le o t id e  s e q u e n c e  c a n  b e  d e te rm in e d , k n o w le d g e  o f  th e  g e n e t ic  c o d e  (se e  

p . 4 4 7 )  a l lo w s  th e  s e q u e n c e  o f  n u c le o t id e s  to  b e  t r a n s la te d  in to  th e  

c o r re s p o n d in g  a m in o  a c id  s e q u e n c e  o f  th a t  p o ly p e p tid e .  T h is  in d i r e c t  

p ro c e s s ,  a l th o u g h  ro u t in e ly  u s e d  to  o b ta in  th e  a m in o  a c id  s e q u e n c e s  o f  

p ro te in s ,  h a s  th e  l im i ta t io n s  o f  n o t  b e in g  a b le  to  p r e d ic t  th e  p o s i t io n s  o f  

d is u lf id e  b o n d s  in  th e  fo ld e d  c h a in  a n d  o f  n o t  id e n t ify in g  a n y  a m in o  a c id s  

th a t  a re  m o d if ie d  a f te r  th e ir  in c o rp o ra t io n  in to  th e  p o ly p e p tid e  

(p o s t t r a n s la t io n a l  m o d if ic a tio n ;  s e e  p . 4 5 9 ) . T h e re fo re ,  d ir e c t  p ro te in  

s e q u e n c in g  is  a n  e x tr e m e ly  im p o r ta n t  to o l  fo r  d e te rm in in g  th e  tru e  c h a ra c te r  

o f  th e  p r im a ry  s e q u e n c e  o f  m a n y  p o ly p e p tid e s .

III. SECONDARY STRUCTURE

T h e  p o ly p e p tid e  b a c k b o n e  d o e s  n o t  a s s u m e  a  r a n d o m  th r e e -d im e n s io n a l  

s tru c tu re  b u t, in s te a d , g e n e ra l ly  fo rm s  r e g u la r  a r r a n g e m e n ts  o f  a m in o  a c id s  th a t  

a re  lo c a te d  n e a r  e a c h  o th e r  in  th e  l in e a r  s e q u e n c e . T h e s e  a r r a n g e m e n ts  a re  

te rm e d  th e  s e c o n d a ry  s tru c tu re  o f  th e  p o ly p e p tid e .  T h e  a -h e l ix ,  p -s h e e t, a n d  p- 

b e n d  (o r, p - tu rn )  a re  e x a m p le s  o f  s e c o n d a ry  s tru c tu re s  c o m m o n ly  e n c o u n te re d  in  

p ro te in s .  E a c h  is  s ta b i l iz e d  b y  h y d ro g e n  b o n d s  b e tw e e n  a to m s  o f  th e  p e p t id e  

b a c k b o n e . [N o te : T h e  c o l la g e n  a - c h a in  h e lix , a n o th e r  e x a m p le  o f  s e c o n d a ry  

s tru c tu re ,  is  d is c u s s e d  o n  p . 4 5 .]

A. a-Helix
S e v e ra l  d if f e r e n t  p o ly p e p tid e  h e l ic e s  a re  fo u n d  in  n a tu re ,  b u t  th e  a - h e l ix  is  

th e  m o s t  c o m m o n . I t  is  a  r ig id , r ig h t -h a n d e d  s p ir a l  s tru c tu re ,  c o n s is t in g  o f  a



t ig h tly  p a c k e d , c o i le d  p o ly p e p tid e  b a c k b o n e  c o re , w i th  th e  s id e  c h a in s  o f  

th e  c o m p o n e n t  L-a m in o  a c id s  e x te n d in g  o u tw a rd  f ro m  th e  c e n tra l  a x is  to  

a v o id  in te r f e r in g  s te r ic a lly  w i th  e a c h  o th e r  (F ig . 2 .6 ). A  v e ry  d iv e r s e  g ro u p  

o f  p ro te in s  c o n ta in s  a -h e l ic e s .  F o r  e x a m p le , th e  k e ra t in s  a re  a  f a m ily  o f  

c lo se ly  re la te d , r ig id , f ib ro u s  p ro te in s  w h o s e  s tru c tu re  is  n e a r ly  e n t ire ly  a -  

h e l ic a l .  T h e y  a re  a  m a jo r  c o m p o n e n t  o f  t i s s u e s  s u c h  as  h a i r  a n d  sk in . In  

c o n t r a s t  to  k e ra t in ,  m y o g lo b in ,  w h o s e  s tru c tu re  is  a lso  h ig h ly  a -h e l ic a l ,  is  a  

g lo b u la r ,  f le x ib le  m o le c u le  (s e e  p . 2 6 ) fo u n d  in  m u s c le s .
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F ig u re  2 .6  S tru c tu re  o f  a n  a -h e l ix .

1. H y d ro g e n  b o n d s : A n  a - h e l ix  is  s ta b i l iz e d  b y  e x te n s iv e  h y d ro g e n  b o n d in g  

b e tw e e n  th e  p e p t id e  b o n d  c a rb o n y l  o x y g e n s  a n d  a m id e  h y d ro g e n s  th a t  

a re  p a r t  o f  th e  p o ly p e p tid e  b a c k b o n e  (s e e  F ig . 2 .6 ). T h e  h y d ro g e n  b o n d s  

e x te n d  u p  a n d  a re  p a r a l le l  to  th e  s p ira l  f ro m  th e  c a rb o n y l  o x y g e n  o f  o n e  

p e p t id e  b o n d  to  th e  - N H  g ro u p  o f  a  p e p t id e  l in k a g e  fo u r  r e s id u e s  a h e a d  

in  th e  p o ly p e p tid e .  T h is  in s u re s  th a t  a l l  b u t  th e  f i r s t  a n d  la s t  p e p t id e  b o n d  

c o m p o n e n ts  a re  l in k e d  to  e a c h  o th e r  th ro u g h  in t r a c h a in  h y d ro g e n  b o n d s . 

H y d ro g e n  b o n d s  a re  in d iv id u a l ly  w e a k , b u t  th e y  c o l le c t iv e ly  s e rv e  to  

s ta b i l iz e  th e  h e lix .

2. A m in o  a c id s  p e r  tu rn : E a c h  tu rn  o f  a n  a - h e l ix  c o n ta in s  3 .6  a m in o  a c id s . 

T h u s , a m in o  a c id s  s p a c e d  th re e  o r  fo u r  r e s id u e s  a p a r t  in  th e  p r im a ry  

s e q u e n c e  a re  s p a tia l ly  c lo se  to g e th e r  w h e n  fo ld e d  in  th e  a -h e l ix .

3. A m in o  a c id s  th a t  d is ru p t  a n  a -h e l ix :  T h e  R  g ro u p  o f  a n  a m in o  a c id  

d e te rm in e s  its  p ro p e n s i ty  to  b e  in  a n  a -h e l ix .  P ro lin e  d is ru p ts  a n  a - h e l ix  

b e c a u s e  i ts  r ig id  s e c o n d a ry  a m in o  g ro u p  is  n o t  g e o m e tr ic a l ly  c o m p a tib le  

w ith  th e  r ig h t -h a n d e d  s p ira l  o f  th e  a -h e l ix .  In s te a d , i t  in s e r ts  a  k in k  in  th e  

c h a in , w h ic h  in te r f e re s  w ith  th e  s m o o th , h e l ic a l  s tru c tu re .  G ly c in e  is  a lso  

a  “ h e l ix  b r e a k e r ” b e c a u s e  its  R  g ro u p  (a  h y d ro g e n )  c o n fe rs  h ig h  

f le x ib il i ty .  A d d it io n a l ly ,  a m in o  a c id s  w i th  c h a rg e d  o r  b u lk y  R  g ro u p s  

( s u c h  a s  g lu ta m a te  a n d  try p to p h a n ,  r e s p e c t iv e ly )  a n d  th o s e  w ith  a  b ra n c h  

a t  th e  p -c a rb o n , th e  f i r s t  c a rb o n  in  th e  R  g ro u p  ( fo r  e x a m p le , v a l in e ) ,  

h a v e  lo w  a - h e l ix  p ro p e n s ity .

B. P-Sheet
T h e  P -sh e e t is  a n o th e r  fo rm  o f  s e c o n d a ry  s tru c tu re  in  w h ic h  a l l  o f  th e  

p e p t id e  b o n d  c o m p o n e n ts  a re  in v o lv e d  in  h y d ro g e n  b o n d in g  (F ig . 2 .7 A ). 

B e c a u s e  th e  s u r fa c e s  o f  p -s h e e ts  a p p e a r  “p le a te d ,” th e y  a re  o f te n  c a l le d  p- 

p le a te d  s h e e ts . [N o te : P le a tin g  re s u lts  f ro m  s u c c e s s iv e  a - c a rb o n s  b e in g  

s lig h t ly  a b o v e  o r  b e lo w  th e  p la n e  o f  th e  s h e e t .]  I l lu s t r a t io n s  o f  p ro te in  

s tru c tu re  o f te n  s h o w  p -s tra n d s  as  b ro a d  a r ro w s  (F ig . 2 .7 B ).
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F ig u re  2 .7  A . S tru c tu re  o f  a  p -s h e e t. B . A n  a n t ip a ra l le l  p - s h e e t  w i th  th e  p - s tra n d s  

r e p re s e n te d  a s  b ro a d  a r ro w s . C . A  p a ra l le l  p - s h e e t  fo rm e d  f ro m  a  s in g le  

p o ly p e p tid e  c h a in  fo ld in g  b a c k  o n  its e lf .

1. F o rm a tio n :  A  p - s h e e t  is  fo rm e d  b y  tw o  o r  m o re  p e p t id e  c h a in s  (P - 

s tra n d s )  a l ig n e d  la te ra l ly  a n d  s ta b i l iz e d  b y  h y d ro g e n  b o n d s  b e tw e e n  th e  

c a rb o x y l  a n d  a m in o  g ro u p s  o f  a m in o  a c id s  th a t  e i th e r  a re  fa r  a p a r t  in  a  

s in g le  p o ly p e p tid e  ( in t r a c h a in  b o n d s )  o r  a re  in  d if f e r e n t  p o ly p e p tid e  

c h a in s  ( in te rc h a in  b o n d s ) .  T h e  a d ja c e n t  p -s tra n d s  a re  a r r a n g e d  e i th e r  

a n t ip a ra l le l  to  e a c h  o th e r  (w ith  th e  N - te rm in i  a l te rn a t in g  a s  s h o w n  in  F ig . 

2 .7 B ) o r  p a r a l le l  to  e a c h  o th e r  (w ith  th e  N - te rm in i  to g e th e r  a s  s h o w n  in  

F ig . 2 .7 C ). O n  e a c h  p -s tra n d , th e  R  g ro u p s  o f  a d ja c e n t  a m in o  a c id s  

e x te n d  in  o p p o s i te  d ire c tio n s ,  a b o v e  a n d  b e lo w  th e  p la n e  o f  th e  p -sh e e t. 

[N o te : p - s h e e ts  a re  n o t  f la t  a n d  h a v e  a  r ig h t-h a n d e d  c u r l  ( tw is t)  w h e n  

v ie w e d  a lo n g  th e  p o ly p e p tid e  b a c k b o n e .]

2. C o m p a r in g  a -h e l ic e s  a n d  p -sh e e ts :  In  p - s h e e ts , th e  p -s tra n d s  a re  a lm o s t  

fu lly  e x te n d e d  a n d  th e  h y d ro g e n  b o n d s  b e tw e e n  th e  s tra n d s  a re  

p e rp e n d ic u la r  to  th e  p o ly p e p tid e  b a c k b o n e  (s e e  F ig . 2 .7 A ). In  c o n tra s t ,  in  

a -h e l ic e s ,  th e  p o ly p e p tid e  is  c o i le d  a n d  th e  h y d ro g e n  b o n d s  a re  p a r a l le l  

to  th e  b a c k b o n e  (s e e  F ig . 2 .6 ).

T h e  o r ie n ta t io n  o f  th e  R  g ro u p s  o f  th e  a m in o  a c id  r e s id u e s  in  b o th  th e  a -  

h e l ix  a n d  th e  p - s h e e t  c a n  r e s u l t  in  fo rm a t io n  o f  p o la r  a n d  n o n p o la r  s id e s  in  

th e s e  s e c o n d a ry  s tru c tu re s ,  th e re b y  m a k in g  th e m  a m p h ip a th ic .

C. P-Bends (reverse turns, P-turns)
p -B e n d s  r e v e r s e  th e  d ir e c t io n  o f  a  p o ly p e p tid e  c h a in , h e lp in g  i t  fo rm  a  

c o m p a c t,  g lo b u la r  sh a p e . T h e y  a re  u s u a lly  fo u n d  o n  th e  s u r fa c e  o f  p ro te in  

m o le c u le s  a n d  o f te n  in c lu d e  c h a rg e d  re s id u e s .  [N o te : p -B e n d s  w e re  g iv e n  

th is  n a m e  b e c a u s e  th e y  o f te n  c o n n e c t  s u c c e s s iv e  s tra n d s  o f  a n t ip a ra l le l  p- 

s h e e ts .]  P -B e n d s  a re  g e n e ra lly  c o m p o s e d  o f  fo u r  a m in o  a c id s , o n e  o f  w h ic h  

m a y  b e  p ro lin e , th e  a m in o  a c id  th a t  c a u s e s  a  k in k  in  th e  p o ly p e p tid e  c h a in . 

G ly c in e , th e  a m in o  a c id  w ith  th e  s m a l le s t  R  g ro u p , is  a lso  f r e q u e n t ly  fo u n d  

in  P -b e n d s . P -B e n d s  a re  s ta b i l iz e d  b y  th e  fo rm a t io n  o f  h y d ro g e n  b o n d s  

b e tw e e n  th e  f i r s t  a n d  la s t  r e s id u e s  in  th e  b e n d .



D. Nonrepetitive secondary structure
A p p ro x im a te ly  o n e  h a lf  o f  a n  a v e ra g e  g lo b u la r  p ro te in  is  o rg a n iz e d  in to  

r e p e t i t iv e  s t ru c tu re s ,  s u c h  a s  th e  a - h e l ix  a n d  p -s h e e t. T h e  r e m a in d e r  o f  th e  

p o ly p e p tid e  c h a in  is  d e s c r ib e d  a s  h a v in g  a  lo o p  o r c o il c o n fo rm a tio n . T h e s e  

n o n re p e t i t iv e  s e c o n d a ry  s tru c tu re s  a re  n o t  r a n d o m  b u t  r a th e r  s im p ly  h a v e  a  

le s s  r e g u la r  s tru c tu re  th a n  th o s e  d e s c r ib e d  a b o v e . [N o te : T h e  te rm  “ r a n d o m  

c o i l” r e fe r s  to  th e  d is o rd e re d  s tru c tu re  o b ta in e d  w h e n  p ro te in s  a re  d e n a tu re d  

(se e  p . 20).]

E. Supersecondary structures (motifs)
G lo b u la r  p ro te in s  a re  c o n s tru c te d  b y  c o m b in in g  s e c o n d a ry  s tru c tu ra l  

e le m e n ts  ( th a t  is , a -h e l ic e s ,  p -s h e e ts ,  a n d  c o ils ) ,  p ro d u c in g  s p e c if ic  

g e o m e tr ic  p a t te rn s ,  o r  m o tif s .  T h e s e  fo rm  p r im a r i ly  th e  c o re  ( in te r io r )  

r e g io n  o f  th e  m o le c u le .  T h e y  a re  c o n n e c te d  b y  lo o p  r e g io n s  ( fo r  e x a m p le , 

p -b e n d s )  a t  th e  s u r fa c e  o f  th e  p ro te in .  S u p e r s e c o n d a ry  s tru c tu re s  a re  u s u a lly  

p ro d u c e d  b y  th e  c lo se  p a c k in g  o f  s id e  c h a in s  f ro m  a d ja c e n t  s e c o n d a ry  

s tru c tu ra l  e le m e n ts . F o r  e x a m p le , a -h e l ic e s  a n d  p -s h e e ts  th a t  a re  a d ja c e n t  in  

th e  a m in o  a c id  s e q u e n c e  a re  a lso  u s u a l ly  (b u t  n o t  a lw a y s )  a d ja c e n t  in  th e  

f in a l,  fo ld e d  p ro te in .  S o m e  o f  th e  m o re  c o m m o n  m o tif s  a re  i l lu s tr a te d  in  

F ig u re  2 .8 .

F ig u re  2 .8  C o m m o n  s tru c tu ra l  m o t if s  in v o lv in g  a -h e l ic e s  a n d  p -s h e e ts . T h e  

n a m e s  d e s c r ib e  th e ir  s c h e m a tic  a p p e a ra n c e .

M o tif s  m a y  b e  a s s o c ia te d  w i th  p a r t ic u la r  fu n c t io n s .  P ro te in s  th a t  b in d  to  

D N A  c o n ta in  a  l im i te d  n u m b e r  o f  m o tif s .  T h e  h e l ix - lo o p - h e l ix  m o t i f  is  a n  

e x a m p le  fo u n d  in  a  n u m b e r  o f  p ro te in s  th a t  fu n c t io n  a s  tr a n s c r ip t io n  fa c to rs  

(s e e  p . 4 3 8 ) .



IV. TERTIARY STRUCTURE

T h e  p r im a ry  s tru c tu re  o f  a  p o ly p e p tid e  c h a in  d e te rm in e s  i ts  te r t ia ry  s tru c tu re .  

“T e r t ia r y ” r e fe r s  b o th  to  th e  fo ld in g  o f  d o m a in s  ( th e  b a s ic  u n its  o f  s tru c tu re  a n d  

fu n c tio n ; s e e  A . b e lo w )  a n d  to  th e  f in a l  a r r a n g e m e n t  o f  d o m a in s  in  th e  

p o ly p e p tid e .  T h e  te r t ia ry  s tru c tu re  o f  g lo b u la r  p ro te in s  in  a q u e o u s  s o lu tio n  is  

c o m p a c t,  w ith  a  h ig h  d e n s ity  (c lo s e  p a c k in g )  o f  th e  a to m s  in  th e  c o re  o f  th e  

m o le c u le .  H y d ro p h o b ic  s id e  c h a in s  a re  b u r ie d  in  th e  in te r io r ,  w h e re a s  

h y d ro p h il ic  g ro u p s  a re  g e n e ra lly  fo u n d  o n  th e  s u r fa c e  o f  th e  m o le c u le .

A. Domains
D o m a in s  a re  th e  fu n d a m e n ta l  fu n c t io n a l  a n d  th r e e -d im e n s io n a l  s t ru c tu ra l  

u n its  o f  p o ly p e p tid e s .  P o ly p e p t id e  c h a in s  th a t  a re  > 2 0 0  a m in o  a c id s  in  

le n g th  g e n e ra lly  c o n s is t  o f  tw o  o r  m o re  d o m a in s .  T h e  c o re  o f  a  d o m a in  is  

b u i l t  f ro m  c o m b in a t io n s  o f  s u p e r s e c o n d a ry  s tru c tu ra l  e le m e n ts  (m o tifs ) .  

F o ld in g  o f  th e  p e p t id e  c h a in  w i th in  a  d o m a in  u s u a lly  o c c u rs  in d e p e n d e n tly  

o f  fo ld in g  in  o th e r  d o m a in s .  T h e re fo re ,  e a c h  d o m a in  h a s  th e  c h a ra c te r is t ic s  

o f  a  sm a ll ,  c o m p a c t  g lo b u la r  p ro te in  th a t  is  s t ru c tu ra l ly  in d e p e n d e n t  o f  th e  

o th e r  d o m a in s  in  th e  p o ly p e p tid e  c h a in .

B. Stabilizing interactions
T h e  u n iq u e  th re e -d im e n s io n a l  s tru c tu re  o f  e a c h  p o ly p e p tid e  is  d e te rm in e d  

b y  its  a m in o  a c id  s e q u e n c e . In te ra c tio n s  b e tw e e n  th e  a m in o  a c id  s id e  c h a in s  

g u id e  th e  fo ld in g  o f  th e  p o ly p e p tid e  to  fo rm  a  c o m p a c t  s tru c tu re .  T h e  

fo llo w in g  fo u r  ty p e s  o f  in te ra c t io n s  c o o p e ra te  in  s ta b i l iz in g  th e  te r t ia ry  

s tru c tu re s  o f  g lo b u la r  p ro te in s .

1. D is u lf id e  b o n d s : A  d is u lf id e  b o n d  ( - S - S - )  is  a  c o v a le n t  l in k a g e  fo rm e d  

f ro m  th e  s u lfh y d ry l  g ro u p  ( - S H )  o f  e a c h  o f  tw o  c y s te in e  r e s id u e s  to  

p ro d u c e  a  c y s tin e  re s id u e  (F ig . 2 .9 ). T h e  tw o  c y s te in e s  m a y  b e  s e p a ra te d  

f ro m  e a c h  o th e r  b y  m a n y  a m in o  a c id s  in  th e  p r im a ry  s e q u e n c e  o f  a  

p o ly p e p tid e  o r  m a y  e v e n  b e  lo c a te d  o n  tw o  d if f e r e n t  p o ly p e p tid e s .  T h e  

fo ld in g  o f  th e  p o ly p e p tid e ( s )  b r in g s  th e  c y s te in e  r e s id u e s  in to  p ro x im ity  

a n d  p e rm its  c o v a le n t  b o n d in g  o f  th e ir  s id e  c h a in s .  A  d is u lf id e  b o n d  

c o n tr ib u te s  to  th e  s ta b i l i ty  o f  th e  th re e -d im e n s io n a l  s h a p e  o f  th e  p ro te in



m o le c u le  a n d  p re v e n ts  i t  f ro m  b e c o m in g  d e n a tu re d  in  th e  e x tr a c e l lu la r  

e n v iro n m e n t .  F o r  e x a m p le , m a n y  d is u lf id e  b o n d s  a re  fo u n d  in  p ro te in s  

s u c h  as  im m u n o g lo b u lin s  th a t  a re  s e c re te d  b y  c e lls .  [N o te : Protein  
disulfide isom erase  b r e a k s  a n d  re fo rm s  d is u lf id e  b o n d s  d u r in g  fo ld in g .]





F ig u re  2 .9  F o rm a t io n  o f  a  d is u lf id e  b o n d  b y  th e  o x id a t io n  o f  tw o  c y s te in e  

re s id u e s ,  p ro d u c in g  o n e  c y s tin e  re s id u e . O 2 = o x y g e n .

2. H y d ro p h o b ic  in te ra c t io n s :  A m in o  a c id s  w ith  n o n p o la r  s id e  c h a in s  te n d  to  

b e  lo c a te d  in  th e  in te r io r  o f  th e  p o ly p e p tid e  m o le c u le ,  w h e re  th e y  

a s s o c ia te  w i th  o th e r  h y d r o p h o b ic  a m in o  a c id s  (F ig . 2 .1 0 ). In  c o n tra s t ,  

a m in o  a c id s  w i th  p o la r  o r  c h a rg e d  s id e  c h a in s  te n d  to  b e  lo c a te d  o n  th e  

s u r fa c e  o f  th e  m o le c u le  in  c o n ta c t  w i th  th e  p o la r  so lv e n t.  [N o te : R e c a ll  

th a t  p ro te in s  lo c a te d  in  n o n p o la r  ( l ip id )  e n v iro n m e n ts ,  s u c h  a s  a  

m e m b ra n e ,  e x h ib i t  th e  re v e r s e  a r r a n g e m e n t  (s e e  F ig . 1 .4 , p . 4 ) .]  In  e a c h  

c a se , a  s e g re g a t io n  o f  R  g ro u p s  o c c u rs  th a t  is  e n e rg e t ic a l ly  m o s t  

fa v o ra b le .



F ig u re  2 .1 0  H y d ro p h o b ic  in te ra c t io n s  b e tw e e n  a m in o  a c id s  w i th  n o n p o la r  s id e  

c h a in s .

3. H y d ro g e n  b o n d s : A m in o  a c id  s id e  c h a in s  c o n ta in in g  o x y g e n -  o r  

n i t ro g e n -b o u n d  h y d ro g e n ,  s u c h  a s  in  th e  a lc o h o l  g ro u p s  o f  s e r in e  a n d



th re o n in e , c a n  fo rm  h y d ro g e n  b o n d s  w i th  e le c tro n - r ic h  a to m s , s u c h  as  th e  

o x y g e n  o f  a  c a rb o x y l  g ro u p  o r  c a rb o n y l  g ro u p  o f  a  p e p t id e  b o n d  (F ig . 

2 .1 1 ; s e e  a lso  F ig . 1 .6 , p . 4 ) . F o rm a t io n  o f  h y d ro g e n  b o n d s  b e tw e e n  p o la r  

g ro u p s  o n  th e  s u r fa c e  o f  p ro te in s  a n d  th e  a q u e o u s  s o lv e n t  e n h a n c e s  th e  

s o lu b il i ty  o f  th e  p ro te in .





F ig u re  2 .1 1  In te ra c t io n s  o f  s id e  c h a in s  o f  a m in o  a c id s  th ro u g h  h y d ro g e n  b o n d s  

a n d  io n ic  b o n d s  ( s a l t  b r id g e s ) .

4 . Io n ic  in te ra c t io n s :  N e g a t iv e ly  c h a rg e d  g ro u p s , s u c h  as  th e  c a rb o x y la te  

g ro u p  ( - C O O - ) in  th e  s id e  c h a in  o f  a s p a r ta te  o r  g lu ta m a te ,  c a n  in te r a c t  

w ith  p o s i t iv e ly  c h a rg e d  g ro u p s  s u c h  as  th e  a m in o  g ro u p  ( - N H 3+) in  th e  

s id e  c h a in  o f  ly s in e  (s e e  F ig . 2 .1 1 ).

C. Protein folding
In te ra c tio n s  b e tw e e n  th e  s id e  c h a in s  o f  a m in o  a c id s  d e te rm in e  h o w  a  l in e a r  

p o ly p e p tid e  c h a in  fo ld s  in to  th e  in t r ic a te  th re e -d im e n s io n a l  s h a p e  o f  th e  

fu n c t io n a l  p ro te in .  P ro te in  fo ld in g , w h ic h  o c c u rs  w ith in  th e  c e ll  in  s e c o n d s  

to  m in u te s ,  in v o lv e s  n o n ra n d o m , o rd e re d  p a th w a y s .  A s  a  p e p t id e  fo ld s , 

s e c o n d a ry  s tru c tu re s  fo rm , d r iv e n  b y  th e  h y d r o p h o b ic  e f f e c t  ( th a t  is , 

h y d ro p h o b ic  g ro u p s  c o m e  to g e th e r  as  w a te r  is  r e le a s e d ) .  T h e s e  s m a l l  

s t ru c tu re s  c o m b in e  to  fo rm  la rg e r  s tru c tu re s .  A d d it io n a l  e v e n ts  s ta b i l iz e  

s e c o n d a ry  s tru c tu re  a n d  in i t ia te  f o rm a t io n  o f  te r t ia ry  s tru c tu re .  In  th e  la s t  

s ta g e , th e  p e p t id e  a c h ie v e s  its  fu lly  fo ld e d , n a t iv e  ( fu n c tio n a l)  fo rm  

c h a ra c te r iz e d  b y  a  lo w -e n e rg y  s ta te  (F ig . 2 .1 2 ). [N o te : S o m e  b io lo g ic a l ly  

a c t iv e  p ro te in s  o r  s e g m e n ts  th e r e o f  la c k  a  s ta b le  te r t ia ry  s tru c tu re .  T h e y  a re  

r e fe r re d  to  a s  in t r in s ic a l ly  d is o rd e re d  p ro te in s .]



Formation of 
secondary structures

B j  Formation of domains



F ig u re  2 .1 2  S te p s  in  p ro te in  fo ld in g  (s im p lif ie d ) .

D. Protein denaturation
D e n a tu ra t io n  r e s u l ts  in  th e  u n fo ld in g  a n d  d is o rg a n iz a t io n  o f  a  p r o te in ’s 

s e c o n d a ry  a n d  te r t ia ry  s tru c tu re s  w i th o u t  th e  h y d ro ly s is  o f  p e p t id e  b o n d s . 

D e n a tu r in g  a g e n ts  in c lu d e  h e a t , u re a ,  o rg a n ic  s o lv e n ts ,  s tro n g  a c id s  o r  

b a s e s ,  d e te rg e n ts ,  a n d  io n s  o f  h e a v y  m e ta ls  s u c h  a s  le a d . D e n a tu ra t io n  m a y , 

u n d e r  id e a l  c o n d it io n s ,  b e  r e v e rs ib le ,  s u c h  th a t  th e  p ro te in  re fo ld s  in to  its  

o r ig in a l  n a t iv e  s tru c tu re  w h e n  th e  d e n a tu r in g  a g e n t  is  r e m o v e d . H o w e v e r ,  

m o s t  p ro te in s  r e m a in  p e rm a n e n tly  d is o rd e re d  o n c e  d e n a tu re d . D e n a tu re d  

p ro te in s  a re  o f te n  in s o lu b le  a n d  p re c ip i ta te  f ro m  s o lu tio n .

E. Chaperones in protein folding
T h e  in fo rm a tio n  n e e d e d  fo r  c o r r e c t  p ro te in  fo ld in g  is  c o n ta in e d  in  th e  

p r im a ry  s tru c tu re  o f  th e  p o ly p e p tid e .  H o w e v e r ,  m o s t  d e n a tu re d  p ro te in s  d o  

n o t  r e s u m e  th e ir  n a t iv e  c o n fo rm a tio n s  e v e n  u n d e r  f a v o ra b le  e n v iro n m e n ta l  

c o n d it io n s .  T h is  is  b e c a u s e ,  fo r  m a n y  p ro te in s ,  fo ld in g  is  a  f a c i l i ta te d  

p ro c e s s  th a t  r e q u ire s  a  s p e c ia l iz e d  g ro u p  o f  p ro te in s ,  r e f e r r e d  to  as  

m o le c u la r  c h a p e ro n e s , a n d  A T P  h y d ro ly s is .  T h e  c h a p e ro n e s , a lso  k n o w n  as  

h e a t  s h o c k  p ro te in s  (H S P ) , in te r a c t  w ith  a  p o ly p e p tid e  a t  v a r io u s  s ta g e s  

d u r in g  th e  fo ld in g  p ro c e s s .  S o m e  c h a p e ro n e s  b in d  h y d ro p h o b ic  re g io n s  o f  

a n  e x te n d e d  p o ly p e p tid e  a n d  a re  im p o r ta n t  in  k e e p in g  th e  p ro te in  u n fo ld e d  

u n t i l  its  s y n th e s is  is  c o m p le te d  ( fo r  e x a m p le , H sp 7 0 ) .  O th e rs  fo rm  c a g e - l ik e  

m a c ro m o le c u la r  s tru c tu re s  c o m p o s e d  o f  tw o  s ta c k e d  r in g s . T h e  p a r t ia l ly  

fo ld e d  p ro te in  e n te r s  th e  c a g e , b in d s  th e  c e n tra l  c a v i ty  th ro u g h  h y d ro p h o b ic  

in te ra c t io n s ,  fo ld s , a n d  is  r e le a s e d  ( fo r  e x a m p le , m i to c h o n d r ia l  H sp 6 0 ) .  

[N o te : C a g e - l ik e  c h a p e ro n e s  a re  s o m e t im e s  r e f e r r e d  to  a s  c h a p e ro n in s .]  

C h a p e ro n e s , th e n , f a c i l i ta te  c o r r e c t  p ro te in  fo ld in g  b y  b in d in g  to  a n d  

s ta b i l iz in g  e x p o s e d , a g g re g a t io n -p ro n e  h y d ro p h o b ic  re g io n s  in  n a s c e n t  ( a n d  

d e n a tu re d )  p o ly p e p tid e s ,  p re v e n t in g  p r e m a tu re  fo ld in g .

V. QUATERNARY STRUCTURE



M a n y  p ro te in s  c o n s is t  o f  a  s in g le  p o ly p e p tid e  c h a in  a n d  a re  d e f in e d  as  

m o n o m e r ic  p ro te in s .  H o w e v e r ,  o th e rs  m a y  c o n s is t  o f  tw o  o r  m o re  p o ly p e p tid e  

c h a in s  th a t  m a y  b e  s tru c tu ra l ly  id e n t ic a l  o r  to ta l ly  u n re la te d .  T h e  a r r a n g e m e n t  o f  

th e s e  p o ly p e p tid e  s u b u n its  is  c a l le d  th e  q u a te rn a ry  s tru c tu re  o f  th e  p ro te in .  

S u b u n its  a re  h e ld  to g e th e r  p r im a r i ly  b y  n o n c o v a le n t  in te ra c t io n s  ( fo r  e x a m p le , 

h y d ro g e n  b o n d s , io n ic  b o n d s , a n d  h y d ro p h o b ic  in te ra c t io n s ) .  S u b u n its  e i th e r  

m a y  fu n c t io n  in d e p e n d e n tly  o f  e a c h  o th e r  o r  m a y  w o rk  c o o p e ra tiv e ly , a s  in  

h e m o g lo b in ,  in  w h ic h  th e  b in d in g  o f  o x y g e n  to  o n e  s u b u n it  o f  th e  te tr a m e r  

in c re a s e s  th e  a f f in i ty  o f  th e  o th e r  s u b u n its  fo r  o x y g e n  (s e e  p . 2 9 ).

I s o fo rm s  a re  p ro te in s  th a t  p e r fo rm  th e  s a m e  fu n c t io n  b u t  h a v e  d if f e re n t  

p r im a ry  s tru c tu re s .  T h e y  c a n  a r is e  f ro m  d if f e r e n t  g e n e s  o r  f ro m  tis s u e -  

s p e c if ic  p ro c e s s in g  o f  th e  p ro d u c t  o f  a  s in g le  g e n e . I f  th e  p ro te in s  fu n c t io n  

as  e n z y m e s , th e y  a re  r e f e r r e d  to  a s  is o z y m e s  (se e  p . 6 5 ).

VI. PROTEIN MISFOLDING

P ro te in  fo ld in g  is  a  c o m p le x  p ro c e s s  th a t  c a n  s o m e t im e s  r e s u l t  in  im p ro p e r ly  

fo ld e d  m o le c u le s .  T h e s e  m is fo ld e d  p ro te in s  a re  u s u a l ly  ta g g e d  a n d  d e g ra d e d  

w ith in  th e  c e l l  ( s e e  p . 2 4 7 ) . H o w e v e r ,  th is  q u a l i ty  c o n tro l  s y s te m  is  n o t  p e r fe c t,  

a n d  in t r a c e l lu la r  o r  e x tr a c e l lu la r  a g g re g a te s  o f  m is fo ld e d  p ro te in s  c a n  

a c c u m u la te ,  p a r t ic u la r ly  a s  in d iv id u a ls  a g e . D e p o s its  o f  m is fo ld e d  p ro te in s  a re  

a s s o c ia te d  w i th  a  n u m b e r  o f  d is e a se s .

A. Amyloid diseases
M is fo ld in g  o f  p ro te in s  m a y  o c c u r  s p o n ta n e o u s ly  o r  b e  c a u s e d  b y  a  m u ta t io n  

in  a  p a r t ic u la r  g e n e , w h ic h  th e n  p ro d u c e s  a n  a l te re d  p ro te in .  In  a d d itio n , 

s o m e  a p p a re n t ly  n o rm a l  p ro te in s  c a n , a f te r  a b n o rm a l  p ro te o ly t ic  c le a v a g e , 

ta k e  o n  a  u n iq u e  c o n fo rm a tio n  th a t  le a d s  to  th e  s p o n ta n e o u s  fo rm a t io n  o f  

lo n g , f ib r i l la r  p ro te in  a s s e m b lie s  c o n s is t in g  o f  p -p le a te d  sh e e ts . 

A c c u m u la t io n  o f  th e s e  in s o lu b le  f ib ro u s  p ro te in  a g g re g a te s ,  c a l le d  

a m y lo id s ,  h a s  b e e n  im p lic a te d  in  n e u ro d e g e n e ra t iv e  d is o rd e rs  s u c h  as  

P a rk in s o n  d is e a s e  a n d  A lz h e im e r  d is e a s e  (A D ). T h e  d o m in a n t  c o m p o n e n t  

o f  th e  a m y lo id  p la q u e  th a t  a c c u m u la te s  in  A D  is  a m y lo id  p (A p ), an



e x tra c e l lu la r  p e p t id e  c o n ta in in g  4 0 - 4 2  a m in o  a c id  re s id u e s .  X - ra y  

c ry s ta l lo g ra p h y  a n d  in f ra re d  s p e c tro s c o p y  d e m o n s tra te  a  c h a ra c te r is t ic  p- 

p le a te d  s h e e t  s e c o n d a ry  s tru c tu re  in  n o n b ra n c h in g  f ib r i ls .  T h is  p e p t id e , 

w h e n  a g g re g a te d  in  a  p -p le a te d  s h e e t  c o n fo rm a tio n ,  is  n e u ro to x ic  a n d  is  th e  

c e n tra l  p a th o g e n ic  e v e n t  le a d in g  to  th e  c o g n i t iv e  im p a irm e n t  c h a ra c te r is t ic  

o f  th e  d is e a se . T h e  A p  th a t  is  d e p o s i te d  in  th e  b r a in  in  A D  is  d e r iv e d  b y  

e n z y m ic  c le a v a g e s  (b y  secretases) f ro m  th e  la rg e r  a m y lo id  p re c u r s o r  

p ro te in ,  a  s in g le  t r a n s m e m b ra n e  p ro te in  e x p re s s e d  o n  th e  c e l l  s u r fa c e  in  th e  

b r a in  a n d  o th e r  t is s u e s  (F ig . 2 .1 3 ). T h e  A p  p e p t id e s  a g g re g a te ,  g e n e ra tin g  

th e  a m y lo id  th a t  is  fo u n d  in  th e  b r a in  p a r e n c h y m a  a n d  a ro u n d  b lo o d  

v e s s e ls .  M o s t  c a s e s  o f  A D  a re  n o t  g e n e t ic a l ly  b a s e d , a l th o u g h  a t  le a s t  5 %  o f  

c a s e s  a re  fa m ilia l .  A  s e c o n d  b io lo g ic  fa c to r  in v o lv e d  in  th e  d e v e lo p m e n t  o f  

A D  is  th e  a c c u m u la t io n  o f  n e u ro f ib r i l la ry  ta n g le s  in s id e  n e u ro n s . A  k e y  

c o m p o n e n t  o f  th e s e  ta n g le d  f ib e rs  is  a n  a b n o rm a l  fo rm  

(h y p e rp h o s p h o ry la te d  a n d  in s o lu b le )  o f  th e  ta u  (t) p ro te in ,  w h ic h , in  its  

h e a l th y  v e r s io n ,  h e lp s  in  th e  a s s e m b ly  o f  th e  m ic ro tu b u la r  s tru c tu re .  T h e  

d e fe c t iv e  t a p p e a rs  to  b lo c k  th e  a c t io n s  o f  its  n o rm a l  c o u n te rp a r t .  [N o te : In  

P a rk in s o n  d is e a se , a m y lo id  is  fo rm e d  f ro m  a - s y n u c le in  p ro te in .]
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F ig u re  2 .1 3  A - C .  F o rm a t io n  o f  a m y lo id  p la q u e s  fo u n d  in  A lz h e im e r  d is e a s e  

(A D ). [N o te : M u ta t io n s  to  presenilin , th e  c a ta ly t ic  s u b u n it  o f  Y-secretase, a re  th e  

m o s t  c o m m o n  c a u s e  o f  f a m il ia l  A D .]

B. Prion (proteinaceous infectious particle) diseases
T h e  p r io n  p ro te in  (P rP )  is  th e  c a u s a t iv e  a g e n t  o f  tr a n s m is s ib le  s p o n g ifo rm  

e n c e p h a lo p a th ie s  (T S E ) , in c lu d in g  C re u tz fe ld t - J a k o b  d is e a s e  in  h u m a n s , 

s c ra p ie  in  sh e e p , a n d  b o v in e  s p o n g ifo rm  e n c e p h a lo p a th y  in  c a tt le  

(p o p u la r ly  c a l le d  “ m a d  c o w ” d is e a se ) .  A f te r  a n  e x te n s iv e  s e r ie s  o f  

p u r if ic a t io n  p ro c e d u re s ,  s c ie n tis ts  w e re  s u rp r is e d  to  f in d  th a t  th e  in fe c t iv i ty  

o f  th e  a g e n t  c a u s in g  s c ra p ie  in  s h e e p  w a s  a s s o c ia te d  w ith  a  s in g le  p ro te in  

s p e c ie s  th a t  w a s  n o t  c o m p le x e d  w ith  d e te c ta b le  n u c le ic  a c id . T h is  in fe c tio u s  

p ro te in  is  d e s ig n a te d  P r P Sc (S c  = s c ra p ie ) . I t  is  h ig h ly  r e s is ta n t  to  

p ro te o ly t ic  d e g ra d a t io n  a n d  te n d s  to  fo rm  in s o lu b le  a g g re g a te s  o f  f ib r i ls ,  

s im ila r  to  th e  a m y lo id  fo u n d  in  s o m e  o th e r  d is e a s e s  o f  th e  b ra in .  A  

n o n in fe c t io u s  fo rm  o f  P rP C (C  = c e l lu la r ) ,  e n c o d e d  b y  th e  s a m e  g e n e  a s  th e  

in fe c t io u s  a g e n t, is  p r e s e n t  in  n o rm a l  m a m m a lia n  b ra in s  o n  th e  s u r fa c e  o f  

n e u ro n s  a n d  g lia l  c e l ls .  T h u s , P rP C is  a  h o s t  p ro te in .  N o  p r im a ry  s tru c tu re  

d if f e re n c e s  o r  a l te rn a te  p o s t t r a n s la t io n a l  m o d if ic a t io n s  h a v e  b e e n  fo u n d  

b e tw e e n  th e  n o rm a l  a n d  th e  in fe c t io u s  fo rm s  o f  th e  p ro te in .  T h e  k e y  to  

b e c o m in g  in fe c t io u s  a p p a re n t ly  l ie s  in  c h a n g e s  in  th e  th r e e -d im e n s io n a l  

c o n fo rm a tio n  o f  P rP C. R e s e a rc h  h a s  d e m o n s tra te d  th a t  a  n u m b e r  o f  a -  

h e l ic e s  p r e s e n t  in  n o n in fe c t io u s  P rP C a re  r e p la c e d  b y  P -sh e e ts  in  th e  

in fe c t io u s  fo rm  (F ig . 2 .1 4 ). T h is  c o n fo rm a tio n a l  d if f e re n c e  is  p re s u m a b ly  

w h a t  c o n fe rs  r e la t iv e  r e s is ta n c e  to  p ro te o ly t ic  d e g ra d a t io n  o f  in fe c t io u s  

p r io n s  a n d  p e rm its  th e m  to  b e  d is t in g u is h e d  f ro m  th e  n o rm a l  P rP C in  

in fe c te d  t is s u e . T h e  in fe c t iv e  a g e n t  is , th u s , a n  a l te re d  v e r s io n  o f  a  n o rm a l  

p ro te in ,  w h ic h  a c ts  as  a  te m p la te  fo r  c o n v e r t in g  th e  n o rm a l  p ro te in  to  th e  

p a th o g e n ic  c o n fo rm a tio n .  T h e  T S E  a re  in v a r ia b ly  fa ta l ,  a n d  n o  t r e a tm e n t  is  

c u r re n t ly  a v a i la b le  th a t  c a n  a l te r  th is  o u tc o m e .
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F ig u re  2 .1 4  O n e  p ro p o s e d  m e c h a n is m  fo r  m u l t ip l ic a t io n  o f  in fe c t io u s  p r io n s .  P rP  

= p r io n  p ro te in ;  P rP c = p r io n  p ro te in  c e l lu la r ;  P rP Sc = p r io n  p ro te in  s c ra p ie .



VII. CHAPTER SUMMARY

C e n tra l  to  u n d e r s ta n d in g  p ro te in  s tru c tu re  is  th e  c o n c e p t  o f  th e  n a t iv e  

c o n fo rm a tio n  (F ig . 2 .1 5 ), w h ic h  is  th e  fu n c t io n a l ,  fu lly  fo ld e d  p ro te in  

s tru c tu re  ( fo r  e x a m p le , a n  a c t iv e  e n z y m e  o r  s t ru c tu ra l  p ro te in ) .  T h e  u n iq u e  

th r e e -d im e n s io n a l  s tru c tu re  o f  th e  n a t iv e  c o n fo rm a tio n  is  d e te rm in e d  b y  its  

p r im a ry  s tru c tu re ,  th a t  is , i ts  a m in o  a c id  s e q u e n c e . I n te ra c t io n s  b e tw e e n  th e  

a m in o  a c id  s id e  c h a in s  g u id e  th e  fo ld in g  o f  th e  p o ly p e p tid e  c h a in  to  fo rm  

s e c o n d a ry , te r t ia ry , a n d  ( s o m e tim e s )  q u a te rn a ry  s tru c tu re s ,  w h ic h  c o o p e ra te  

in  s ta b i l iz in g  th e  n a t iv e  c o n fo rm a tio n  o f  th e  p ro te in .  In  a d d i t io n , a  

s p e c ia l iz e d  g ro u p  o f  p ro te in s  n a m e d  c h a p e ro n e s  is  r e q u ire d  fo r  th e  p ro p e r  

fo ld in g  o f  m a n y  s p e c ie s  o f  p ro te in s .  P ro te in  d e n a tu ra t io n  r e s u l ts  in  th e  

u n fo ld in g  a n d  d is o rg a n iz a t io n  o f  th e  p r o te in ’s s tru c tu re ,  w h ic h  a re  n o t  

a c c o m p a n ie d  b y  h y d ro ly s is  o f  p e p t id e  b o n d s . D e n a tu ra t io n  m a y  b e  

r e v e r s ib le  o r, m o re  c o m m o n ly , ir r e v e r s ib le .  D is e a s e  c a n  o c c u r  w h e n  an  

a p p a re n t ly  n o rm a l  p ro te in  a s s u m e s  a  c o n fo rm a tio n  th a t  is  c y to to x ic ,  as  in  

th e  c a s e  o f  A lz h e im e r  d is e a s e  (A D ) a n d  th e  tr a n s m is s ib le  s p o n g ifo rm  

e n c e p h a lo p a th ie s  (T S E ) , in c lu d in g  C re u tz fe ld t - J a k o b  d is e a s e . In  A D , 

n o rm a l  p ro te in s ,  a f te r  a b n o rm a l  c h e m ic a l  p ro c e s s in g ,  ta k e  o n  a  u n iq u e  

c o n fo rm a tio n a l  s ta te  th a t  le a d s  to  th e  fo rm a t io n  o f  n e u ro to x ic  a m y lo id  ß 

p e p t id e  (A ß )  a s s e m b lie s  c o n s is t in g  o f  ß -p le a te d  s h e e ts . In  T S E , th e  

in fe c t iv e  a g e n t  is  a n  a l te re d  v e r s io n  o f  a  n o rm a l  p r io n  p ro te in  th a t  a c ts  as  a  

te m p la te  fo r  c o n v e r t in g  n o rm a l  p ro te in  to  th e  p a th o g e n ic  c o n fo rm a tio n .



F ig u re  2 .1 5  K e y  c o n c e p t  m a p  fo r  p r o te in  s tru c tu re .

Study Questions



Choose th e  O N E  b e s t  a n s w e r .

.1 . W h ic h  o n e  o f  th e  fo llo w in g  s ta te m e n ts  c o n c e rn in g  p ro te in  s tru c tu re  is

c o r re c t?

A . P ro te in s  c o n s is t in g  o f  o n e  p o ly p e p tid e  h a v e  q u a te rn a ry  s tru c tu re  th a t  is  

s ta b i l iz e d  b y  c o v a le n t  b o n d s .

B . T h e  p e p t id e  b o n d s  th a t  l in k  a m in o  a c id s  in  a  p ro te in  m o s t  c o m m o n ly  

o c c u r  in  th e  c is  c o n f ig u ra tio n .

C . T h e  fo rm a t io n  o f  a  d is u lf id e  b o n d  in  a  p ro te in  r e q u ire s  th e  p a r t ic ip a t in g  

c y s te in e  r e s id u e s  to  b e  a d ja c e n t  in  th e  p r im a ry  s tru c tu re .

D . T h e  d e n a tu ra t io n  o f  p ro te in s  le a d s  to  ir r e v e r s ib le  lo s s  o f  s e c o n d a ry  

s tru c tu ra l  e le m e n ts  s u c h  a s  th e  a -h e l ix .

E . T h e  p r im a ry  d r iv in g  fo rc e  fo r  p ro te in  fo ld in g  is  th e  h y d ro p h o b ic  e f fe c t.

C o r r e c t  a n s w e r  = E . T h e  h y d ro p h o b ic  e f fe c t,  o r  th e  te n d e n c y  o f  n o n p o la r  

e n t i t ie s  to  a s s o c ia te  in  a  p o la r  e n v iro n m e n t ,  is  th e  p r im a ry  d r iv in g  fo rc e  o f  

p ro te in  fo ld in g . Q u a te rn a ry  s tru c tu re  r e q u ire s  m o re  th a n  o n e  p o ly p e p tid e ,  a n d , 

w h e n  p re s e n t ,  i t  is  s ta b i l iz e d  p r im a r i ly  b y  n o n c o v a le n t  b o n d s . T h e  p e p t id e  

b o n d  is  a lm o s t  a lw a y s  tra n s .  T h e  tw o  c y s te in e  r e s id u e s  p a r t ic ip a t in g  in  

d is u lf id e  b o n d  fo rm a t io n  m a y  b e  a  g r e a t  d is ta n c e  a p a r t  in  th e  a m in o  a c id  

s e q u e n c e  o f  a  p o ly p e p tid e  (o r  o n  tw o  s e p a ra te  p o ly p e p tid e s )  b u t  a re  b ro u g h t  

in to  c lo se  p ro x im ity  b y  th e  th r e e -d im e n s io n a l  fo ld in g  o f  th e  p o ly p e p tid e .  

D e n a tu ra t io n  m a y  b e  r e v e r s ib le  o r  i r re v e rs ib le .

.2 . A  p a r t ic u la r  p o in t  m u ta t io n  re s u lts  in  d is ru p t io n  o f  th e  a - h e l ic a l  s tru c tu re  in  a  

s e g m e n t  o f  th e  m u ta n t  p ro te in .  T h e  m o s t  l ik e ly  c h a n g e  in  th e  p r im a ry  

s tru c tu re  o f  th e  m u ta n t  p ro te in  is:

A . g lu ta m a te  to  a s p a r ta te .

B . ly s in e  to  a rg in in e .

C . m e th io n in e  to  p ro lin e .

D . v a l in e  to  a la n in e .

C o r r e c t  a n s w e r  = C . P ro lin e , b e c a u s e  o f  its  s e c o n d a ry  a m in o  g ro u p , is  

in c o m p a t ib le  w i th  a n  a -h e l ix .  G lu ta m a te ,  a s p a r ta te ,  ly s in e , a n d  a rg in in e  a re  

c h a rg e d  a m in o  a c id s , a n d  v a l in e  is  a  b r a n c h e d  a m in o  a c id . C h a rg e d  a n d  

b r a n c h e d  (b u lk y )  a m in o  a c id s  m a y  d is ru p t  a n  a -h e l ix .  [N o te : T h e  f le x ib il i ty  o f



.3 . In  c o m p a r in g  th e  a - h e l ix  to  th e  P -sh e e t, w h ic h  s ta te m e n t  is  c o r r e c t  o n ly  fo r  

th e  p -s h e e t?

A . E x te n s iv e  h y d ro g e n  b o n d s  b e tw e e n  th e  c a rb o n y l  o x y g e n  (C = O )  a n d  th e  

a m id e  h y d ro g e n  ( N - H )  o f  th e  p e p t id e  b o n d  a re  fo rm e d .

B . I t  m a y  b e  fo u n d  in  ty p ic a l  g lo b u la r  p ro te in s .

C . I t  is  s ta b i l iz e d  b y  in te r c h a in  h y d ro g e n  b o n d s .

D . I t  is  a n  e x a m p le  o f  s e c o n d a ry  s tru c tu re .

E . I t  m a y  b e  fo u n d  in  s u p e r s e c o n d a ry  s tru c tu re s .

C o r r e c t  a n s w e r  = C . T h e  P -sh e e t is  s ta b i l iz e d  b y  in te r c h a in  h y d ro g e n  b o n d s  

fo rm e d  b e tw e e n  s e p a ra te  p o ly p e p tid e  c h a in s  a n d  b y  in t r a c h a in  h y d ro g e n  b o n d s  

fo rm e d  b e tw e e n  re g io n s  o f  a  s in g le  p o ly p e p tid e .  T h e  a -h e l ix ,  h o w e v e r ,  is  

s ta b i l iz e d  o n ly  b y  in t r a c h a in  h y d ro g e n  b o n d s . S ta te m e n ts  A , B , D , a n d  E  a re  

tru e  fo r  b o th  o f  th e s e  s e c o n d a ry  s tru c tu ra l  e le m e n ts .

glycine’s R group can also disrupt an a-helix.]

.4 . A n  8 0 -y e a r -o ld  m a n  p re s e n te d  w ith  im p a irm e n t  o f  in te l le c tu a l  fu n c t io n  a n d  

a l te ra t io n s  in  b e h a v io r .  H is  f a m ily  r e p o r te d  p ro g re s s iv e  d is o r ie n ta t io n  a n d  

m e m o ry  lo s s  o v e r  th e  la s t  6 m o n th s .  T h e re  is  n o  f a m ily  h is to ry  o f  

d e m e n tia .  T h e  p a t ie n t  w a s  te n ta t iv e ly  d ia g n o s e d  w ith  A lz h e im e r  d is e a s e  

(A D ). W h ic h  o n e  o f  th e  fo llo w in g  b e s t  d e s c r ib e s  A D ?

A . I t  is  a s s o c ia te d  w i th  p -a m y lo id , a n  a b n o rm a l  p ro te in  w ith  a n  a l te re d  

a m in o  a c id  s e q u e n c e .

B . I t  r e s u lts  f ro m  a c c u m u la t io n  o f  d e n a tu re d  p ro te in s  th a t  h a v e  r a n d o m  

c o n fo rm a tio n s .

C . I t  is  a s s o c ia te d  w ith  th e  a c c u m u la t io n  o f  a m y lo id  p r e c u r s o r  p ro te in .

D . I t  is  a s s o c ia te d  w i th  th e  d e p o s i t io n  o f  n e u ro to x ic  a m y lo id  p p e p t id e  

a g g re g a te s .

E . I t  is  a n  e n v iro n m e n ta l ly  p ro d u c e d  d is e a s e  n o t  in f lu e n c e d  b y  th e  

g e n e t ic s  o f  th e  in d iv id u a l .

F . I t  is  c a u s e d  b y  th e  in fe c t io u s  p - s h e e t  fo rm  o f  a  h o s t- c e l l  p ro te in .

C o r r e c t  a n s w e r  = D . A lz h e im e r  d is e a s e  (A D ) is  a s s o c ia te d  w i th  lo n g , f ib r i l la r  

p ro te in  a s s e m b lie s  c o n s is t in g  o f  ß -p le a te d  s h e e ts  fo u n d  in  th e  b r a in  a n d



e ls e w h e re . T h e  d is e a s e  is  a s s o c ia te d  w i th  a b n o rm a l  p ro c e s s in g  o f  a  n o rm a l  

p ro te in .  T h e  a c c u m u la te d  a l te re d  p ro te in  o c c u r s  in  a  ß -p le a te d  s h e e t  

c o n fo rm a tio n  th a t  is  n e u ro to x ic .  T h e  a m y lo id  ß th a t  is  d e p o s i te d  in  th e  b r a in  in  

A D  is  d e r iv e d  b y  p ro te o ly t ic  c le a v a g e s  f ro m  th e  la rg e r  a m y lo id  p re c u r s o r  

p ro te in ,  a  s in g le  t r a n s m e m b ra n e  p ro te in  e x p re s s e d  o n  th e  c e l l  s u r fa c e  in  th e  

b r a in  a n d  o th e r  tis s u e s .  M o s t  c a s e s  o f  A D  a re  s p o ra d ic ,  a l th o u g h  a t  le a s t  5 %  o f  

c a s e s  a re  fa m ilia l .  P r io n  d is e a s e s ,  s u c h  a s  C re u tz fe ld t - J a k o b ,  a re  c a u s e d  b y  th e  

in fe c t io u s  ß - s h e e t  fo rm  (P rP Sc) o f  a  h o s t- c e l l  p ro te in  (P rP C).



Globular Proteins 3

Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

T h e  p re v io u s  c h a p te r  d e s c r ib e d  th e  ty p e s  o f  s e c o n d a ry  a n d  te r t ia ry  s tru c tu re s  th a t  

a re  th e  b r ic k s  a n d  m o r ta r  o f  p ro te in  a rc h i te c tu re .  B y  a r ra n g in g  th e s e  fu n d a m e n ta l  

s t ru c tu ra l  e le m e n ts  in  d if f e r e n t  c o m b in a t io n s ,  w id e ly  d iv e rs e  p ro te in s  c a n  b e  

c o n s tru c te d  th a t  a re  c a p a b le  o f  v a r io u s  s p e c ia l iz e d  fu n c t io n s .  T h is  c h a p te r  

e x a m in e s  th e  r e la t io n s h ip  b e tw e e n  s tru c tu re  a n d  fu n c t io n  fo r  th e  c l in ic a lly  

im p o r ta n t  g lo b u la r  h e m e p ro te in s .  F ib ro u s  s tru c tu ra l  p ro te in s  a re  d is c u s s e d  in  

C h a p te r  4 .

II. GLOBULAR HEMEPROTEINS

H e m e p ro te in s  a re  a  g ro u p  o f  s p e c ia l iz e d  p ro te in s  th a t  c o n ta in  h e m e  as  a  t ig h tly  

b o u n d  p ro s th e t ic  g ro u p . (S e e  p . 5 4  fo r  a  d is c u s s io n  o f  p ro s th e t ic  g ro u p s .)  T h e  

ro le  o f  th e  h e m e  g ro u p  is  d ic ta te d  b y  th e  e n v i ro n m e n t  c re a te d  b y  th e  th r e e 

d im e n s io n a l  s tru c tu re  o f  th e  p ro te in .  F o r  e x a m p le , th e  h e m e  g ro u p  o f  a  

c y to c h ro m e  fu n c t io n s  as  a n  e le c tro n  c a r r ie r  th a t  is  a l te rn a te ly  o x id iz e d  a n d  

r e d u c e d  (s e e  p . 7 5 ). In  c o n tra s t ,  th e  h e m e  g ro u p  o f  th e  e n z y m e  catalase  is  p a r t  o f  

th e  a c t iv e  s ite  o f  th e  e n z y m e  th a t  c a ta ly z e s  th e  b r e a k d o w n  o f  h y d ro g e n  p e ro x id e  

( s e e  p . 1 4 8 ). In  h e m o g lo b in  a n d  m y o g lo b in ,  th e  tw o  m o s t  a b u n d a n t  

h e m e p ro te in s  in  h u m a n s , th e  h e m e  g ro u p  s e rv e s  to  re v e r s ib ly  b in d  o x y g e n  (O 2).

A. Heme structure



H e m e  is  a  c o m p le x  o f  p ro to p o rp h y r in  IX  a n d  f e r ro u s  iro n  (F e 2+), a s  s h o w n  

in  F ig u re  3 .1 . T h e  iro n  is  h e ld  in  th e  c e n te r  o f  th e  h e m e  m o le c u le  b y  b o n d s  

to  th e  fo u r  n i t ro g e n s  o f  th e  p o rp h y r in  r in g . T h e  h e m e  F e 2+ c a n  fo rm  tw o  

a d d i t io n a l  b o n d s ,  o n e  o n  e a c h  s id e  o f  th e  p la n a r  p o rp h y r in  r in g . In  

m y o g lo b in  a n d  h e m o g lo b in ,  o n e  o f  th e s e  p o s it io n s  is  c o o rd in a te d  to  th e  s id e  

c h a in  o f  a  h is t id in e  r e s id u e  o f  th e  g lo b in  m o le c u le ,  w h e re a s  th e  o th e r  

p o s i t io n  is  a v a i la b le  to  b in d  O 2 (F ig . 3 .2 ). (S e e  p p . 2 7 8  a n d  2 8 2 , 

r e s p e c t iv e ly , fo r  a  d is c u s s io n  o f  h e m e  s y n th e s is  a n d  d e g ra d a tio n .)



ч.



Figure 3.1 A. Hemeprotein (cytochrome c). B. Structure of heme.

F ig u re  3 .2  A . M o d e l  o f  m y o g lo b in  s h o w in g  a - h e l ic e s  A  to  H . B . S c h e m a tic  

d ia g ra m  o f  th e  o x y g e n -b in d in g  s ite  o f  m y o g lo b in .

B. Myoglobin structure and function
M y o g lo b in , a  h e m e p ro te in  p r e s e n t  in  h e a r t  a n d  s k e le ta l  m u s c le ,  fu n c t io n s  

b o th  a s  a n  o x y g e n  r e s e rv o ir  a n d  a s  a n  o x y g e n  c a r r ie r  th a t  in c re a s e s  th e  ra te  

o f  o x y g e n  tr a n s p o r t  w i th in  th e  m u s c le  c e ll. [N o te : S u rp r is in g ly , m o u s e  

m y o g lo b in  d o u b le  k n o c k o u ts  (s e e  p . 5 0 2 )  h a v e  a n  a p p a re n t ly  n o rm a l 

p h e n o ty p e .]  M y o g lo b in  c o n s is ts  o f  a  s in g le  p o ly p e p tid e  c h a in  th a t  is  

s tru c tu ra lly  s im ila r  to  th e  in d iv id u a l  p o ly p e p tid e  c h a in s  o f  th e  te tr a m e r ic  

h e m o g lo b in  m o le c u le .  T h is  h o m o lo g y  m a k e s  m y o g lo b in  a  u s e fu l  m o d e l  fo r  

in te rp re t in g  s o m e  o f  th e  m o re  c o m p le x  p ro p e r t ie s  o f  h e m o g lo b in .

1. a -H e l ic a l  c o n te n t:  M y o g lo b in  is  a  c o m p a c t  m o le c u le ,  w i th  ~ 8 0 %  o f  its  

p o ly p e p tid e  c h a in  fo ld e d  in to  e ig h t  s tre tc h e s  o f  a -h e l ix .  T h e s e  a -h e l ic a l  

re g io n s , la b e le d  A  to  H  in  F ig u re  3 .2 A , a re  te rm in a te d  e i th e r  b y  th e  

p re s e n c e  o f  p ro lin e , w h o s e  f iv e -m e m b e re d  r in g  c a n n o t  b e  a c c o m m o d a te d  

in  a n  a - h e l ix  ( s e e  p . 16 ) o r  b y  p -b e n d s  a n d  lo o p s  s ta b i l iz e d  b y  h y d ro g e n  

b o n d s  a n d  io n ic  b o n d s  ( s e e  p . 19 ). [N o te : Io n ic  b o n d s  a re  a lso  te rm e d  

e le c tro s ta t ic  in te r a c t io n s  o r  s a l t  b r id g e s .]

2. L o c a t io n  o f  p o la r  a n d  n o n p o la r  a m in o  a c id  re s id u e s :  T h e  in te r io r  o f  th e  

g lo b u la r  m y o g lo b in  m o le c u le  is  c o m p o s e d  a lm o s t  e n t ire ly  o f  n o n p o la r  

a m in o  a c id s . T h e y  a re  p a c k e d  c lo s e ly  to g e th e r ,  fo rm in g  a  s tru c tu re  

s ta b i l iz e d  b y  h y d ro p h o b ic  in te r a c t io n s  b e tw e e n  th e s e  c lu s te re d  r e s id u e s  

( s e e  p . 1 9 ). In  c o n tra s t ,  p o la r  a m in o  a c id s  a re  lo c a te d  a lm o s t  e x c lu s iv e ly  

o n  th e  s u r fa c e , w h e re  th e y  c a n  fo rm  h y d ro g e n  b o n d s , b o th  w i th  e a c h



o th e r  a n d  w ith  w a te r .

3. B in d in g  o f  th e  h e m e  g ro u p : T h e  h e m e  g ro u p  o f  th e  m y o g lo b in  m o le c u le  

s its  in  a  c re v ic e , w h ic h  is  l in e d  w ith  n o n p o la r  a m in o  a c id s . N o ta b le  

e x c e p tio n s  a re  tw o  h is t id in e  r e s id u e s  (s e e  F ig . 3 .2 B ). O n e , th e  p ro x im a l  

h is t id in e  (F 8 ) , b in d s  d ir e c t ly  to  th e  F e 2+ o f  h e m e . T h e  s e c o n d , o r  d is ta l  

h is t id in e  (E 7 ) , d o e s  n o t  d ir e c tly  in te r a c t  w i th  th e  h e m e  g ro u p  b u t  h e lp s  

s ta b i l iz e  th e  b in d in g  o f  O 2 to  F e 2+. T h u s , th e  p ro te in ,  o r  g lo b in , p o r t io n  

o f  m y o g lo b in  c re a te s  a  s p e c ia l  m ic ro e n v i ro n m e n t  fo r  th e  h e m e  th a t  

p e rm its  th e  r e v e r s ib le  b in d in g  o f  o n e  o x y g e n  m o le c u le  (o x y g e n a t io n ) .  

T h e  s im u l ta n e o u s  lo s s  o f  e le c tro n s  b y  F e 2+ (o x id a tio n  to  th e  fe r r ic  [F e 3+] 

fo rm )  o c c u rs  o n ly  ra re ly .

C. Hemoglobin structure and function
H e m o g lo b in  is  fo u n d  e x c lu s iv e ly  in  r e d  b lo o d  c e lls  (R B C ) , w h e re  i ts  m a in  

fu n c t io n  is  to  t r a n s p o r t  O 2 f ro m  th e  lu n g s  to  th e  c a p i l la r ie s  o f  th e  tis s u e s .  

H e m o g lo b in  A , th e  m a jo r  h e m o g lo b in  in  a d u lts , is  c o m p o s e d  o f  fo u r  

p o ly p e p tid e  c h a in s  ( tw o  a  c h a in s  a n d  tw o  p c h a in s )  h e ld  to g e th e r  b y  

n o n c o v a le n t  in te ra c t io n s  (F ig . 3 .3 ). E a c h  c h a in  ( s u b u n it)  h a s  s t re tc h e s  o f  a -  

h e l ic a l  s tru c tu re  a n d  a  h y d ro p h o b ic  h e m e -b in d in g  p o c k e t  s im ila r  to  th a t  

d e s c r ib e d  fo r  m y o g lo b in .  H o w e v e r ,  th e  te tr a m e r ic  h e m o g lo b in  m o le c u le  is  

s t ru c tu ra l ly  a n d  fu n c t io n a l ly  m o re  c o m p le x  th a n  m y o g lo b in .  F o r  e x a m p le , 

h e m o g lo b in  c a n  t r a n s p o r t  p ro to n s  (H +) a n d  c a rb o n  d io x id e  (C O 2) f ro m  th e  

t is s u e s  to  th e  lu n g s  a n d  c a n  c a r ry  fo u r  m o le c u le s  o f  O 2 f ro m  th e  lu n g s  to  th e  

c e lls  o f  th e  b o d y . F u r th e rm o re , th e  o x y g e n -b in d in g  p ro p e r t ie s  o f  

h e m o g lo b in  a re  r e g u la te d  b y  in te r a c t io n  w ith  a l lo s te r ic  e f f e c to r s  ( s e e  p . 2 9 ).



F ig u re  3 .3  A . S tru c tu re  o f  h e m o g lo b in  s h o w in g  th e  p o ly p e p tid e  b a c k b o n e s .  B . 

S im p lif ie d  d ra w in g  s h o w in g  th e  a -h e l ic e s .

O b ta in in g  O 2 f ro m  th e  a tm o s p h e re  s o le ly  b y  d i f fu s io n  g re a t ly  l im its  th e  

s iz e  o f  o rg a n is m s . C irc u la to ry  s y s te m s  o v e rc o m e  th is ,  b u t  tr a n s p o r t  

m o le c u le s  s u c h  a s  h e m o g lo b in  a re  a lso  r e q u i re d  b e c a u s e  O 2 is  o n ly  s lig h t ly  

s o lu b le  in  a q u e o u s  s o lu tio n s  s u c h  a s  b lo o d .

1. Q u a te rn a ry  s tru c tu re : T h e  h e m o g lo b in  te tr a m e r  c a n  b e  e n v is io n e d  as  

c o m p o s e d  o f  tw o  id e n tic a l  d im e rs ,  ( a p ) 1 a n d  ( a p ) 2. T h e  tw o  p o ly p e p tid e  

c h a in s  w ith in  e a c h  d im e r  a re  h e ld  t ig h tly  to g e th e r  p r im a r i ly  b y  

h y d ro p h o b ic  in te ra c t io n s  (F ig . 3 .4 ). [N o te : In  th is  in s ta n c e , h y d ro p h o b ic  

a m in o  a c id  r e s id u e s  a re  lo c a l iz e d  n o t  o n ly  in  th e  in te r io r  o f  th e  m o le c u le  

b u t  a lso  in  a  r e g io n  o n  th e  s u r fa c e  o f  e a c h  s u b u n it .  M u ltip le  in te rc h a in  

h y d ro p h o b ic  in te ra c t io n s  fo rm  s tro n g  a s s o c ia t io n s  b e tw e e n  a - s u b u n i ts  

a n d  p -s u b u n its  in  th e  d im e rs .]  In  c o n tra s t ,  th e  tw o  d im e rs  a re  h e ld  

to g e th e r  p r im a r i ly  b y  p o la r  b o n d s . T h e  w e a k e r  in te ra c t io n s  b e tw e e n  th e  

d im e rs  a l lo w  th e m  to  m o v e  w ith  r e s p e c t  to  o n e  o th e r . T h is  m o v e m e n t  

r e s u l ts  in  th e  tw o  d im e rs  o c c u p y in g  d if f e r e n t  r e la t iv e  p o s i t io n s  in  

d e o x y h e m o g lo b in  a s  c o m p a re d  w ith  o x y h e m o g lo b in  (se e  F ig . 3 .4 ).



F ig u re  3 .4  S c h e m a tic  d ia g ra m  s h o w in g  s tru c tu ra l  c h a n g e s  re s u l t in g  f ro m  

o x y g e n a t io n  a n d  d e o x y g e n a t io n  o f  h e m o g lo b in .

a. T  fo rm : T h e  d e o x y  fo rm  o f  h e m o g lo b in  is  c a l le d  th e  “ T ,” o r  ta u t  ( te n se )  

fo rm . In  th e  T  fo rm , th e  tw o  a p  d im e rs  in te ra c t  th ro u g h  a  n e tw o rk  o f 

io n ic  b o n d s  a n d  h y d ro g e n  b o n d s  th a t  c o n s tr a in  th e  m o v e m e n t  o f  th e  

p o ly p e p tid e  c h a in s . T h e  T  c o n fo rm a tio n  is  th e  lo w -o x y g e n -a f f in i ty  

fo rm  o f  h e m o g lo b in .

b . R  fo rm : T h e  b in d in g  o f  O 2 to  h e m o g lo b in  c a u s e s  th e  ru p tu re  o f  so m e  

o f  th e  p o la r  b o n d s  b e tw e e n  th e  tw o  a p  d im e rs ,  a l lo w in g  m o v e m e n t .  

S p e c if ic a l ly ,  th e  b in d in g  o f  O 2 to  th e  h e m e  F e 2+ p u lls  th e  iro n  in to  th e

p la n e  o f  th e  h e m e  (F ig . 3 .5 ). B e c a u s e  th e  iro n  is  a lso  l in k e d  to  th e  

p ro x im a l  h is t id in e  (F 8 ) , th e  re s u l t in g  m o v e m e n t  o f  th e  g lo b in  c h a in s  

a l te r s  th e  in te r f a c e  b e tw e e n  th e  a p  d im e rs . T h is  le a d s  to  a  s tru c tu re  

c a l le d  th e  “ R ,” o r r e la x e d  fo rm  (s e e  F ig . 3 .4 ). T h e  R  c o n fo rm a tio n  is  

th e  h ig h -o x y g e n -a f f in i ty  fo rm  o f  h e m o g lo b in .





o x y g e n  (O 2) is  n o t  b o u n d . B . In to  th e  p la n e  o f  th e  h e m e  u p o n  O 2 b in d in g .

D. Oxygen binding to myoglobin and hemoglobin
M y o g lo b in  c a n  b in d  o n ly  o n e  m o le c u le  o f  O 2, b e c a u s e  i t  c o n ta in s  o n ly  o n e  

h e m e  g ro u p . In  c o n tra s t ,  h e m o g lo b in  c a n  b in d  fo u r  m o le c u le s  o f  O 2, o n e  a t  

e a c h  o f  its  fo u r  h e m e  g ro u p s . T h e  d e g re e  o f  s a tu ra t io n  (Y ) o f  th e s e  o x y g e n 

b in d in g  s ite s  o n  a l l  m y o g lo b in  o r  h e m o g lo b in  m o le c u le s  c a n  v a ry  b e tw e e n  

z e ro  (a l l  s i te s  a re  e m p ty )  a n d  1 0 0 %  (a ll  s i te s  a re  fu ll) , a s  s h o w n  in  F ig u re  

3 .6 . [N o te : P u ls e  o x im e try  is  a  n o n in v a s iv e ,  in d i r e c t  m e th o d  o f  m e a s u r in g  

th e  o x y g e n  s a tu ra t io n  o f  a r te r ia l  b lo o d  b a s e d  o n  d if f e re n c e s  in  l ig h t  

a b s o rp t io n  b y  o x y h e m o g lo b in  a n d  d e o x y h e m o g lo b in .]



The oxygen-dissociation curve for Hb is 
steepest at the oxygen concentrations 
that occur in the tissues. This permits 
oxygen delivery to respond to small 
changes in p02.
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1. O x y g e n -d is s o c ia t io n  c u rv e : A  p lo t  o f  Y  m e a s u re d  a t  d if f e r e n t  p a r t ia l  

p re s s u re s  o f  o x y g e n  (p O 2) is  c a l le d  th e  o x y g e n -d is s o c ia t io n  c u rv e . [N o te : 

p O 2 m a y  a lso  b e  r e p re s e n te d  a s  P O 2.] T h e  c u rv e s  fo r  m y o g lo b in  a n d  

h e m o g lo b in  s h o w  im p o r ta n t  d if f e re n c e s  (s e e  F ig . 3 .6 ). T h is  g ra p h  

il lu s tr a te s  th a t  m y o g lo b in  h a s  a  h ig h e r  o x y g e n  a f f in i ty  a t  a l l  p O 2 v a lu e s

th a n  d o e s  h e m o g lo b in .  T h e  p a r t ia l  p re s s u re  o f  o x y g e n  n e e d e d  to  a c h ie v e  

h a lf  s a tu ra t io n  o f  th e  b in d in g  s ite s  ( P 50) is  ~ 1  m m  H g  fo r  m y o g lo b in  a n d

2 6  m m  H g  fo r  h e m o g lo b in .  T h e  h ig h e r  th e  o x y g e n  a f f in i ty  ( th a t  is , th e  

m o re  t ig h tly  O 2 b in d s ) ,  th e  lo w e r  th e  P 50.

a. M y o g lo b in :  T h e  o x y g e n -d is s o c ia t io n  c u rv e  fo r  m y o g lo b in  h a s  a  

h y p e rb o l ic  s h a p e  ( s e e  F ig . 3 .6 ). T h is  re f le c ts  th e  f a c t  th a t  m y o g lo b in  

re v e r s ib ly  b in d s  a  s in g le  m o le c u le  o f  O 2. T h u s , o x y g e n a te d  (M b O 2) 

a n d  d e o x y g e n a te d  (M b )  m y o g lo b in  e x is t  in  a  s im p le  e q u i l ib r iu m :

Figure 3.6 Oxygen-dissociation curves for myoglobin and hemoglobin (Hb).

T h e  e q u i l ib r iu m  is  s h if te d  to  th e  r ig h t  o r  to  th e  le f t  a s  O 2 is  a d d e d  to  o r  

r e m o v e d  f ro m  th e  s y s te m . [N o te : M y o g lo b in  is  d e s ig n e d  to  b in d  O 2 

re le a s e d  b y  h e m o g lo b in  a t  th e  lo w  p O 2 fo u n d  in  m u s c le .  M y o g lo b in , 

in  tu rn , r e le a s e s  O 2 w ith in  th e  m u s c le  c e l l  in  r e s p o n s e  to  o x y g e n  

d e m a n d .]

b . H e m o g lo b in :  T h e  o x y g e n -d is s o c ia t io n  c u rv e  fo r  h e m o g lo b in  is  

s ig m o id a l  in  s h a p e  (s e e  F ig . 3 .6 ), in d ic a t in g  th a t  th e  s u b u n its  c o o p e ra te  

in  b in d in g  O 2. C o o p e ra t iv e  b in d in g  o f  O 2 b y  th e  fo u r  s u b u n its  o f  

h e m o g lo b in  m e a n s  th a t  th e  b in d in g  o f  a n  o x y g e n  m o le c u le  a t  o n e  

s u b u n it  in c re a s e s  th e  o x y g e n  a f f in i ty  o f  th e  re m a in in g  s u b u n its  in  th e  

s a m e  h e m o g lo b in  te tr a m e r  (F ig . 3 .7 ). A lth o u g h  i t  is  m o re  d i f f ic u l t  fo r  

th e  f i r s t  o x y g e n  m o le c u le  to  b in d  to  h e m o g lo b in ,  th e  s u b s e q u e n t  

b in d in g  o f  o x y g e n  m o le c u le s  o c c u rs  w i th  h ig h  a f f in i ty ,  a s  s h o w n  b y  

th e  s te e p  u p w a rd  c u rv e  in  th e  r e g io n  n e a r  2 0 - 3 0  m m  H g  (s e e  F ig . 3 .6 ).





F ig u re  3 .7  H e m o g lo b in  (H b ) b in d s  s u c c e s s iv e  m o le c u le s  o f  o x y g e n  (O 2) w ith  

in c re a s in g  a f f in i ty .

E. Allosteric effectors
T h e  a b i l i ty  o f  h e m o g lo b in  to  r e v e r s ib ly  b in d  O 2 is  a f f e c te d  b y  th e  p O 2, th e  

p H  o f  th e  e n v iro n m e n t ,  th e  p a r t ia l  p r e s s u re  o f  c a rb o n  d io x id e  (p C O 2), a n d  

th e  a v a i la b i l i ty  o f  2 ,3 -b is p h o s p h o g ly c e ra te  (2 ,3 -B P G ) . T h e s e  a re  

c o l le c t iv e ly  c a l le d  a l lo s te r ic  ( “ o th e r  s i te ” ) e f fe c to rs ,  b e c a u s e  th e ir  

in te ra c t io n  a t  o n e  s ite  o n  th e  te tr a m e r ic  h e m o g lo b in  m o le c u le  c a u s e s  

s t ru c tu ra l  c h a n g e s  th a t  a f f e c t  th e  b in d in g  o f  O 2 to  th e  h e m e  iro n  a t  o th e r  

s i te s  o n  th e  m o le c u le .  [N o te : T h e  b in d in g  o f  O 2 to  m o n o m e r ic  m y o g lo b in  is  

n o t  in f lu e n c e d  b y  a l lo s te r ic  e f fe c to rs .]

1. O x y g e n : T h e  s ig m o id a l  o x y g e n -d is s o c ia t io n  c u rv e  re f le c ts  s p e c if ic  

s t ru c tu ra l  c h a n g e s  th a t  a re  in i t ia te d  a t  o n e  s u b u n it  a n d  t r a n s m it te d  to  

o th e r  s u b u n its  in  th e  h e m o g lo b in  te tra m e r .  T h e  n e t  e f f e c t  o f  th is  

c o o p e ra t iv i ty  is  th a t  th e  a f f in i ty  o f  h e m o g lo b in  fo r  th e  la s t  o x y g e n  

m o le c u le  b o u n d  is  ~ 3 0 0  tim e s  g re a te r  th a n  its  a f f in i ty  fo r  th e  f i r s t  o x y g e n  

m o le c u le  b o u n d . O x y g e n , th e n , is  a n  a l lo s te r ic  e f f e c to r  o f  h e m o g lo b in .  I t  

s ta b i l iz e s  th e  R  fo rm .

a. L o a d in g  a n d  u n lo a d in g  o x y g e n : T h e  c o o p e ra t iv e  b in d in g  o f  O 2 a llo w s  

h e m o g lo b in  to  d e l iv e r  m o re  O 2 to  th e  t i s s u e s  in  r e s p o n s e  to  r e la t iv e ly  

s m a l l  c h a n g e s  in  th e  p O 2. T h is  c a n  b e  s e e n  in  F ig u re  3 .6 , w h ic h  

in d ic a te s  p O 2 in  th e  a lv e o l i  o f  th e  lu n g  a n d  th e  c a p i l la r ie s  o f  th e  

t is s u e s .  F o r  e x a m p le , in  th e  lu n g , o x y g e n  c o n c e n tr a t io n  is  h ig h , a n d  

h e m o g lo b in  b e c o m e s  v ir tu a l ly  s a tu ra te d  (o r  “ lo a d e d ” ) w i th  O 2. In  

c o n tra s t ,  in  th e  p e r ip h e ra l  t is s u e s ,  o x y h e m o g lo b in  re le a s e s  (o r  

“u n lo a d s ” ) m u c h  o f  i ts  O 2 fo r  u s e  in  th e  o x id a t iv e  m e ta b o l is m  o f  th e  

t is s u e s  (F ig . 3 .8 ).
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Figure 3.8 Transport of oxygen and carbon dioxide by hemoglobin. Fe = iron.

b . S ig n if ic a n c e  o f  th e  s ig m o id a l  o x y g e n -d is s o c ia t io n  c u rv e : T h e  s te e p  

s lo p e  o f  th e  o x y g e n -d is s o c ia t io n  c u rv e  o v e r  th e  r a n g e  o f  o x y g e n  

c o n c e n tra t io n s  th a t  o c c u r  b e tw e e n  th e  lu n g s  a n d  th e  t i s s u e s  p e rm its  

h e m o g lo b in  to  c a r ry  a n d  d e l iv e r  O 2 e f f ic ie n t ly  f ro m  s ite s  o f  h ig h  to  

s ite s  o f  lo w  p O 2. A  m o le c u le  w i th  a  h y p e rb o l ic  o x y g e n -d is s o c ia t io n  

c u rv e , s u c h  a s  m y o g lo b in ,  c o u ld  n o t  a c h ie v e  th e  s a m e  d e g re e  o f  O 2 

re le a s e  w ith in  th is  ra n g e  o f  p O 2. In s te a d , i t  w o u ld  h a v e  m a x im u m  

a f f in i ty  fo r  O 2 th ro u g h o u t  th is  o x y g e n  p re s s u re  ra n g e  a n d , th e re fo re ,  

w o u ld  d e l iv e r  n o  O 2 to  th e  tis s u e s .

2. B o h r  e ffe c t: T h e  r e le a s e  o f  O 2 f ro m  h e m o g lo b in  is  e n h a n c e d  w h e n  th e

p H  is  lo w e re d  (p ro to n  c o n c e n tr a t io n  [H +] is  in c re a s e d )  o r  w h e n  th e  

h e m o g lo b in  is  in  th e  p r e s e n c e  o f  a n  in c r e a s e d  p C O 2. B o th  r e s u l t  in  

d e c re a s e d  o x y g e n  a f f in i ty  o f  h e m o g lo b in  a n d , th e re fo re ,  a  s h if t  to  th e  

r ig h t  in  th e  o x y g e n -d is s o c ia t io n  c u rv e  (F ig . 3 .9 ). B o th , th e n , s ta b i l iz e  th e  

T  (d e o x y )  fo rm . T h is  c h a n g e  in  o x y g e n  b in d in g  is  c a l le d  th e  B o h r  e f fe c t. 

C o n v e rs e ly , r a is in g  th e  p H  o r  lo w e r in g  th e  c o n c e n tra t io n  o f  C O 2 re s u lts  

in  a  g re a te r  o x y g e n  a f f in i ty ,  a  s h if t  to  th e  le f t  in  th e  o x y g e n -d is s o c ia t io n  

c u rv e , a n d  s ta b i l iz a t io n  o f  th e  R  (o x y )  fo rm .



F ig u re  3 .9  E f f e c t  o f  p H  o n  th e  o x y g e n  a f f in i ty  o f  h e m o g lo b in .  P ro to n s  a re  

a l lo s te r ic  e f f e c to r s  o f  h e m o g lo b in .

a. S o u rc e  o f  th e  p ro to n s  th a t  lo w e r  p H : T h e  c o n c e n tr a t io n  o f  b o th  H+ a n d  

C O 2 in  th e  c a p i l la r ie s  o f  m e ta b o l ic a l ly  a c t iv e  t i s s u e s  is  h ig h e r  th a n  th a t  

o b s e rv e d  in  a lv e o la r  c a p i l la r ie s  o f  th e  lu n g s , w h e re  C O 2 is  r e le a s e d



in to  th e  e x p ire d  a ir . In  th e  t is s u e s ,  C O 2 is  c o n v e r te d  b y  z in c -c o n ta in in g  

carbonic anhydrase  to  c a rb o n ic  a c id :

w h ic h  s p o n ta n e o u s ly  lo s e s  a  H +, b e c o m in g  b ic a rb o n a te  ( th e  m a jo r  

b lo o d  b u f fe r ) :

T h e  H+ p ro d u c e d  b y  th is  p a i r  o f  r e a c t io n s  c o n tr ib u te s  to  th e  lo w e r in g  o f  

p H . T h is  d if f e re n t ia l  p H  g ra d ie n t  ( th a t  is , lu n g s  h a v in g  a  h ig h e r  p H  a n d  

t is s u e s  a  lo w e r  p H ) fa v o rs  th e  u n lo a d in g  o f  O 2 in  th e  p e r ip h e ra l  t is s u e s  

a n d  th e  lo a d in g  o f  O 2 in  th e  lu n g . T h u s , th e  o x y g e n  a f f in i ty  o f  th e  

h e m o g lo b in  m o le c u le  r e s p o n d s  to  s m a l l  s h if ts  in  p H  b e tw e e n  th e  lu n g s  

a n d  o x y g e n -c o n s u m in g  tis s u e s ,  m a k in g  h e m o g lo b in  a  m o re  e f f ic ie n t  

t r a n s p o r te r  o f  O 2.

b . M e c h a n is m  o f  th e  B o h r  e ffe c t: T h e  B o h r  e f f e c t  r e f le c ts  th e  f a c t  th a t  th e  

d e o x y  fo rm  o f  h e m o g lo b in  h a s  a  g re a te r  a f f in i ty  fo r  H + th a n  d o e s  

o x y h e m o g lo b in .  T h is  is  c a u s e d  b y  io n iz a b le  g ro u p s  s u c h  as  s p e c if ic  

h is t id in e  s id e  c h a in s  th a t  h a v e  a  h ig h e r  p K a (s e e  p . 6 ) in  

d e o x y h e m o g lo b in  th a n  in  o x y h e m o g lo b in .  T h e re fo re ,  a n  in c re a s e  in  

th e  c o n c e n tra t io n  o f  H + ( re s u lt in g  in  a  d e c re a s e  in  p H ) c a u s e s  th e s e  

g ro u p s  to  b e c o m e  p ro to n a te d  (c h a rg e d )  a n d  a b le  to  fo rm  io n ic  b o n d s  

( s a l t  b r id g e s ) .  T h e s e  b o n d s  p re fe re n t ia l ly  s ta b i l iz e  th e  d e o x y  fo rm  o f  

h e m o g lo b in ,  p ro d u c in g  a  d e c re a s e  in  o x y g e n  a f f in i ty .  [N o te : 

H e m o g lo b in , th e n , is  a n  im p o r ta n t  b lo o d  b u f fe r .]

T h e  B o h r  e f f e c t  c a n  b e  r e p re s e n te d  s c h e m a tic a l ly  as:

H b 0 2 + H+ <z! HbH + 0 2 
Oxyhemoglobin Deoxyhemoglobin

w h e re  a n  in c re a s e  in  H+ (o r  a  lo w e r  p O 2) s h if ts  th e  e q u i l ib r iu m  to  th e  

r ig h t  ( f a v o r in g  d e o x y h e m o g lo b in ) ,  w h e re a s  a n  in c re a s e  in  p O 2 (o r  a  

d e c re a s e  in  H +) s h if ts  th e  e q u i l ib r iu m  to  th e  le f t.

3. 2 ,3 -B P G  e f f e c t  o n  o x y g e n  a f f in ity :  2 ,3 -B P G  is  a n  im p o r ta n t  r e g u la to r  o f  

th e  b in d in g  o f  O 2 to  h e m o g lo b in .  I t  is  th e  m o s t  a b u n d a n t  o rg a n ic  

p h o s p h a te  in  th e  R B C , w h e re  i ts  c o n c e n tr a t io n  is  a p p ro x im a te ly  th a t  o f



h e m o g lo b in .  2 ,3 -B P G  is  s y n th e s iz e d  f ro m  a n  in te rm e d ia te  o f  th e  

g ly c o ly t ic  p a th w a y  (F ig . 3 .1 0 ; s e e  p . 101  fo r  a  d is c u s s io n  o f  2 ,3 -B P G  

s y n th e s is  in  g ly c o ly s is ) .





F ig u re  3 .1 0  S y n th e s is  o f  2 ,3 -b is p h o s p h o g ly c e ra te .  [N o te : P  is  a  p h o s p h o ry l  

g ro u p , P O 32 - .] In  o ld e r  l i te ra tu re ,  2, 3 -b is p h o s p h o g ly c e ra te  (2 ,3 -B P G )  m a y  b e  

r e fe r re d  to  a s  2 ,3 -d ip h o s p h o g ly c e ra te  (2 ,3 -D P G ) .

a. 2 ,3 -B P G  b in d in g  to  d e o x y h e m o g lo b in :  2 ,3 -B P G  d e c re a s e s  th e  o x y g e n  

a f f in i ty  o f  h e m o g lo b in  b y  b in d in g  to  d e o x y h e m o g lo b in  b u t  n o t  to  

o x y h e m o g lo b in .  T h is  p r e fe re n t ia l  b in d in g  s ta b i l iz e s  th e  T  

c o n fo rm a tio n  o f  d e o x y h e m o g lo b in .  T h e  e f fe c t  o f  b in d in g  2 ,3 -B P G  c a n  

b e  r e p re s e n te d  s c h e m a tic a l ly  as:

H b 0 2 + 2,3-BPG <zt H b -2 ,3 -B P G  + 0 2 
Oxyhemoglobin Deoxyhemoglobin

b . 2 ,3 -B P G  b in d in g  s ite : O n e  m o le c u le  o f  2 ,3 -B P G  b in d s  to  a  p o c k e t ,  

fo rm e d  b y  th e  tw o  p -g lo b in  c h a in s ,  in  th e  c e n te r  o f  th e  

d e o x y h e m o g lo b in  te tr a m e r  (F ig . 3 .1 1 ). T h is  p o c k e t  c o n ta in s  s e v e ra l  

p o s i t iv e ly  c h a rg e d  a m in o  a c id s  th a t  fo rm  io n ic  b o n d s  w ith  th e  

n e g a t iv e ly  c h a rg e d  p h o s p h a te  g ro u p s  o f  2 ,3 -B P G . [N o te : R e p la c e m e n t  

o f  o n e  o f  th e s e  a m in o  a c id s  c a n  r e s u l t  in  h e m o g lo b in  v a r ia n ts  w ith  

a b n o rm a lly  h ig h  o x y g e n  a f f in i ty  th a t  m a y  b e  c o m p e n s a te d  fo r  b y  

in c re a s e d  R B C  p ro d u c t io n  (e ry th ro c y to s is ) .]  O x y g e n a t io n  o f  

h e m o g lo b in  n a r ro w s  th e  p o c k e t  a n d  c a u s e s  2 ,3 -B P G  to  b e  re le a s e d .



A single m olecule of 2,3-BPG
binds to a positively charged
cavity form ed by the p-chains
of deoxyhem oglobin.

F ig u re  3 .1 1  B in d in g  o f  2 ,3 -b is p h o s p h o g ly c e ra te  (2 ,3 -B P G )  b y  

d e o x y h e m o g lo b in .

c. O x y g e n -d is s o c ia t io n  c u rv e  sh if t: H e m o g lo b in  f ro m  w h ic h  2 ,3 -B P G  h a s  

b e e n  r e m o v e d  h a s  h ig h  o x y g e n  a f f in i ty .  H o w e v e r ,  as  s e e n  in  th e  R B C ,



th e  p r e s e n c e  o f  2 ,3 -B P G  s ig n if ic a n t ly  r e d u c e s  th e  o x y g e n  a f f in i ty  o f  

h e m o g lo b in ,  s h if t in g  th e  o x y g e n -d is s o c ia t io n  c u rv e  to  th e  r ig h t  (F ig . 

3 .1 2 ). T h is  r e d u c e d  a f f in i ty  e n a b le s  h e m o g lo b in  to  r e le a s e  O 2 

e f f ic ie n t ly  a t  th e  p a r t ia l  p re s s u re s  fo u n d  in  th e  tis s u e s .

F ig u re  3 .1 2  A llo s te r ic  e f f e c t  o f  2 ,3 -b is p h o s p h o g ly c e ra te  (2 ,3 -B P G )  o n  th e  

o x y g e n  a f f in i ty  o f  h e m o g lo b in .



d. 2 ,3 -B P G  le v e ls  in  c h ro n ic  h y p o x ia  o r  a n e m ia : T h e  c o n c e n tra t io n  o f  

2 ,3 -B P G  in  th e  R B C  in c re a s e s  in  r e s p o n s e  to  c h ro n ic  h y p o x ia ,  s u c h  as  

th a t  o b s e rv e d  in  c h ro n ic  o b s tru c t iv e  p u lm o n a ry  d is e a s e  (C O P D )  l ik e  

e m p h y s e m a , o r  a t  h ig h  a l t i tu d e s ,  w h e re  c i r c u la t in g  h e m o g lo b in  m a y  

h a v e  d if f ic u lty  re c e iv in g  s u f f ic ie n t  O 2. In tr a c e l lu la r  le v e ls  o f  2 ,3 -B P G  

a re  a lso  e le v a te d  in  c h ro n ic  a n e m ia , in  w h ic h  f e w e r  th a n  n o rm a l  R B C  

a re  a v a i la b le  to  s u p p ly  th e  b o d y ’s o x y g e n  n e e d s . E le v a te d  2 ,3 -B P G  

le v e ls  lo w e r  th e  o x y g e n  a f f in i ty  o f  h e m o g lo b in ,  p e rm it t in g  g re a te r  

u n lo a d in g  o f  O 2 in  th e  c a p i l la r ie s  o f  t i s s u e s  ( s e e  F ig . 3 .1 2 ).

e. 2 ,3 -B P G  in  t r a n s fu s e d  b lo o d : 2 ,3 -B P G  is  e s s e n t ia l  fo r  th e  n o rm a l  

o x y g e n  tr a n s p o r t  fu n c t io n  o f  h e m o g lo b in .  H o w e v e r ,  s to r in g  b lo o d  in  

th e  c u r re n t ly  a v a i la b le  m e d ia  r e s u lts  in  th e  g r a d u a l  d e p le t io n  o f  2 ,3 -  

B P G . C o n s e q u e n t ly ,  s to re d  b lo o d  d is p la y s  a n  a b n o rm a lly  h ig h  o x y g e n  

a f f in i ty  a n d  fa i ls  to  u n lo a d  its  b o u n d  O 2 p ro p e r ly  in  th e  t is s u e s .  T h u s , 

h e m o g lo b in  d e f ic ie n t  in  2 ,3 -B P G  a c ts  a s  a n  o x y g e n  “ t r a p ” r a th e r  th a n  

as  a n  o x y g e n  d e l iv e ry  s y s te m . T ra n s fu s e d  R B C  a re  a b le  to  re s to re  th e ir  

d e p le te d  s u p p lie s  o f  2 ,3 -B P G  in  6 - 2 4  h o u rs . H o w e v e r ,  s e v e re ly  il l  

p a t ie n ts  m a y  b e  c o m p ro m is e d  if  t r a n s fu s e d  w ith  la rg e  q u a n t i t ie s  o f  

s u c h  2 ,3 -B P G - d e p le te d  b lo o d . S to re d  b lo o d , th e re fo re ,  is  t r e a te d  w ith  

a  “ r e ju v e n a t io n ” s o lu t io n  th a t  r a p id ly  re s to re s  2 ,3 -B P G . [N o te : 

R e ju v e n a t io n  a lso  re s to re s  A T P  lo s t  d u r in g  s to ra g e .]

4 . C O 2  b in d in g : M o s t  o f  th e  C O 2 p ro d u c e d  in  m e ta b o l is m  is  h y d ra te d  a n d  

t r a n s p o r te d  a s  b ic a rb o n a te  io n  (s e e  F ig . 1 .1 2  o n  p . 9 ). H o w e v e r ,  s o m e  

C O 2 is  c a r r ie d  a s  c a rb a m a te  b o u n d  to  th e  te rm in a l  a m in o  g ro u p s  o f  

h e m o g lo b in  ( fo rm in g  c a r b a m in o h e m o g lo b in  a s  s h o w n  in  F ig . 3 .8 ), w h ic h  

c a n  b e  r e p re s e n te d  s c h e m a tic a l ly  as  fo llo w s :

H b -N H 2 + C 0 2 H b -N H -C O O  + H +

T h e  b in d in g  o f  C O 2 s ta b i l iz e s  th e  T , o r  d e o x y , fo rm  o f  h e m o g lo b in ,  

r e s u lt in g  in  a  d e c re a s e  in  its  o x y g e n  a f f in i ty  (s e e  p . 2 8 ) a n d  a  r ig h t  s h if t  

in  th e  o x y g e n -d is s o c ia t io n  c u rv e . In  th e  lu n g s , C O 2 d is s o c ia te s  f ro m  th e  

h e m o g lo b in  a n d  is  r e le a s e d  in  th e  b re a th .

5. C O  b in d in g : C a rb o n  m o n o x id e  (C O )  b in d s  t ig h tly  (b u t  r e v e r s ib ly )  to  th e  

h e m o g lo b in  iro n , fo rm in g  c a rb o x y h e m o g lo b in .  W h e n  C O  b in d s  to  o n e  o r  

m o re  o f  th e  fo u r  h e m e  s ite s , h e m o g lo b in  s h if ts  to  th e  R  c o n fo rm a tio n , 

c a u s in g  th e  r e m a in in g  h e m e  s ite s  to  b in d  O 2 w ith  h ig h  a f f in i ty .  T h is



s h if ts  th e  o x y g e n -d is s o c ia t io n  c u rv e  to  th e  le f t  a n d  c h a n g e s  th e  n o rm a l  

s ig m o id a l  s h a p e  to w a rd  a  h y p e rb o la .  A s  a  re s u lt ,  th e  a f f e c te d  h e m o g lo b in  

is  u n a b le  to  r e le a s e  O 2 to  th e  t is s u e s  (F ig . 3 .1 3 ). [N o te : T h e  a f f in i ty  o f  

h e m o g lo b in  fo r  C O  is  2 2 0  t im e s  g re a te r  th a n  fo r  O 2. C o n s e q u e n t ly ,  e v e n  

m in u te  c o n c e n tra t io n s  o f  C O  in  th e  e n v i ro n m e n t  c a n  p ro d u c e  to x ic  

c o n c e n tra t io n s  o f  c a r b o x y h e m o g lo b in  in  th e  b lo o d . F o r  e x a m p le , 

in c re a s e d  le v e ls  o f  C O  a re  fo u n d  in  th e  b lo o d  o f  to b a c c o  s m o k e rs .  C O  

to x ic i ty  a p p e a rs  to  r e s u l t  f ro m  a  c o m b in a t io n  o f  t i s s u e  h y p o x ia  a n d  d ir e c t  

C O -m e d ia te d  d a m a g e  a t  th e  c e l lu la r  le v e l .]  C O  p o is o n in g  is  t r e a te d  w ith  

1 0 0 %  O 2 a t  h ig h  p r e s s u re  (h y p e rb a r ic  o x y g e n  th e ra p y ) ,  w h ic h  fa c i l i ta te s  

th e  d is s o c ia t io n  o f  C O  f ro m  th e  h e m o g lo b in .  [N o te : C O  in h ib its  

C o m p le x  IV  o f  th e  e le c tro n  t r a n s p o r t  c h a in  (s e e  p . 7 6 ).]  In  a d d i t io n  to  O 2, 

C O 2, a n d  C O , n i t r ic  o x id e  g a s  (N O ) a lso  is  c a r r ie d  b y  h e m o g lo b in .  N O  is  

a  p o te n t  v a s o d i la to r  (s e e  p . 1 5 1 ). I t  c a n  b e  ta k e n  u p  (s a lv a g e d )  o r  r e le a s e d  

f ro m  R B C , th e re b y  m o d u la t in g  N O  a v a i la b i l i ty  a n d  in f lu e n c in g  v e s s e l  

d ia m e te r .



F ig u re  3 .1 3  E f f e c t  o f  c a rb o n  m o n o x id e  (C O ) o n  th e  o x y g e n  a f f in i ty  o f  

h e m o g lo b in .  C O  c o m p e te s  w i th  O 2 fo r  b in d in g  th e  h e m e  iro n . C O -H b  = 

c a rb o x y h e m o g lo b in  ( c a rb o n  m o n o x y h e m o g lo b in ) .

F. Minor hemoglobins
I t  is  im p o r ta n t  to  r e m e m b e r  th a t  h u m a n  h e m o g lo b in  A  (H b A )  is  ju s t  o n e  

m e m b e r  o f  a  f u n c t io n a l ly  a n d  s tru c tu ra l ly  re la te d  fa m ily  o f  p ro te in s ,  th e  

h e m o g lo b in s  (F ig . 3 .1 4 ). E a c h  o f  th e s e  o x y g e n -c a r ry in g  p ro te in s  is  a  

te tra m e r ,  c o m p o s e d  o f  tw o  a - g lo b in  (o r  a - l ik e )  p o ly p e p tid e s  a n d  tw o  p- 

g lo b in  (o r  p - lik e )  p o ly p e p tid e s .  C e r ta in  h e m o g lo b in s ,  s u c h  as  H b F , a re



n o rm a lly  s y n th e s iz e d  o n ly  d u r in g  fe ta l  d e v e lo p m e n t ,  w h e re a s  o th e rs , s u c h  

as  H b A 2, a re  s y n th e s iz e d  in  th e  a d u lt ,  a l th o u g h  a t  lo w  le v e ls  c o m p a re d  w ith  

H b A . H b A  c a n  a lso  b e c o m e  m o d if ie d  b y  th e  c o v a le n t  a d d i t io n  o f  a  h e x o s e  

( s e e  3. b e lo w ) .

—

Form
Chain

composition

---------------------------------- \

Fraction of 
total hemoglobin

H b A (X2P2 90%

H b A 2 OC282 2% - 3%

H b F a 2Y2 < 2 %

H b A i c a 2 p 2 - g lu c ° s e

xPC
DI

sO0^

F ig u re  3 .1 4  N o rm a l  a d u l t  h u m a n  h e m o g lo b in s .  H b A 1c is  a  s u b ty p e  o f  H b A  (o r, 

H b A 1). [N o te : T h e  a  c h a in s  in  th e s e  h e m o g lo b in s  a re  id e n tic a l .]  H b  = 

h e m o g lo b in .

1. F e ta l  h e m o g lo b in :  H b F  is  a  te tr a m e r  c o n s is t in g  o f  tw o  a  c h a in s  id e n t ic a l  

to  th o s e  fo u n d  in  H b A , p lu s  tw o  y c h a in s  ( a 2Y2; s e e  F ig . 3 .1 4 ). T h e  y 

c h a in s  a re  m e m b e rs  o f  th e  P -g lo b in  g e n e  f a m ily  (s e e  p . 3 4 ). 

a. H b F  s y n th e s is  d u r in g  d e v e lo p m e n t:  In  th e  f i r s t  m o n th  a f te r  c o n c e p tio n , 

e m b ry o n ic  h e m o g lo b in s  s u c h  a s  H b  G o w e r  1, c o m p o s e d  o f  tw o  a - l ik e  

z e ta  (Z) c h a in s  a n d  tw o  p - lik e  e p s ilo n  (e) c h a in s  (Z2e 2), a re  s y n th e s iz e d  

b y  th e  e m b ry o n ic  y o lk  sa c . In  th e  f if th  w e e k  o f  g e s ta t io n , th e  s i te  o f  

g lo b in  s y n th e s is  sh if ts ,  f ir s t  to  th e  l iv e r  a n d  th e n  to  th e  m a r ro w , a n d  

th e  p r im a ry  p ro d u c t  is  H b F . H b F  is  th e  m a jo r  h e m o g lo b in  fo u n d  in  th e  

fe tu s  a n d  n e w b o rn , a c c o u n tin g  fo r  ~ 6 0 %  o f  th e  to ta l  h e m o g lo b in  in  th e



R B C  d u r in g  th e  la s t  m o n th s  o f  fe ta l  l i f e  (F ig . 3 .1 5 ). H b A  s y n th e s is  

s ta r ts  in  th e  b o n e  m a r ro w  a t  a b o u t  th e  e ig h th  m o n th  o f  p re g n a n c y  a n d  

g ra d u a l ly  r e p la c e s  H b F . F ig u re  3 .1 5  s h o w s  th e  r e la t iv e  p ro d u c t io n  o f  

e a c h  ty p e  o f  h e m o g lo b in  c h a in  d u r in g  fe ta l  a n d  p o s tn a ta l  life . [N o te : 

H b F  r e p re s e n ts  < 2 %  o f  th e  h e m o g lo b in  in  m o s t  a d u l ts  a n d  is  

c o n c e n tra te d  in  R B C  k n o w n  a s  F  c e lls .]



Time of 
birth



F ig u re  3 .1 5  D e v e lo p m e n ta l  c h a n g e s  in  g lo b in  p ro d u c t io n .

b . 2 ,3 -B P G  b in d in g  to  H b F : U n d e r  p h y s io lo g ic  c o n d it io n s ,  H b F  h a s  a  

h ig h e r  o x y g e n  a f f in i ty  th a n  d o e s  H b A  a s  a  r e s u l t  o f  H b F  o n ly  w e a k ly  

b in d in g  2 ,3 -B P G . [N o te : T h e  Y -g lo b in  c h a in s  o f  H b F  la c k  s o m e  o f  th e  

p o s i t iv e ly  c h a rg e d  a m in o  a c id s  th a t  a re  r e s p o n s ib le  fo r  b in d in g  2 ,3 -  

B P G  in  th e  p -g lo b in  c h a in s .]  B e c a u s e  2 ,3 -B P G  s e rv e s  to  r e d u c e  th e  

o x y g e n  a f f in i ty  o f  h e m o g lo b in ,  th e  w e a k e r  in te ra c t io n  b e tw e e n  2 ,3 -  

B P G  a n d  H b F  re s u lts  in  a  h ig h e r  o x y g e n  a f f in i ty  fo r  H b F  re la t iv e  to  

H b A . In  c o n tra s t ,  i f  b o th  H b A  a n d  H b F  a re  s t r ip p e d  o f  th e ir  2 ,3 -B P G , 

th e y  th e n  h a v e  a  s im ila r  o x y g e n  a f f in i ty .  T h e  h ig h e r  o x y g e n  a f f in i ty  o f  

H b F  fa c i l i ta te s  th e  t r a n s fe r  o f  O 2 f ro m  th e  m a te rn a l  c i r c u la t io n  a c ro s s  

th e  p la c e n ta  to  th e  R B C  o f  th e  fe tu s .

2. H e m o g lo b in  A 2 : H b A 2 is  a  m in o r  c o m p o n e n t  o f  n o rm a l  a d u l t

h e m o g lo b in ,  f i r s t  a p p e a r in g  s h o r t ly  b e fo re  b i r th  a n d , u l t im a te ly ,  

c o n s t i tu t in g  ~ 2 %  o f  th e  to ta l  h e m o g lo b in .  I t  is  c o m p o s e d  o f  tw o  a -g lo b in  

c h a in s  a n d  tw o  ö -g lo b in  c h a in s  ( a 2ö 2; s e e  F ig . 3 .1 4 ).

3. H e m o g lo b in  A 1 c : U n d e r  p h y s io lo g ic  c o n d it io n s ,  H b A  is  s lo w ly  g ly c a te d  

(n o n e n z y m ic a l ly  c o n d e n s e d  w ith  a  h e x o s e ) ,  th e  e x te n t  o f  g ly c a t io n  b e in g  

d e p e n d e n t  o n  th e  p la s m a  c o n c e n tra t io n  o f  th e  h e x o s e . T h e  m o s t  a b u n d a n t  

fo rm  o f  g ly c a te d  h e m o g lo b in  is  H b A 1c. I t  h a s  g lu c o s e  re s id u e s  a t ta c h e d  

p re d o m in a n t ly  to  th e  a m in o  g ro u p s  o f  th e  N - te rm in a l  v a l in e s  o f  th e  p- 

g lo b in  c h a in s  (F ig . 3 .1 6 ). In c re a s e d  a m o u n ts  o f  H b A 1c a re  fo u n d  in  R B C  

o f  p a t ie n ts  w i th  d ia b e te s  m e ll i tu s ,  b e c a u s e  th e ir  H b A  h a s  c o n ta c t  w ith  

h ig h e r  g lu c o s e  c o n c e n tra t io n s  d u r in g  th e  1 2 0 -d a y  l i f e t im e  o f  th e s e  c e lls . 

(S e e  p . 3 4 0  fo r  a  d is c u s s io n  o f  th e  u s e  o f  H b A 1c le v e ls  in  a s s e s s in g  

a v e ra g e  b lo o d  g lu c o s e  le v e ls  in  p a t ie n ts  w i th  d ia b e te s .)
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F ig u re  3 .1 6  N o n e n z y m a tic  a d d i t io n  o f  g lu c o s e  to  h e m o g lo b in .  T h e  

n o n e n z y m a tic  a d d i t io n  o f  a  s u g a r  to  a  p ro te in  is  r e fe r re d  to  a s  g ly c a tio n .

III. GLOBIN GENE ORGANIZATION

T o  u n d e r s ta n d  d is e a s e s  r e s u l t in g  f ro m  g e n e t ic  a l te ra t io n s  in  th e  s tru c tu re  o r  

s y n th e s is  o f  h e m o g lo b in ,  i t  is  n e c e s s a ry  to  g ra s p  h o w  th e  h e m o g lo b in  g e n e s , 

w h ic h  d ir e c t  th e  s y n th e s is  o f  th e  d if f e re n t  g lo b in  c h a in s , a re  s tru c tu ra lly  

o rg a n iz e d  in to  g e n e  fa m ilie s  a n d  a lso  h o w  th e y  a re  e x p re s s e d .

A. a-Gene family
T h e  g e n e s  c o d in g  fo r  th e  a -g lo b in  a n d  p -g lo b in  s u b u n its  o f  th e  h e m o g lo b in  

c h a in s  o c c u r  in  tw o  s e p a ra te  g e n e  c lu s te r s  (o r  f a m ilie s )  lo c a te d  o n  tw o  

d if f e re n t  c h ro m o s o m e s  (F ig . 3 .1 7 ). T h e  a -g e n e  c lu s te r  o n  c h ro m o s o m e  16 

c o n ta in s  tw o  g e n e s  fo r  th e  a -g lo b in  c h a in s . I t  a lso  c o n ta in s  th e  Z g e n e  th a t  is  

e x p re s s e d  e a r ly  in  d e v e lo p m e n t  a s  a n  a - g lo b in - l ik e  c o m p o n e n t  o f  

e m b ry o n ic  h e m o g lo b in .  [N o te : G lo b in  g e n e  fa m ilie s  a lso  c o n ta in  g lo b in 

l ik e  g e n e s  th a t  a re  n o t  e x p re s s e d , th a t  is , th e ir  g e n e t ic  in fo rm a tio n  is  n o t 

u s e d  to  p ro d u c e  g lo b in  c h a in s . T h e s e  a re  c a l le d  p s e u d o g e n e s .]

Ç « 2 ^ T = a 1 The two copies of the

(chromosome 16) I a-globin gene are designated 
•s. a1 and a2. Each can provide 

n. a-globin chains that combine 
\  with (1-globin chains.Hemoglobins are formed 

by combinations of 
chains from each 
gene family.

I
Hb Gower 1

?2e2
t

HbF HbA2  HbA
a 2y2 a 282 a 2ß2

t  V
(3-Globin gene family T □

(chromosome 1 1 )
£ Gy Ay 8 P

F ig u re  3 .1 7  O rg a n iz a t io n  o f  th e  g lo b in  g e n e  fa m ilie s .  H b  = h e m o g lo b in .

B. P-Gene family
A  s in g le  g e n e  fo r  th e  p -g lo b in  c h a in  is  lo c a te d  o n  c h ro m o s o m e  11 (s e e  F ig . 

3 .1 7 ). T h e re  a re  a n  a d d i t io n a l  fo u r  p -g lo b in - l ik e  g e n e s : th e  e g e n e  (w h ic h ,



l ik e  th e  Z g e n e , is  e x p re s s e d  e a r ly  in  e m b ry o n ic  d e v e lo p m e n t) ,  tw o  y g e n e s  

(G y a n d  A y th a t  a re  e x p re s s e d  in  H b F ) , a n d  th e  8 g e n e  th a t  c o d e s  fo r  th e  

g lo b in  c h a in  fo u n d  in  th e  m in o r  a d u l t  h e m o g lo b in  H b A 2.

C. Steps in globin chain synthesis
E x p re s s io n  o f  a  g lo b in  g e n e  b e g in s  in  th e  n u c le u s  o f  R B C  p re c u rs o rs ,  w h e re  

th e  D N A  s e q u e n c e  e n c o d in g  th e  g e n e  is  tr a n s c r ib e d .  T h e  r ib o n u c le ic  a c id  

(R N A ) p ro d u c e d  b y  t r a n s c r ip t io n  is  a c tu a lly  a  p r e c u r s o r  o f  th e  m e s s e n g e r  

R N A  (m R N A )  th a t  is  u s e d  as  a  te m p la te  fo r  th e  s y n th e s is  o f  a  g lo b in  c h a in . 

B e fo re  i t  c a n  s e rv e  th is  fu n c t io n , tw o  n o n c o d in g  s tre tc h e s  o f  R N A  ( in tro n s )  

m u s t  b e  r e m o v e d  f ro m  th e  m R N A  p re c u r s o r  s e q u e n c e  a n d  th e  re m a in in g  

th re e  f ra g m e n ts  (e x o n s )  jo in e d  in  a  l in e a r  m a n n e r .  T h e  re s u lt in g  m a tu re  

m R N A  e n te rs  th e  c y to so l ,  w h e re  i ts  g e n e t ic  in fo rm a tio n  is  tr a n s la te d , 

p ro d u c in g  a  g lo b in  c h a in . (A  s u m m a ry  o f  th is  p ro c e s s  is  s h o w n  in  F ig u re  

3 .1 8 . A  m o re  d e ta i le d  d e s c r ip t io n  o f  g e n e  e x p re s s io n  is  p r e s e n te d  in  U n it  

V II , C h a p te r s  3 0 - 3 2 .)
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a-Globin and (3-globin gene 
family members contain 
three exons (coding regions) 
separated by two noncoding 
introns.
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F ig u re  3 .1 8  S y n th e s is  o f  g lo b in  c h a in s .  m R N A  = m e s s e n g e r  r ib o n u c le ic  ac id .

IV. HEMOGLOBINOPATHIES

H e m o g lo b in o p a th ie s  a re  d e f in e d  a s  a  g ro u p  o f  g e n e t ic  d is o rd e rs  c a u s e d  b y  

p ro d u c t io n  o f  a  s t ru c tu ra l ly  a b n o rm a l  h e m o g lo b in  m o le c u le ,  s y n th e s is  o f  

in s u f f ic ie n t  q u a n t i t ie s  o f  n o rm a l  h e m o g lo b in ,  o r, r a re ly ,  b o th . S ic k le  c e l l  a n e m ia  

(H b S ) , h e m o g lo b in  C  d is e a s e  (H b C ) , h e m o g lo b in  S C  d is e a s e  (H b S  + H b C  = 

H b S C ) , a n d  th e  th a la s s e m ia s  a re  re p re s e n ta t iv e  h e m o g lo b in o p a th ie s  th a t  c a n  

h a v e  s e v e re  c l in ic a l  c o n s e q u e n c e s .  T h e  f ir s t  th re e  c o n d i t io n s  r e s u l t  f ro m  

p ro d u c t io n  o f  h e m o g lo b in  w i th  a n  a l te re d  a m in o  a c id  s e q u e n c e  (q u a l i ta t iv e  

h e m o g lo b in o p a th y ) ,  w h e re a s  th e  th a la s s e m ia s  a re  c a u s e d  b y  d e c re a s e d  

p ro d u c t io n  o f  n o rm a l  h e m o g lo b in  (q u a n t i ta t iv e  h e m o g lo b in o p a th y ) .

A. Sickle cell anemia (hemoglobin S disease)
S ic k le  c e l l  a n e m ia , th e  m o s t  c o m m o n  o f  th e  R B C  s ic k l in g  d is e a s e s ,  is  a  

g e n e t ic  d is o rd e r  c a u s e d  b y  a  s in g le  n u c le o t id e  s u b s t i tu t io n  (a  p o in t  

m u ta tio n , s e e  p . 4 4 9 )  in  th e  g e n e  fo r  P -g lo b in . I t  is  th e  m o s t  c o m m o n  

in h e r i te d  b lo o d  d is o rd e r  in  th e  U n ite d  S ta te s , a f f e c tin g  5 0 ,0 0 0  A m e r ic a n s .  I t  

o c c u rs  p r im a r i ly  in  th e  A f r ic a n  A m e r ic a n  p o p u la tio n , a f f e c tin g  1 in  5 0 0  

n e w b o rn  A f r ic a n  A m e r ic a n  in fa n ts .  S ic k le  c e l l  a n e m ia  is  a n  a u to s o m a l-  

r e c e s s iv e  d is o rd e r .  I t  o c c u rs  in  in d iv id u a ls  w h o  h a v e  in h e r i te d  tw o  m u ta n t  

g e n e s  (o n e  f ro m  e a c h  p a re n t)  th a t  c o d e  fo r  s y n th e s is  o f  th e  p c h a in s  o f  th e  

g lo b in  m o le c u le s .  [N o te : T h e  m u ta n t  p -g lo b in  c h a in  is  d e s ig n a te d  p S, a n d  

th e  r e s u l t in g  h e m o g lo b in ,  a 2p S2, is  r e f e r r e d  to  as  H b S .]  A n  in f a n t  d o e s  n o t  

b e g in  s h o w in g  s y m p to m s  o f  th e  d is e a s e  u n t i l  s u f f ic ie n t  H b F  h a s  b e e n  

r e p la c e d  b y  H b S  so  th a t  s ic k l in g  c a n  o c c u r  ( s e e  p . 3 6 ). S ic k le  c e l l  a n e m ia  is  

c h a ra c te r iz e d  b y  l i f e lo n g  e p is o d e s  o f  p a in  ( “ c r i s e s ” ), c h ro n ic  h e m o ly t ic  

a n e m ia  w ith  a s s o c ia te d  h y p e rb i l i r u b in e m ia  (se e  p . 2 8 4 ) , a n d  in c re a s e d  

s u s c e p t ib i l i ty  to  in fe c tio n s ,  u s u a l ly  b e g in n in g  in  in fa n c y . [N o te : T h e  

l i f e t im e  o f  a  R B C  in  s ic k le  c e l l  a n e m ia  is  < 2 0  d a y s , c o m p a re d  w ith  1 2 0  

d a y s  fo r  n o rm a l  R B C , h e n c e , th e  a n e m ia .]  O th e r  s y m p to m s  in c lu d e  a c u te  

c h e s t  s y n d ro m e , s tro k e , s p le n ic  a n d  r e n a l  d y s fu n c tio n ,  a n d  b o n e  c h a n g e s  

d u e  to  m a r ro w  h y p e rp la s ia .  L ife  e x p e c ta n c y  is  r e d u c e d . H e te ro z y g o te s ,



r e p re s e n t in g  1 in  12 A f r ic a n  A m e r ic a n s ,  h a v e  o n e  n o rm a l  a n d  o n e  s ic k le  

c e l l  g e n e . T h e  b lo o d  c e lls  o f  s u c h  h e te ro z y g o te s  c o n ta in  b o th  H b S  a n d  

H b A , a n d  th e s e  in d iv id u a ls  h a v e  s ic k le  c e l l  tra it .  T h e y  u s u a lly  d o  n o t  s h o w  

c l in ic a l  s y m p to m s  (b u t m a y  u n d e r  c o n d i t io n s  o f  e x tre m e  p h y s ic a l  e x e r t io n  

w ith  d e h y d ra t io n )  a n d  c a n  h a v e  a  n o rm a l  l i f e  sp a n .

1. A m in o  a c id  s u b s t i tu t io n  in  H b S  P c h a in s ::  A  m o le c u le  o f  H b S  c o n ta in s  

tw o  n o rm a l  a - g lo b in  c h a in s  a n d  tw o  m u ta n t  p -g lo b in  c h a in s  ( p S), in  

w h ic h  g lu ta m a te  a t  p o s i t io n  s ix  h a s  b e e n  r e p la c e d  w ith  v a l in e  (F ig . 3 .1 9 ). 

T h e re fo re ,  d u r in g  e le c tro p h o re s is  a t  a lk a lin e  p H , H b S  m ig ra te s  m o re  

s lo w ly  to w a rd  th e  a n o d e  (p o s it iv e  e le c tro d e )  th a n  d o e s  H b A  (F ig . 3 .2 0 ). 

T h is  a l te re d  m o b i l i ty  o f  H b S  is  a  r e s u l t  o f  th e  a b s e n c e  o f  th e  n e g a t iv e ly  

c h a rg e d  g lu ta m a te  re s id u e s  in  th e  tw o  p c h a in s , th e re b y  r e n d e r in g  H b S  

le s s  n e g a t iv e  th a n  H b A . [N o te : E le c t ro p h o re s is  o f  h e m o g lo b in  o b ta in e d  

f ro m  ly s e d  R B C  is  ro u t in e ly  u s e d  in  th e  d ia g n o s is  o f  s ic k le  c e ll  t r a i t  a n d  

s ic k le  c e l l  a n e m ia  (o r, s ic k le  c e l l  d is e a se ) .  D N A  a n a ly s is  a lso  is  u s e d  (se e  

p . 4 9 3 ) .]
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F ig u re  3 .1 9  A m in o  a c id  s u b s t i tu t io n s  in  h e m o g lo b in  S (H b S )  a n d  h e m o g lo b in  C  

(H b C ).

F ig u re  3 .2 0  D ia g ra m  o f  h e m o g lo b in s  (H b A ) , (H b S ) , a n d  (H b C )  a f te r  

e le c tro p h o re s is .

2. S ic k l in g  a n d  t is s u e  a n o x ia : T h e  r e p la c e m e n t  o f  th e  c h a rg e d  g lu ta m a te  

w ith  th e  n o n p o la r  v a l in e  fo rm s  a  p ro tru s io n  o n  th e  P c h a in  th a t  f its  in to  a  

c o m p le m e n ta ry  s i te  o n  th e  P c h a in  o f  a n o th e r  h e m o g lo b in  m o le c u le  in  

th e  c e l l  (F ig . 3 .2 1 ). A t  lo w  o x y g e n  te n s io n , d e o x y h e m o g lo b in  S 

p o ly m e r iz e s  in s id e  th e  R B C , fo rm in g  a  n e tw o rk  o f  in s o lu b le  f ib ro u s



p o ly m e rs  th a t  s t i f f e n  a n d  d is to r t  th e  c e ll, p ro d u c in g  r ig id ,  m is s h a p e n  

R B C . S u c h  s ic k le d  c e l ls  f r e q u e n t ly  b lo c k  th e  f lo w  o f  b lo o d  in  th e  n a r ro w  

c a p i l la r ie s .  T h is  in te r ru p t io n  in  th e  s u p p ly  o f  O 2 le a d s  to  lo c a l iz e d  a n o x ia  

(o x y g e n  d e p r iv a tio n )  in  th e  t is s u e , c a u s in g  p a in  a n d  e v e n tu a l ly  is c h e m ic  

d e a th  ( in fa rc tio n )  o f  c e l ls  in  th e  v ic in i ty  o f  th e  b lo c k a g e .  T h e  a n o x ia  a lso  

le a d s  to  a n  in c re a s e  in  d e o x y g e n a te d  H b S . [N o te : T h e  m e a n  d ia m e te r  o f  

R B C  is  7 .5  |im , w h e re a s  th a t  o f  th e  m ic ro v a s c u la tu r e  is  3 - 4  |im . 

C o m p a re d  to  n o rm a l  R B C , s ic k le d  c e lls  h a v e  a  d e c re a s e d  a b i l i ty  to  

d e fo rm  a n d  a n  in c re a s e d  te n d e n c y  to  a d h e re  to  v e s s e l  w a lls .  T h is  m a k e s  

m o v in g  th ro u g h  s m a l l  v e s s e ls  d if f ic u lt ,  th e re b y  c a u s in g  m ic ro v a s c u la r  

o c c lu s io n .]



F ig u re  3 .2 1  M o le c u la r  a n d  c e l lu la r  e v e n ts  le a d in g  to  s ic k le  c e ll  c r is is .  H b S  = 

h e m o g lo b in  S.

3. V a r ia b le s  th a t  in c re a s e  s ic k lin g : T h e  e x te n t  o f  s ic k l in g  a n d , th e re fo re ,  th e  

s e v e r i ty  o f  d is e a s e  a re  e n h a n c e d  b y  a n y  v a r ia b le  th a t  in c re a s e s  th e  

p ro p o r t io n  o f  H b S  in  th e  d e o x y  s ta te  ( th a t  is , r e d u c e s  th e  o x y g e n  a f f in i ty



o f  H b S ) . T h e s e  v a r ia b le s  in c lu d e  d e c re a s e d  p O 2, in c re a s e d  p C O 2, 

d e c re a s e d  p H , d e h y d ra t io n ,  a n d  a n  in c re a s e d  c o n c e n tra t io n  o f  2 ,3 -B P G  in  

R B C .

4 . T re a tm e n t:  T h e ra p y  in v o lv e s  a d e q u a te  h y d ra t io n , a n a lg e s ic s ,  a g g re s s iv e  

a n t ib io t ic  th e ra p y  i f  in fe c t io n  is  p re s e n t ,  a n d  t r a n s fu s io n s  in  p a t ie n ts  a t 

h ig h  r is k  fo r  fa ta l  o c c lu s io n  o f  b lo o d  v e s s e ls .  In te rm it te n t  tr a n s fu s io n s  

w ith  p a c k e d  R B C  re d u c e  th e  r is k  o f  s tro k e , b u t  th e  b e n e f i ts  m u s t  b e  

w e ig h e d  a g a in s t  th e  c o m p lic a t io n s  o f  tr a n s fu s io n , w h ic h  in c lu d e  iro n  

o v e r lo a d  th a t  c a n  r e s u l t  in  h e m o s id e ro s is  (s e e  p . 4 0 4 ) , b lo o d b o rn e  

in fe c tio n s ,  a n d  im m u n o lo g ic  c o m p lic a tio n s .  H y d ro x y u re a  

(h y d ro x y c a rb a m id e ) ,  a n  a n t i tu m o r  d ru g , is  th e ra p e u tic a l ly  u s e fu l  b e c a u s e  

i t  in c re a s e s  c i r c u la t in g  le v e ls  o f  H b F , w h ic h  d e c re a s e s  R B C  s ic k lin g . 

T h is  le a d s  to  d e c re a s e d  f r e q u e n c y  o f  p a in fu l  c r is e s  a n d  r e d u c e s  m o r ta li ty .  

S te m  c e l l  t r a n s p la n ta t io n  is  p o s s ib le .  [N o te : T h e  m o rb id i ty  a n d  m o r ta l i ty  

a s s o c ia te d  w ith  s ic k le  c e l l  a n e m ia  h a s  le d  to  its  in c lu s io n  in  n e w b o rn  

s c re e n in g  p a n e ls  to  a l lo w  p ro p h y la c t ic  a n t ib io t ic  th e ra p y  to  b e g in  so o n  

a f te r  th e  b ir th  o f  a n  a f f e c te d  c h ild .]

5. P o s s ib le  s e le c tiv e  a d v a n ta g e  o f  th e  h e te ro z y g o u s  s ta te : T h e  h ig h  

f re q u e n c y  o f  th e  ß S m u ta t io n  a m o n g  b la c k  A fr ic a n s , d e s p i te  its  d a m a g in g  

e f fe c ts  in  th e  h o m o z y g o u s  s ta te , s u g g e s ts  th a t  a  s e le c tiv e  a d v a n ta g e  

e x is ts  fo r  h e te ro z y g o u s  in d iv id u a ls .  F o r  e x a m p le , h e te ro z y g o te s  fo r  th e  

s ic k le  c e l l  g e n e  a re  le s s  s u s c e p t ib le  to  th e  s e v e re  m a la r ia  c a u s e d  b y  th e  

p a ra s i te  P la s m o d iu m  f a lc ip a r u m . T h is  o rg a n is m  s p e n d s  a n  o b lig a to ry  

p a r t  o f  its  l i f e  c y c le  in  th e  R B C . O n e  th e o ry  is  th a t  b e c a u s e  th e s e  c e lls  in  

in d iv id u a ls  h e te ro z y g o u s  fo r  H b S , l ik e  th o s e  in  h o m o z y g o te s ,  h a v e  a  

s h o r te r  l i f e  s p a n  th a n  n o rm a l,  th e  p a ra s i te  c a n n o t  c o m p le te  th e  

in t r a c e l lu la r  s ta g e  o f  i ts  d e v e lo p m e n t .  T h is  m a y  p ro v id e  a  s e le c tiv e  

a d v a n ta g e  to  h e te ro z y g o te s  l iv in g  in  re g io n s  w h e re  m a la r ia  is  a  m a jo r  

c a u s e  o f  d e a th . F o r  e x a m p le , in  A f r ic a ,  th e  g e o g ra p h ic  d is tr ib u t io n  o f  

s ic k le  c e l l  a n e m ia  is  s im ila r  to  th a t  o f  m a la r ia .

B. Hemoglobin C disease
L ik e  H b S , H b C  is  a  h e m o g lo b in  v a r ia n t  th a t  h a s  a  s in g le  a m in o  a c id  

s u b s t i tu t io n  in  th e  s ix th  p o s i t io n  o f  th e  p -g lo b in  c h a in  (s e e  F ig . 3 .1 9 ). In  

H b C , h o w e v e r ,  a  ly s in e  is  s u b s t i tu te d  fo r  th e  g lu ta m a te  (a s  c o m p a re d  w ith  a  

v a l in e  s u b s t i tu t io n  in  H b S ) . [N o te : T h is  s u b s t i tu t io n  c a u s e s  H b C  to  m o v e



m o re  s lo w ly  to w a rd  th e  a n o d e  th a n  H b A  o r  H b S  d o e s  (s e e  F ig . 3 .2 0 ).] R a re  

p a t ie n ts  h o m o z y g o u s  fo r  H b C  g e n e ra lly  h a v e  a  r e la t iv e ly  m ild , c h ro n ic  

h e m o ly t ic  a n e m ia . T h e y  d o  n o t  s u f fe r  f ro m  in fa rc t iv e  c r is e s , a n d  n o  s p e c if ic  

th e ra p y  is  re q u ire d .

C. Hemoglobin SC disease
H b S C  d is e a s e  is  a n o th e r  o f  th e  R B C  s ic k l in g  d is e a s e s .  In  th is  d is e a se , s o m e  

P -g lo b in  c h a in s  h a v e  th e  s ic k le  c e ll  m u ta tio n ,  w h e re a s  o th e r  P -g lo b in  c h a in s  

c a r ry  th e  m u ta t io n  fo u n d  in  H b C  d is e a se . [N o te : P a tie n ts  w ith  H b S C  

d is e a s e  a re  d o u b ly  h e te ro z y g o u s .  T h e y  a re  c a l le d  c o m p o u n d  h e te ro z y g o te s  

b e c a u s e  b o th  o f  th e ir  P -g lo b in  g e n e s  a re  a b n o rm a l,  a l th o u g h  d if f e re n t  f ro m  

e a c h  o th e r .]  H e m o g lo b in  le v e ls  te n d  to  b e  h ig h e r  in  H b S C  d is e a s e  th a n  in  

s ic k le  c e l l  a n e m ia  a n d  m a y  e v e n  b e  a t  th e  lo w  e n d  o f  th e  n o rm a l  ra n g e . T h e  

c l in ic a l  c o u r s e  o f  a d u l ts  w ith  H b S C  a n e m ia  d if fe r s  f ro m  th a t  o f  s ic k le  c e ll  

a n e m ia  in  th a t  s y m p to m s  s u c h  a s  p a in fu l  c r is e s  a re  le s s  f r e q u e n t  a n d  le s s  

s e v e re . H o w e v e r ,  th e re  is  s ig n if ic a n t  c l in ic a l  v a r ia b il i ty .

D. Methemoglobinemias
O x id a t io n  o f  th e  h e m e  i ro n  in  h e m o g lo b in  f ro m  F e 2+ to  F e 3+ p ro d u c e s  

m e th e m o g lo b in ,  w h ic h  c a n n o t  b in d  O 2. T h is  o x id a t io n  m a y  b e  a c q u ire d  a n d  

c a u s e d  b y  th e  a c t io n  o f  c e r ta in  d ru g s , s u c h  a s  n it r a te s ,  o r  e n d o g e n o u s  

p ro d u c ts  s u c h  as  r e a c t iv e  o x y g e n  s p e c ie s  (s e e  p . 1 4 8 ). T h e  o x id a t io n  m a y  

a lso  r e s u l t  f ro m  c o n g e n i ta l  d e fe c ts ,  fo r  e x a m p le , a  d e f ic ie n c y  o f  N AD H - 
cytochrom e b5 reductase  (a lso  c a l le d  N AD H -m ethem oglobin  reductase),

th e  e n z y m e  re s p o n s ib le  fo r  th e  c o n v e r s io n  o f  m e th e m o g lo b in  (F e 3+) to  

h e m o g lo b in  (F e 2+), le a d s  to  th e  a c c u m u la t io n  o f  m e th e m o g lo b in  (F ig . 

3 .2 2 ). [N o te : T h e  R B C  o f  n e w b o rn s  h a v e  a p p ro x im a te ly  h a lf  th e  c a p a c ity  

o f  th o s e  o f  a d u l ts  to  r e d u c e  m e th e m o g lo b in .]  A d d it io n a l ly ,  r a re  m u ta tio n s  

in  th e  a -  o r  P -g lo b in  c h a in  c a n  c a u s e  th e  p ro d u c t io n  o f  H b M , a n  a b n o rm a l  

h e m o g lo b in  th a t  is  r e s is ta n t  to  th e  reductase . T h e  m e th e m o g lo b in e m ia s  a re  

c h a ra c te r iz e d  b y  “ c h o c o la te  c y a n o s is ” (a  b lu e  c o lo ra t io n  o f  th e  s k in  a n d  

m u c o u s  m e m b ra n e s  a n d  b ro w n -c o lo re d  b lo o d )  as  a  r e s u l t  o f  th e  d a rk -  

c o lo re d  m e th e m o g lo b in .  S y m p to m s  a re  r e la te d  to  th e  d e g re e  o f  t is s u e  

h y p o x ia  a n d  in c lu d e  a n x ie ty ,  h e a d a c h e , a n d  d y s p n e a . In  ra re  c a s e s , c o m a



a n d  d e a th  c a n  o c c u r . T re a tm e n t  is  w ith  m e th y le n e  b lu e , w h ic h  is  o x id iz e d  

as  F e 3+ is  r e d u c e d .

F ig u re  3 .2 2  F o rm a t io n  o f  m e th e m o g lo b in  a n d  its  r e d u c t io n  to  h e m o g lo b in  b y  

N A D H -c y to c h r o m e  b 5 r e d u c ta s e .

E. Thalassemias
T h e  th a la s s e m ia s  a re  h e re d i ta ry  h e m o ly t ic  d is e a s e s  in  w h ic h  a n  im b a la n c e  

o c c u rs  in  th e  s y n th e s is  o f  g lo b in  c h a in s .  A s  a  g ro u p , th e y  a re  th e  m o s t  

c o m m o n  s in g le -g e n e  d is o rd e r s  in  h u m a n s . N o rm a lly ,  s y n th e s is  o f  th e  a -  

a n d  p -g lo b in  c h a in s  is  c o o rd in a te d , so  th a t  e a c h  a - g lo b in  c h a in  h a s  a  p- 

g lo b in  c h a in  p a r tn e r .  T h is  le a d s  to  th e  fo rm a t io n  o f  a 2p 2 (H b A ). In  th e  

th a la s s e m ia s ,  th e  s y n th e s is  o f  e i th e r  th e  a -  o r  th e  p -g lo b in  c h a in  is  

d e fe c tiv e , a n d  h e m o g lo b in  c o n c e n tra t io n  is  r e d u c e d . A  th a la s s e m ia  c a n  b e  

c a u s e d  b y  a  v a r ie ty  o f  m u ta tio n s ,  in c lu d in g  e n t ire  g e n e  d e le t io n s ,  o r



s u b s t i tu t io n s  o r  d e le t io n s  o f  o n e  o f  m a n y  n u c le o t id e s  in  th e  D N A . [N o te : 

E a c h  th a la s s e m ia  c a n  b e  c la s s i f ie d  a s  e i th e r  a  d is o rd e r  in  w h ic h  n o  g lo b in  

c h a in s  a re  p ro d u c e d  ( a 0- o r  P0- th a la s s e m ia ) ,  o r  o n e  in  w h ic h  s o m e  c h a in s  

a re  s y n th e s iz e d  b u t  a t  a  r e d u c e d  le v e l  (a+ - o r  P + - th a la s se m ia ) .]

1. P -T h a la s se m ia s : In  th e s e  d is o rd e rs ,  s y n th e s is  o f  P -g lo b in  c h a in s  is  

d e c re a s e d  o r  a b s e n t, ty p ic a l ly  a s  a  r e s u l t  o f  p o in t  m u ta t io n s  th a t  a f f e c t  th e  

p ro d u c t io n  o f  fu n c t io n a l  m R N A . H o w e v e r ,  a - g lo b in  c h a in  s y n th e s is  is  

n o rm a l.  E x c e s s  a - g lo b in  c h a in s  c a n n o t  fo rm  s ta b le  te tr a m e rs  a n d  so  

p re c ip ita te ,  c a u s in g  th e  p r e m a tu re  d e a th  o f  c e l ls  in i t ia l ly  d e s t in e d  to  

b e c o m e  m a tu re  R B C . In c re a s e  in  a 26 2 (H b A 2) a n d  a 2Y2 (H b F )  a lso  

o c c u rs . T h e re  a re  o n ly  tw o  c o p ie s  o f  th e  P -g lo b in  g e n e  in  e a c h  c e l l  (o n e  

o n  e a c h  c h ro m o s o m e  11 ). T h e re fo re ,  in d iv id u a ls  w i th  P -g lo b in  g e n e  

d e fe c ts  h a v e  e i th e r  P - th a la s s e m ia  t r a i t  (P - th a la s s e m ia  m in o r )  if  th e y  h a v e  

o n ly  o n e  d e fe c t iv e  p -g lo b in  g e n e  o r  p - th a la s s e m ia  m a jo r  (C o o le y  

a n e m ia )  if  b o th  g e n e s  a re  d e fe c t iv e  (F ig . 3 .2 3 ). B e c a u s e  th e  p -g lo b in  

g e n e  is  n o t  e x p re s s e d  u n t i l  la te  in  p re n a ta l  d e v e lo p m e n t ,  th e  p h y s ic a l  

m a n ife s ta t io n s  o f  P - th a la s se m ia s  a p p e a r  o n ly  s e v e ra l  m o n th s  a f te r  b ir th . 

T h o s e  in d iv id u a ls  w i th  P - th a la s s e m ia  m in o r  m a k e  s o m e  P c h a in s  a n d  

u s u a lly  d o  n o t  r e q u ire  s p e c if ic  t r e a tm e n t.  H o w e v e r ,  th o s e  in fa n ts  b o rn  

w ith  P - th a la s s e m ia  m a jo r  a re  s e e m in g ly  h e a l th y  a t  b ir th  b u t  b e c o m e  

s e v e re ly  a n e m ic , u s u a lly  d u r in g  th e  f i r s t  o r  s e c o n d  y e a r  o f  life , d u e  to  

in e f fe c t iv e  e ry th ro p o ie s is .  S k e le ta l  c h a n g e s  as  a  r e s u l t  o f  e x tr a m e d u l la ry  

h e m a to p o ie s is  a lso  a re  s e e n . T h e s e  p a t ie n ts  r e q u i re  r e g u la r  tr a n s fu s io n s  

o f  b lo o d . [N o te : A l th o u g h  th is  t r e a tm e n t  is  l i f e s a v in g ,  th e  c u m u la t iv e  

e f f e c t  o f  th e  t r a n s fu s io n s  is  iro n  o v e r lo a d . U s e  o f  i ro n  c h e la t io n  th e ra p y  

h a s  im p ro v e d  m o rb id i ty  a n d  m o r ta l i ty .]  T h e  o n ly  c u ra t iv e  o p tio n  

a v a i la b le  is  h e m a to p o ie t ic  s te m  c e l l  tra n s p la n ta t io n .



F ig u re  3 .2 3  A . P -G lo b in  g e n e  m u ta t io n s  in  th e  P - th a la s se m ia s .  B . H e m o g lo b in  

(H b )  te tr a m e rs  fo rm e d  in  P - th a la s se m ia s .

2. a -T h a la s s e m ia s :  In  th e s e  d is o rd e rs ,  s y n th e s is  o f  a - g lo b in  c h a in s  is  

d e c re a s e d  o r  a b s e n t, ty p ic a l ly  a s  a  r e s u l t  o f  d e le t io n a l  m u ta tio n s .  B e c a u s e  

e a c h  in d iv id u a l ’s g e n o m e  c o n ta in s  fo u r  c o p ie s  o f  th e  a - g lo b in  g e n e  ( tw o  

o n  e a c h  c h ro m o s o m e  1 6 ), th e re  a re  s e v e ra l  le v e ls  o f  a - g lo b in  c h a in



d e f ic ie n c ie s  (F ig . 3 .2 4 ). I f  o n e  o f  th e  fo u r  g e n e s  is  d e fe c tiv e , th e  

in d iv id u a l  is  te rm e d  a  “ s i le n t” c a r r ie r  o f  a - th a la s s e m ia ,  b e c a u s e  n o  

p h y s ic a l  m a n ife s ta t io n s  o f  th e  d is e a s e  o c c u r . I f  tw o  a - g lo b in  g e n e s  a re  

d e fe c tiv e , th e  in d iv id u a l  is  d e s ig n a te d  a s  h a v in g  a - th a la s s e m ia  tra it .  I f  

th re e  a - g lo b in  g e n e s  a re  d e fe c tiv e , th e  in d iv id u a l  h a s  h e m o g lo b in  H  (p 4) 

d is e a se , a  h e m o ly t ic  a n e m ia  o f  v a r ia b le  s e v e r i ty .  I f  a l l  fo u r  a -g lo b in  

g e n e s  a re  d e fe c tiv e , h e m o g lo b in  B a r t  (y4) d is e a s e  w ith  h y d ro p s  fe ta lis  

a n d  fe ta l  d e a th  re s u lts ,  b e c a u s e  a - g lo b in  c h a in s  a re  r e q u i re d  fo r  th e  

s y n th e s is  o f  H b F . [N o te : H e te ro z y g o te  a d v a n ta g e  a g a in s t  m a la r ia  is  s e e n  

in  b o th  a -  a n d  p - th a la s s e m ia s .]
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F ig u re  3 .2 4  A . a - G lo b in  g e n e  d e le t io n s  in  th e  a - th a la s s e m ia s .  B . H e m o g lo b in  

(H b )  te tr a m e rs  fo rm e d  in  a - th a la s s e m ia s .



V. CHAPTER SUMMARY

H e m o g lo b in  A  (H b A ), th e  m a jo r  h e m o g lo b in  in  a d u lts , is  c o m p o s e d  o f  fo u r  

p o ly p e p tid e  c h a in s  ( tw o  a  c h a in s  a n d  tw o  p c h a in s , a 2p 2) h e ld  to g e th e r  b y  

n o n c o v a le n t  in te ra c t io n s  (F ig . 3 .2 5 ). T h e  s u b u n its  o c c u p y  d if f e r e n t  r e la t iv e  

p o s it io n s  in  d e o x y h e m o g lo b in  c o m p a re d  w ith  o x y h e m o g lo b in .  T h e  d e o x y  

fo rm  o f  H b  is  c a l le d  th e  “ T ,” o r  ta u t  ( te n se ) , c o n fo rm a tio n .  I t  h a s  a  

c o n s tr a in e d  s tru c tu re  th a t  l im its  th e  m o v e m e n t  o f  th e  p o ly p e p tid e  c h a in s . 

T h e  T  fo rm  is  th e  lo w -o x y g e n -a f f in i ty  fo rm  o f  H b . T h e  b in d in g  o f  o x y g e n  

(O 2) to  th e  h e m e  i ro n  c a u s e s  ru p tu re  o f  s o m e  o f  th e  io n ic  a n d  h y d ro g e n

b o n d s  a n d  m o v e m e n t  o f  th e  d im e rs .  T h is  le a d s  to  a  s tru c tu re  c a l le d  th e  “ R ,” 

o r  re la x e d , c o n fo rm a tio n .  T h e  R  fo rm  is  th e  h ig h -o x y g e n -a f f in i ty  fo rm  o f  

H b . T h e  o x y g e n -d is s o c ia t io n  c u rv e  fo r  H b  is  s ig m o id a l  in  s h a p e  ( in  c o n tra s t  

to  th a t  o f  m y o g lo b in ,  w h ic h  is  h y p e rb o l ic ) ,  in d ic a t in g  th a t  th e  s u b u n its  

c o o p e ra te  in  b in d in g  O 2. T h e  b in d in g  o f  a n  o x y g e n  m o le c u le  a t  o n e  h e m e  

g ro u p  in c re a s e s  th e  o x y g e n  a f f in i ty  o f  th e  r e m a in in g  h e m e  g ro u p s  in  th e  

s a m e  H b  m o le c u le  ( c o o p e ra tiv i ty ) .  H b ’s a b i l i ty  to  b in d  O 2 r e v e r s ib ly  is  

a f f e c te d  b y  th e  p a r t ia l  p re s s u re  o f  o x y g e n  (p O 2), th e  p H  o f  th e  

e n v iro n m e n t ,  th e  p a r t ia l  p re s s u re  o f  c a rb o n  d io x id e  (p C O 2), a n d  th e  

a v a i la b i l i ty  o f  2 ,3 -b is p h o s p h o g ly c e ra te  (2 ,3 -B P G ) . F o r  e x a m p le , th e  re le a s e  

o f  O 2 f ro m  H b  is  e n h a n c e d  w h e n  th e  p H  is  lo w e re d  o r  th e  p C O 2 is  

in c re a s e d  ( th e  B o h r  e f fe c t) ,  s u c h  as  in  e x e rc is in g  m u s c le ,  a n d  th e  o x y g e n -  

d is s o c ia t io n  c u rv e  o f  H b  is  s h if te d  to  th e  r ig h t . T o  c o p e  lo n g - te rm  w ith  th e  

e f fe c ts  o f  c h ro n ic  h y p o x ia  o r  a n e m ia , th e  c o n c e n tr a t io n  o f  2 ,3 -B P G  in  re d  

b lo o d  c e l ls  in c re a s e s .  2 ,3 -B P G  b in d s  to  th e  H b  a n d  d e c re a s e s  its  o x y g e n  

a f f in i ty .  I t  th e re fo re  a lso  s h if ts  th e  o x y g e n -d is s o c ia t io n  c u rv e  to  th e  r ig h t. 

F e ta l  h e m o g lo b in  (H b F )  b in d s  2 ,3 -B P G  le s s  t ig h t ly  th a n  d o e s  H b A  a n d  h a s  

a  h ig h e r  o x y g e n  a f f in i ty .  C a rb o n  m o n o x id e  (C O ) b in d s  t ig h t ly  (b u t 

r e v e r s ib ly )  to  th e  H b  iro n , fo rm in g  c a rb o x y h e m o g lo b in .  

H e m o g lo b in o p a th ie s  a re  d is o rd e r s  p r im a r i ly  c a u s e d  e i th e r  b y  p r o d u c t io n  o f  

a  s t ru c tu ra l ly  a b n o rm a l  H b  m o le c u le  a s  in  s ic k le  c e l l  a n e m ia  o r  s y n th e s is  o f  

in s u f f ic ie n t  q u a n t i t ie s  o f  n o rm a l  H b  s u b u n its  a s  in  th e  th a la s s e m ia s  (F ig . 

3 .2 6 ).



F ig u re  3 .2 5  K e y  c o n c e p t  m a p  fo r  h e m o g lo b in  s tru c tu re  a n d  fu n c t io n . F e 2+ = 

fe r ro u s  iro n .



F ig u re  3 .2 6  K e y  c o n c e p t  m a p  fo r  h e m o g lo b in o p a th ie s .  H b  =  h e m o g lo b in ;  F e  = 

iro n ; O 2 =  o x y g e n .

Study Questions

Choose th e  O N E  b e s t  a n s w e r .

.1. W h ic h  o n e  o f  th e  fo l lo w in g  s ta te m e n ts  c o n c e rn in g  th e  h e m o g lo b in s  is  

c o r re c t?

A . H b A  is  th e  m o s t  a b u n d a n t  h e m o g lo b in  in  n o rm a l a d u lts .

B . F e ta l  b lo o d  h a s  a  lo w e r  a f f in i ty  fo r  o x y g e n  th a n  d o e s  a d u l t  b lo o d  

b e c a u s e  H b F  h a s  a n  in c re a s e d  a f f in i ty  fo r  2 ,3 -b is p h o s p h o g ly c e ra te .

C . T h e  g lo b in  c h a in  c o m p o s i t io n  o f  H b F  is  a 252.

D . H b A 1c d if fe r s  f ro m  H b A  b y  a  s in g le , g e n e t ic a lly  d e te rm in e d  a m in o  

a c id  s u b s t i tu t io n .



E . H b A 2 a p p e a rs  e a r ly  in  fe ta l  life .

C o r r e c t  a n s w e r  = A . H b A  a c c o u n ts  fo r  o v e r  9 0 %  o f  th e  h e m o g lo b in  in  a  

n o rm a l  a d u lt .  I f  H b A 1c is  in c lu d e d , th e  p e rc e n ta g e  r is e s  to  ~ 9 7 % . B e c a u s e  2 ,3 -  

b is p h o s p h o g ly c e ra te  (2 ,3 -B P G )  re d u c e s  th e  a f f in i ty  o f  h e m o g lo b in  fo r  o x y g e n , 

th e  w e a k e r  in te ra c t io n  b e tw e e n  2 ,3 -B P G  a n d  H b F  re s u lts  in  a  h ig h e r  o x y g e n  

a f f in i ty  fo r  H b F  re la t iv e  to  H b A . H b F  c o n s is ts  o f  a 2Y2. H b A 1c is  a  g ly c a te d  

fo rm  o f  H b A , fo rm e d  n o n e n z y m ic a l ly  in  re d  b lo o d  c e lls . H b A 2 is  a  m in o r

c o m p o n e n t  o f  n o rm a l  a d u l t  h e m o g lo b in ,  f i r s t  a p p e a r in g  s h o r t ly  b e fo re  b ir th  

a n d  r is in g  to  a d u l t  le v e ls  (~ 2 %  o f  th e  to ta l  h e m o g lo b in )  b y  a g e  6 m o n th s .

.2 . W h ic h  o n e  o f  th e  fo llo w in g  s ta te m e n ts  c o n c e rn in g  th e  a b i l i ty  o f  a c id o s is  to  

p r e c ip i ta te  a  c r is is  in  s ic k le  c e l l  a n e m ia  is  c o r re c t?

A . A c id o s is  d e c re a s e s  th e  s o lu b il i ty  o f  H b S .

B . A c id o s is  in c re a s e s  th e  o x y g e n  a f f in i ty  o f  h e m o g lo b in .

C . A c id o s is  f a v o rs  th e  c o n v e r s io n  o f  h e m o g lo b in  f ro m  th e  ta u t  to  th e  

r e la x e d  c o n fo rm a tio n .

D . A c id o s is  s h if ts  th e  o x y g e n -d is s o c ia t io n  c u rv e  to  th e  le f t.

E . A c id o s is  d e c re a s e s  th e  a b i l i ty  o f  2 ,3 -b is p h o s p h o g ly c e ra te  to  b in d  to  

h e m o g lo b in .

C o r r e c t  a n s w e r  = A . H b S  is  s ig n if ic a n t ly  le s s  s o lu b le  in  th e  d e o x y g e n a te d  

fo rm , c o m p a re d  w ith  o x y h e m o g lo b in  S . D e c re a s e d  p H  (a c id o s is )  c a u s e s  th e  

o x y g e n -d is s o c ia t io n  c u rv e  to  s h if t  to  th e  r ig h t , in d ic a t in g  d e c re a s e d  o x y g e n  

a f f in i ty  ( in c re a s e d  d e l iv e ry ) .  T h is  f a v o rs  th e  fo rm a t io n  o f  th e  d e o x y , o r  ta u t, 

fo rm  o f  h e m o g lo b in  a n d  c a n  p r e c ip i ta te  a  s ic k le  c e l l  c r is is .  T h e  b in d in g  o f  2 ,3 -  

b is p h o s p h o g ly c e ra te  is  in c re a s e d ,  b e c a u s e  i t  b in d s  o n ly  to  th e  d e o x y  fo rm  o f  

h e m o g lo b in .

.3 . W h ic h  o n e  o f  th e  fo llo w in g  s ta te m e n ts  c o n c e rn in g  th e  b in d in g  o f  o x y g e n  b y  

h e m o g lo b in  is  c o r re c t?

A . T h e  B o h r  e f f e c t  r e s u lts  in  a  lo w e r  o x y g e n  a f f in i ty  a t  h ig h e r  p H  v a lu e s .

B . C a rb o n  d io x id e  in c re a s e s  th e  o x y g e n  a f f in i ty  o f  h e m o g lo b in  b y  b in d in g  

to  th e  C - te rm in a l  g ro u p s  o f  th e  p o ly p e p tid e  c h a in s .

C . T h e  o x y g e n  a f f in i ty  o f  h e m o g lo b in  in c re a s e s  a s  th e  p e rc e n ta g e  

s a tu ra t io n  in c re a s e s .



D . T h e  h e m o g lo b in  te tr a m e r  b in d s  fo u r  m o le c u le s  o f  2 ,3 -  

b is p h o s p h o g ly c e r a te .

E . O x y h e m o g lo b in  a n d  d e o x y h e m o g lo b in  h a v e  th e  s a m e  a f f in i ty  fo r  

p ro to n s .

C o r r e c t  a n s w e r  = C . T h e  b in d in g  o f  o x y g e n  a t  o n e  h e m e  g ro u p  in c re a s e s  th e  

o x y g e n  a f f in i ty  o f  th e  r e m a in in g  h e m e  g ro u p s  in  th e  s a m e  m o le c u le .  A  r is e  in  

p H  re s u lts  in  in c r e a s e d  o x y g e n  a f f in i ty .  C a rb o n  d io x id e  d e c re a s e s  o x y g e n  

a f f in i ty  b e c a u s e  i t  lo w e rs  th e  p H . M o re o v e r ,  b in d in g  o f  c a rb o n  d io x id e  to  th e  

N - te rm in i  s ta b i l iz e s  th e  ta u t, d e o x y  fo rm . H e m o g lo b in  b in d s  o n e  m o le c u le  o f  

2 ,3 -b is p h o s p h o g ly c e ra te .  D e o x y h e m o g lo b in  h a s  a  g re a te r  a f f in i ty  fo r  p ro to n s  

th a n  d o e s  o x y h e m o g lo b in .

.4 . P -L y s in e  8 2  in  H b A  is  im p o r ta n t  fo r  th e  b in d in g  o f  2 ,3 -b is p h o s p h o g ly c e ra te .  

In  H b  H e ls in k i ,  th is  a m in o  a c id  h a s  b e e n  r e p la c e d  b y  m e th io n in e .  W h ic h  o f  

th e  fo llo w in g  s h o u ld  b e  tru e  c o n c e rn in g  H b  H e ls in k i?

A . I t  s h o u ld  b e  s ta b i l iz e d  in  th e  ta u t, r a th e r  th a n  th e  r e la x e d , fo rm .

B . I t  s h o u ld  h a v e  in c r e a s e d  o x y g e n  a f f in i ty  a n d , c o n s e q u e n t ly ,  d e c re a s e d  

o x y g e n  d e l iv e ry  to  tis s u e s .

C . I ts  o x y g e n -d is s o c ia t io n  c u rv e  s h o u ld  b e  s h if te d  to  th e  r ig h t  r e la t iv e  to  

H b A .

D . I t  r e s u lts  in  a n e m ia .

C o r r e c t  a n s w e r  = B . S u b s t i tu t io n  o f  ly s in e  b y  m e th io n in e  d e c re a s e s  th e  a b i li ty  

o f  n e g a t iv e ly  c h a rg e d  p h o s p h a te  g ro u p s  in  2 ,3 -b is p h o s p h o g ly c e ra te  (2 ,3 -B P G )  

to  b in d  th e  p s u b u n its  o f  h e m o g lo b in .  B e c a u s e  2 ,3 -B P G  d e c re a s e s  th e  o x y g e n  

a f f in i ty  o f  h e m o g lo b in ,  a  r e d u c t io n  in  2 ,3 -B P G  s h o u ld  r e s u l t  in  in c re a s e d  

o x y g e n  a f f in i ty  a n d  d e c re a s e d  o x y g e n  (O 2 )  d e l iv e ry  to  t is s u e s .  T h e  re la x e d  

fo rm  is  th e  h ig h -o x y g e n -a f f in i ty  fo rm  o f  h e m o g lo b in .  In c re a s e d  o x y g e n  

a f f in i ty  (d e c re a s e d  d e l iv e ry )  r e s u lts  in  a  le f t  s h if t  in  th e  o x y g e n -d is s o c ia t io n  

c u rv e . D e c re a s e d  d e l iv e ry  o f  O 2 is  c o m p e n s a te d  fo r  b y  in c r e a s e d  R B C  

p ro d u c t io n .

.5 . A  6 7 -y e a r -o ld  m a n  p re s e n te d  to  th e  e m e rg e n c y  d e p a r tm e n t  w ith  a  1 -w e e k  

h is to ry  o f  a n g in a  a n d  s h o r tn e s s  o f  b re a th . H e  c o m p la in e d  th a t  h is  fa c e  a n d  

e x tr e m itie s  h a d  ta k e n  o n  a  b lu e  c o lo r . H is  m e d ic a l  h is to ry  in c lu d e d  c h ro n ic  

s ta b le  a n g in a  t r e a te d  w i th  is o s o rb id e  d in i tr a te  a n d  n i t ro g ly c e r in .  B lo o d



o b ta in e d  fo r  a n a ly s is  w a s  b ro w n . W h ic h  o n e  o f  th e  fo llo w in g  is  th e  m o s t

l ik e ly  d ia g n o s is ?

A . C a rb o x y h e m o g lo b in e m ia

B . H e m o g lo b in  S C  d is e a s e

C . M e th e m o g lo b in e m ia

D . S ic k le  c e l l  a n e m ia

E . P -T h a la s s e m ia

C o r r e c t  a n s w e r  = C . O x id a t io n  o f  th e  fe r ro u s  (F e 2+) iro n  to  th e  fe r r ic  (F e 3+) 

s ta te  in  th e  h e m e  p ro s th e t ic  g ro u p  o f  h e m o g lo b in  fo rm s  m e th e m o g lo b in .  T h is  

m a y  b e  c a u s e d  b y  th e  a c t io n  o f  c e r ta in  d ru g s  s u c h  a s  n it r a te s .  T h e  

m e th e m o g lo b in e m ia s  a re  c h a ra c te r iz e d  b y  c h o c o la te  c y a n o s is  (a  b lu e  

c o lo ra t io n  o f  th e  s k in  a n d  m u c o u s  m e m b ra n e s  a n d  c h o c o la te -c o lo re d  b lo o d )  as 

a  r e s u l t  o f  th e  d a rk -c o lo re d  m e th e m o g lo b in .  S y m p to m s  a re  re la te d  to  t is s u e  

h y p o x ia  a n d  in c lu d e  a n x ie ty ,  h e a d a c h e , a n d  d y s p n e a . In  ra re  c a se s , c o m a  a n d  

d e a th  c a n  o c c u r . [N o te : B e n z o c a in e , a n  a ro m a tic  a m in e  u s e d  as  a  to p ic a l  

a n e s th e tic ,  is  a  c a u s e  o f  a c q u ire d  m e th e m o g lo b in e m ia .]

.6 . W h y  is  h e m o g lo b in  C  d is e a s e  a  n o n s ic k l in g  d is e a s e ?

In  H b C , th e  p o la r  g lu ta m a te  is  r e p la c e d  b y  p o la r  ly s in e  r a th e r  th a n  b y  n o n p o la r  

v a l in e  a s  in  H b S .

.7 . W h a t  w o u ld  b e  tru e  a b o u t  th e  e x te n t  o f  r e d  b lo o d  c e l l  s ic k l in g  in  in d iv id u a ls  

w ith  H b S  a n d  h e re d i ta ry  p e r s is te n c e  o f  H b F ?

I t  w o u ld  b e  d e c re a s e d  b e c a u s e  H b F  re d u c e s  H b S  c o n c e n tra t io n . I t  a lso  in h ib its  

p o ly m e r iz a t io n  o f  d e o x y  H b S .



Fibrous Proteins 4

Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

C o lla g e n  a n d  e la s t in  a re  e x a m p le s  o f  c o m m o n , w e ll - c h a ra c te r iz e d  f ib ro u s  

p ro te in s  o f  th e  e x tr a c e l lu la r  m a tr ix  (E C M ) th a t  s e rv e  s tru c tu ra l  fu n c t io n s  in  th e  

b o d y . F o r  e x a m p le , c o l la g e n  a n d  e la s t in  a re  fo u n d  as  c o m p o n e n ts  o f  sk in , 

c o n n e c t iv e  t is s u e , b lo o d  v e s s e l  w a lls ,  a n d  th e  s c le ra  a n d  c o rn e a  o f  th e  e y e . E a c h  

f ib ro u s  p ro te in  e x h ib its  s p e c ia l  m e c h a n ic a l  p ro p e r t ie s ,  r e s u lt in g  f ro m  its  u n iq u e  

s tru c tu re ,  w h ic h  is  o b ta in e d  b y  c o m b in in g  s p e c if ic  a m in o  a c id s  in to  re g u la r ,  

s e c o n d a ry  s tru c tu ra l  e le m e n ts .  T h is  is  in  c o n t r a s t  to  g lo b u la r  p ro te in s  (d is c u s s e d  

in  C h a p te r  3 ), w h o s e  s h a p e s  a re  th e  r e s u l t  o f  c o m p le x  in te ra c t io n s  b e tw e e n  

s e c o n d a ry , te r t ia ry , a n d , s o m e tim e s , q u a te rn a ry  s tru c tu ra l  e le m e n ts .

II. COLLAGEN

C o lla g e n  is  th e  m o s t  a b u n d a n t  p ro te in  in  th e  h u m a n  b o d y . A  ty p ic a l  c o l la g e n  

m o le c u le  is  a  lo n g , r ig id  s tru c tu re  in  w h ic h  th re e  p o ly p e p tid e s  ( r e fe r re d  to  as  a  

c h a in s )  a re  w o u n d  a ro u n d  o n e  a n o th e r  in  a  ro p e - l ik e  tr ip le  h e l ix  (F ig . 4 .1 ). 

A lth o u g h  th e s e  m o le c u le s  a re  fo u n d  th ro u g h o u t  th e  b o d y , th e ir  ty p e s  a n d  

o rg a n iz a t io n  a re  d ic ta te d  b y  th e  s tru c tu ra l  ro le  c o l la g e n  p la y s  in  a  p a r t ic u la r  

o rg a n . In  s o m e  tis s u e s ,  c o l la g e n  m a y  b e  d is p e r s e d  a s  a  g e l  th a t  g iv e s  s u p p o r t  to  

th e  s tru c tu re ,  as  in  th e  E C M  o r  th e  v i t r e o u s  h u m o r  o f  th e  e y e . In  o th e r  tis s u e s ,  

c o l la g e n  m a y  b e  b u n d le d  in  t ig h t, p a r a l le l  f ib e rs  th a t  p ro v id e  g r e a t  s tre n g th , a s  in  

te n d o n s . In  th e  c o rn e a  o f  th e  e y e , c o l la g e n  is  s ta c k e d  so  a s  to  t r a n s m it  l ig h t  w ith  

a  m in im u m  o f  s c a t te r in g . C o lla g e n  o f  b o n e  o c c u rs  as  f ib e rs  a r r a n g e d  a t  a n  a n g le  

to  e a c h  o th e r  so  as  to  r e s is t  m e c h a n ic a l  s h e a r  f ro m  a n y  d ire c tio n .



Collagen 
a chain



F ig u re  4 .1  T r ip le - s tr a n d e d  h e l ix  o f  c o l la g e n  fo rm e d  f ro m  th re e  a  c h a in s .  [N o te : 

T h e  a  c h a in s  th e m s e lv e s  a re  h e l ic a l  in  s tru c tu re .]

A. Types
T h e  c o l la g e n  s u p e r fa m ily  o f  p ro te in s  in c lu d e s  > 2 5  c o l la g e n  ty p e s  as  w e l l  as  

a d d i t io n a l  p ro te in s  th a t  h a v e  c o l la g e n - l ik e  d o m a in s .  T h e  th re e  p o ly p e p tid e  

a  c h a in s  a re  h e ld  to g e th e r  b y  in te r c h a in  h y d ro g e n  b o n d s . V a r ia t io n s  in  th e  

a m in o  a c id  s e q u e n c e  o f  th e  a  c h a in s  r e s u l t  in  s t ru c tu ra l  c o m p o n e n ts  th a t  a re  

a b o u t  th e  s a m e  s iz e  (~ 1 ,0 0 0  a m in o  a c id s  lo n g )  b u t  w i th  s lig h t ly  d if f e re n t  

p ro p e r t ie s .  T h e s e  a  c h a in s  a re  c o m b in e d  to  fo rm  th e  v a r io u s  ty p e s  o f  

c o l la g e n  fo u n d  in  th e  t is s u e s .  F o r  e x a m p le , th e  m o s t  c o m m o n  c o lla g e n , ty p e  

I, c o n ta in s  tw o  c h a in s  c a l le d  a 1  a n d  o n e  c h a in  c a l le d  a 2  ( a 1 2a 2 ) ,  w h e re a s  

ty p e  II  c o l la g e n  c o n ta in s  th re e  a 1  c h a in s  ( a 1 3). T h e  c o l la g e n s  c a n  b e  

o rg a n iz e d  in to  th re e  g ro u p s , b a s e d  o n  th e ir  lo c a t io n  a n d  fu n c t io n s  in  th e  

b o d y  (F ig . 4 .2 ).



TYPE TISSUE DISTRIBUTION

Fibril-forming

1 Skin, bone, tendon, 
blood vessels, cornea

II Cartilage, intervertebral 
disk, vitreous body

III Blood vessels, skin, 
muscle

Network-forming
IV Basement membrane

VIII Corneal and vascular 
endothelium

Fibril-associated*

IX Cartilage

XII

-

Tendon, ligaments, some 
other tissues

4



F ig u re  4 .2  T h e  m o s t  a b u n d a n t  ty p e s  o f  c o l la g e n . [N o te : * F ib r i l - a s s o c ia te d  

c o l la g e n s  w i th  in te r ru p te d  tr ip le  h e l ic e s  a re  k n o w n  a s  F A C IT .]

1. F ib r i l - f o rm in g  c o l la g e n s : T y p e s  I, II, a n d  III  a re  th e  f ib r i l la r  c o l la g e n s  

a n d  h a v e  th e  ro p e - l ik e  s tru c tu re  d e s c r ib e d  a b o v e  fo r  a  ty p ic a l  c o l la g e n  

m o le c u le .  In  th e  e le c tro n  m ic ro s c o p e ,  th e s e  l in e a r  p o ly m e rs  o f  f ib r i ls  

h a v e  c h a ra c te r is t ic  b a n d in g  p a t te rn s ,  r e f le c t in g  th e  r e g u la r  s ta g g e re d  

p a c k in g  o f  th e  in d iv id u a l  c o l la g e n  m o le c u le s  in  th e  f ib r i l  (F ig . 4 .3 ). T y p e  

I c o l la g e n  f ib e rs  (c o m p o s e d  o f  c o l la g e n  f ib r i ls )  a re  fo u n d  in  s u p p o r t in g  

e le m e n ts  o f  h ig h  te n s i le  s t r e n g th  ( fo r  e x a m p le , te n d o n s  a n d  c o rn e a s ) ,  

w h e re a s  f ib e rs  f o rm e d  f ro m  ty p e  II c o l la g e n  m o le c u le s  a re  r e s tr ic te d  to  

c a r t i la g in o u s  s tru c tu re s .  T h e  f ib e rs  d e r iv e d  f ro m  ty p e  III  c o l la g e n  a re  

p r e v a le n t  in  m o re  d is te n s ib le  t i s s u e s  s u c h  a s  b lo o d  v e s s e ls .

Collagen molecule Collagen fibril
Light staining seen in
regions with no gaps

Staggered arrangement of
collagen molecules causes
the striated appearance of
a negatively stained fibril.

Heavy staining seen in
regions with gaps.

F ig u re  4 .3  C o lla g e n  f ib r i ls  a t  r ig h t  h a v e  a  c h a ra c te r is t ic  b a n d in g  p a t te rn , 

r e f le c t in g  th e  r e g u la r ly  s ta g g e re d  p a c k in g  o f  th e  in d iv id u a l  c o l la g e n  m o le c u le s  in  

th e  f ib r il .

2 . N e tw o rk - fo rm in g  c o l la g e n s : T y p e s  IV  a n d  V III  fo rm  a  th r e e -d im e n s io n a l  

m e sh , r a th e r  th a n  d is t in c t  f ib r i ls  (F ig . 4 .4 ). F o r  e x a m p le , ty p e  IV  

m o le c u le s  a s s e m b le  in to  a  s h e e t  o r  m e s h w o rk  th a t  c o n s ti tu te s  a  m a jo r  

p a r t  o f  b a s e m e n t  m e m b ra n e s .



F ig u re  4 .4  E le c t ro n  m ic ro g ra p h  o f  a  p o ly g o n a l  n e tw o rk  fo rm e d  b y  a s s o c ia t io n  o f  

c o l la g e n  ty p e  IV  m o n o m e rs .

B a s e m e n t  m e m b ra n e s  a re  th in , s h e e t- l ik e  s tru c tu re s  th a t  p ro v id e  

m e c h a n ic a l  s u p p o r t  fo r  a d ja c e n t  c e lls  a n d  fu n c t io n  a s  a  s e m ip e rm e a b le  

f i l t r a t io n  b a r r ie r  to  m a c ro m o le c u le s  in  o rg a n s  s u c h  as  th e  k id n e y  a n d  th e  

lu n g .

3. F ib r i l - a s s o c ia te d  c o l la g e n s :  T y p e s  IX  a n d  X II  b in d  to  th e  s u r fa c e  o f



c o l la g e n  f ib r i ls ,  l in k in g  th e s e  f ib r i ls  to  o n e  a n o th e r  a n d  to  o th e r  

c o m p o n e n ts  in  th e  E C M  (se e  F ig . 4 .2 ).

B. Structure
U n lik e  m o s t  g lo b u la r  p ro te in s  th a t  a re  fo ld e d  in to  c o m p a c t  s tru c tu re s ,  

c o l la g e n , a  f ib ro u s  p ro te in ,  h a s  a n  e lo n g a te d , t r ip le -h e l ic a l  s tru c tu re  th a t  is  

s ta b i l iz e d  b y  in te r c h a in  h y d ro g e n  b o n d s .

1. A m in o  a c id  s e q u e n c e : C o lla g e n  is  r ic h  in  p ro l in e  a n d  g ly c in e , b o th  o f  

w h ic h  a re  im p o r ta n t  in  th e  fo rm a t io n  o f  th e  t r ip le - s tr a n d e d  h e lix . P ro lin e  

f a c i l i ta te s  th e  fo rm a t io n  o f  th e  h e l ic a l  c o n fo rm a tio n  o f  e a c h  a  c h a in  

b e c a u s e  its  r in g  s tru c tu re  c a u s e s  “ k in k s ” in  th e  p e p t id e  c h a in . [N o te : T h e  

p r e s e n c e  o f  p ro l in e  d ic ta te s  th a t  th e  h e l ic a l  c o n fo rm a tio n  o f  th e  a  c h a in  

c a n n o t  b e  a n  a  h e l ix  (s e e  p . 1 6 ).]  G ly c in e , th e  s m a l le s t  a m in o  a c id , is  

fo u n d  in  e v e ry  th i rd  p o s i t io n  o f  th e  p o ly p e p tid e  c h a in . I t  f its  in to  th e  

r e s tr ic te d  s p a c e s  w h e re  th e  th re e  c h a in s  o f  th e  h e l ix  c o m e  to g e th e r .  T h e  

g ly c in e  r e s id u e s  a re  p a r t  o f  a  re p e a t in g  s e q u e n c e , - G l y - X - Y - ,  w h e re  X  

is  f r e q u e n t ly  p ro lin e , a n d  Y  is  o f te n  h y d ro x y p ro l in e  (b u t  c a n  b e  

h y d ro x y ly s in e ,  F ig . 4 .5 ). T h u s , m o s t  o f  th e  a  c h a in  c a n  b e  r e g a rd e d  as  a  

p o ly tr ip e p t id e  w h o s e  s e q u e n c e  c a n  b e  r e p re s e n te d  as  ( - G l y - P r o -

H y p - ) 333.

F ig u re  4 .5  A m in o  a c id  s e q u e n c e  o f  a  p o r t io n  o f  th e  a 1  c h a in  o f  c o lla g e n . H y p  = 

h y d ro x y p ro lin e ;  H y l = h y d ro x y ly s in e .

2. H y d ro x y p ro l in e  a n d  h y d ro x y ly s in e :  C o lla g e n  c o n ta in s  h y d ro x y p ro l in e



a n d  h y d ro x y ly s in e ,  w h ic h  a re  n o n s ta n d a rd  a m in o  a c id s  ( s e e  p . 1) n o t  

p r e s e n t  in  m o s t  o th e r  p ro te in s .  T h e y  r e s u l t  f ro m  th e  h y d ro x y la t io n  o f  

s o m e  o f  th e  p ro l in e  a n d  ly s in e  r e s id u e s  a f te r  th e ir  in c o rp o ra t io n  in to  

p o ly p e p tid e  c h a in s  (F ig . 4 .6 ). T h e re fo re ,  th e  h y d ro x y la t io n  is  a  

p o s t t r a n s la t io n a l  m o d if ic a t io n  (s e e  p . 4 6 0 ) . [N o te : G e n e ra t io n  o f  

h y d ro x y p ro l in e  m a x im iz e s  fo rm a t io n  o f  in te r c h a in  h y d ro g e n  b o n d s  th a t  

s ta b i l iz e  th e  t r ip le -h e l ic a l  s tru c tu re .]



F ig u re  4 .6  H y d ro x y la t io n  o f  p ro l in e  re s id u e s  in  p r o - a  c h a in s  o f  c o l la g e n  b y  

prolyl hydroxylase. [N o te : F e 2+ (hydroxylase  c o fa c to r )  is  p ro te c te d  f ro m  

o x id a t io n  to  F e 3+ b y  a s c o rb a te  (v ita m in  C ).]



3. G ly c o s y la tio n :  T h e  h y d ro x y l  g ro u p  o f  th e  h y d ro x y ly s in e  r e s id u e s  o f  

c o l la g e n  m a y  b e  e n z y m a tic a l ly  g ly c o s y la te d . M o s t  c o m m o n ly , g lu c o se  

a n d  g a la c to s e  a re  s e q u e n t ia l ly  a t ta c h e d  to  th e  p o ly p e p tid e  c h a in  p r io r  to  

tr ip le -h e l ix  fo rm a t io n  (F ig . 4 .7 ).



N-terminal C-terminal
propeptide propeptide

Self-assembly of tropocollagen
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F ig u re  4 .7  S y n th e s is  o f  c o l la g e n . R E R  =  ro u g h  e n d o p la s m ic  re t ic u lu m ; m R N A  = 

m e s s e n g e r  R N A . ( c o n t in u e d  o n  th e  n e x t  p a g e )

C. Biosynthesis
T h e  p o ly p e p tid e  p re c u r s o r s  o f  th e  c o l la g e n  m o le c u le  a re  s y n th e s iz e d  in  

f ib ro b la s ts  (o r  in  th e  r e la te d  o s te o b la s ts  o f  b o n e  a n d  c h o n d ro b la s ts  o f  

c a r t i la g e ) .  T h e y  a re  e n z y m ic a l ly  m o d if ie d  a n d  fo rm  th e  tr ip le  h e lix , w h ic h  

g e ts  s e c re te d  in to  th e  E C M . A f te r  a d d i t io n a l  e n z y m ic  m o d if ic a t io n ,  th e  

m a tu re  e x tr a c e l lu la r  c o l la g e n  f ib r i ls  a g g re g a te  a n d  b e c o m e  c ro s s - l in k e d  to  

fo rm  c o l la g e n  f ib e rs .

1. P r o - a  c h a in  fo rm a tio n :  C o lla g e n  is  o n e  o f  m a n y  p ro te in s  th a t  n o rm a lly  

fu n c t io n  o u ts id e  o f  c e lls . L ik e  m o s t  p ro te in s  p ro d u c e d  fo r  e x p o r t ,  th e  

n e w ly  s y n th e s iz e d  p o ly p e p tid e  p re c u r s o r s  o f  a  c h a in s  ( p r e p r o - a  c h a in s )  

c o n ta in  a  s p e c ia l  a m in o  a c id  s e q u e n c e  a t  th e ir  a m in o  (N )- te rm in a l  e n d s . 

T h is  s e q u e n c e  a c ts  a s  a  s ig n a l  th a t,  in  th e  a b s e n c e  o f  a d d i t io n a l  s ig n a ls , 

ta rg e ts  th e  p o ly p e p tid e  b e in g  s y n th e s iz e d  fo r  s e c re t io n  f ro m  th e  c e ll. T h e  

s ig n a l  s e q u e n c e  f a c i l i ta te s  th e  b in d in g  o f  r ib o s o m e s  to  th e  ro u g h  

e n d o p la s m ic  re t ic u lu m  (R E R )  a n d  d ire c ts  th e  p a s s a g e  o f  th e  p r e p r o - a  

c h a in  in to  th e  lu m e n  o f  th e  R E R . T h e  s ig n a l  s e q u e n c e  is  r a p id ly  c le a v e d  

in  th e  lu m e n  to  y ie ld  a  p r e c u r s o r  o f  c o l la g e n  c a l le d  a  p r o - a  c h a in  (se e  

F ig . 4 .7 ).

2 . H y d ro x y la t io n :  T h e  p r o - a  c h a in s  a re  p ro c e s s e d  b y  a  n u m b e r  o f  e n z y m ic  

s te p s  w i th in  th e  lu m e n  o f  th e  R E R  w h ile  th e  p o ly p e p tid e s  a re  s til l  b e in g  

s y n th e s iz e d  ( s e e  F ig . 4 .7 ). P ro lin e  a n d  ly s in e  re s id u e s  fo u n d  in  th e  Y - 

p o s i t io n  o f  th e  - G l y - X - Y -  s e q u e n c e  c a n  b e  h y d ro x y la te d  to  fo rm  

h y d ro x y p ro l in e  a n d  h y d ro x y ly s in e  re s id u e s .  T h e s e  h y d ro x y la t io n



r e a c t io n s  r e q u ire  m o le c u la r  o x y g e n , f e r ro u s  i ro n  (F e 2+), a n d  th e  re d u c in g  

a g e n t  v i ta m in  C  (a s c o rb ic  a c id , s e e  p . 3 8 1 ) , w i th o u t  w h ic h  th e  

h y d ro x y la t in g  e n z y m e s , pro ly l hydroxylase  a n d  lysyl hydroxylase, a re  

u n a b le  to  fu n c t io n  (se e  F ig . 4 .6 ). In  th e  c a s e  o f  a s c o rb ic  a c id  d e f ic ie n c y  

(a n d , th e re fo re ,  a  la c k  o f  p ro l in e  a n d  ly s in e  h y d ro x y la t io n ) ,  in te r c h a in  H - 

b o n d  fo rm a t io n  is  im p a ire d , a s  is  f o rm a t io n  o f  a  s ta b le  tr ip le  h e lix . 

A d d it io n a l ly ,  c o l la g e n  f ib r i ls  c a n n o t  b e  c ro s s - l in k e d  (s e e  7. b e lo w ) , 

g re a t ly  d e c re a s in g  th e  te n s i le  s t r e n g th  o f  th e  a s s e m b le d  f ib e r . T h e  

re s u lt in g  d e f ic ie n c y  d is e a s e  is  k n o w n  as  s c u rv y . P a tie n ts  w i th  s c u rv y  

o f te n  s h o w  e c c h y m o s e s  (b ru is e - l ik e  d is c o lo ra t io n s )  o n  th e  l im b s  as  a  

r e s u l t  o f  s u b c u ta n e o u s  e x tr a v a s a t io n  ( le a k a g e )  o f  b lo o d  d u e  to  c a p i l la ry  

f r a g il i ty  (F ig . 4 .8 ).



F ig u re  4 .8  T h e  le g s  o f  a  4 6 -y e a r -o ld  m a n  w ith  s c u rv y .



3. G ly c o s y la tio n :  S o m e  h y d ro x y ly s in e  re s id u e s  a re  m o d if ie d  b y

g ly c o s y la t io n  w ith  g lu c o s e  o r  g lu c o s y l-g a la c to s e  (s e e  F ig . 4 .7 ).

4 . A s s e m b ly  a n d  s e c re t io n : A f te r  h y d ro x y la t io n  a n d  g ly c o s y la tio n , th re e  

p r o - a  c h a in s  fo rm  p ro c o l la g e n ,  a  p r e c u r s o r  o f  c o l la g e n  th a t  h a s  a  c e n tra l  

r e g io n  o f  tr ip le  h e l ix  f la n k e d  b y  th e  n o n h e l ic a l  N - a n d  c a rb o x y l  (C )-  

te rm in a l  e x te n s io n s  c a l le d  p ro p e p t id e s  (s e e  F ig . 4 .7 ). T h e  fo rm a t io n  o f  

p ro c o l la g e n  b e g in s  w i th  fo rm a t io n  o f  in te r c h a in  d is u lf id e  b o n d s  b e tw e e n  

th e  C - te rm in a l  e x te n s io n s  o f  th e  p r o - a  c h a in s . T h is  b r in g s  th e  th re e  a  

c h a in s  in to  a n  a l ig n m e n t  f a v o ra b le  fo r  tr ip le  h e l ix  fo rm a tio n . T h e  

p ro c o l la g e n  m o le c u le s  m o v e  th ro u g h  th e  G o lg i  a p p a ra tu s ,  w h e re  th e y  a re  

p a c k a g e d  in  s e c re to ry  v e s ic le s .  T h e  v e s ic le s  fu s e  w i th  th e  c e l l  m e m b ra n e , 

c a u s in g  th e  r e le a s e  o f  p r o c o l la g e n  m o le c u le s  in to  th e  e x tr a c e l lu la r  sp a c e .

5. E x tra c e l lu la r  c le a v a g e  o f  p r o c o l la g e n  m o le c u le s :  A f te r  th e ir  r e le a s e ,  th e  

t r ip le -h e l ic a l  p r o c o l la g e n  m o le c u le s  a re  c le a v e d  b y  N -  a n d  C- 
procollagen  peptidases, w h ic h  re m o v e  th e  te rm in a l  p ro p e p t id e s ,  

p ro d u c in g  tro p o c o lla g e n  m o le c u le s .

6. C o lla g e n  f ib r i l  fo rm a tio n : T ro p o c o l la g e n  m o le c u le s  s p o n ta n e o u s ly  

a s s o c ia te  to  fo rm  c o l la g e n  f ib r i ls .  T h e y  fo rm  a n  o rd e re d , p a r a l le l  a r ra y , 

w ith  a d ja c e n t  c o l la g e n  m o le c u le s  a r r a n g e d  in  a  s ta g g e re d  p a t te rn , e a c h  

o v e r la p p in g  its  n e ig h b o r  b y  a  le n g th  a p p ro x im a te ly  th re e  q u a r te r s  o f  a  

m o le c u le  (s e e  F ig . 4 .7 ).

7. C ro s s - l in k  fo rm a tio n :  T h e  f ib r i l la r  a r ra y  o f  c o l la g e n  m o le c u le s  s e rv e s  as  

a  s u b s t r a te  fo r  lysyl oxidase. T h is  c o p p e r -c o n ta in in g  e x tr a c e l lu la r  

e n z y m e  o x id a t iv e ly  d e a m in a te s  s o m e  o f  th e  ly s in e  a n d  h y d ro x y ly s in e  

r e s id u e s  in  c o lla g e n . T h e  r e a c t iv e  a ld e h y d e s  th a t  r e s u l t  ( a l ly s in e  a n d  

h y d ro x y a l ly s in e )  c a n  s p o n ta n e o u s ly  c o n d e n s e  w ith  ly s in e  o r  

h y d ro x y ly s in e  r e s id u e s  in  n e ig h b o r in g  c o l la g e n  m o le c u le s  to  fo rm  

c o v a le n t  c ro s s - l in k s  a n d , th u s , m a tu re  c o l la g e n  f ib e rs  (F ig . 4 .9 ). [N o te : 

C ro s s - l in k s  c a n  fo rm  b e tw e e n  tw o  a l ly s in e  r e s id u e s .]
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F ig u re  4 .9  F o rm a t io n  o f  c ro s s - l in k s  in  c o lla g e n . [N o te : L ysyl oxidase  is  

i r r e v e r s ib ly  in h ib i te d  b y  a  to x in  p r e s e n t  in  s e e d s  f ro m  L a th y ru s  o d o ra tu s  ( s w e e t 

p e a ) , le a d in g  to  a  c o n d i t io n  k n o w n  a s  la th y r is m  th a t  is  c h a ra c te r iz e d  b y  s k e le ta l  

a n d  v a s c u la r  p ro b le m s .]  C u 2+ = c o p p e r ;  N H 3 = a m m o n ia ;  H 2O 2 = h y d ro g e n  

p e ro x id e .

L ysyl oxidase  is  o n e  o f  s e v e ra l  c o p p e r -c o n ta in in g  e n z y m e s . O th e rs  in c lu d e  

ceruloplasm in  ( s e e  p . 4 0 4 ) , cytochrom e c oxidase  ( s e e  p . 7 6 ), dopam ine  
hydroxylase  ( s e e  p . 2 8 6 ) , superoxide dism utase  ( s e e  p . 1 4 8 ), a n d  

tyrosinase  ( s e e  p . 2 7 3 ) . D is ru p t io n  in  c o p p e r  h o m e o s ta s is  c a u s e s  c o p p e r  

d e f ic ie n c y  (X - l in k e d  M e n k e s  s y n d ro m e )  o r  o v e r lo a d  (W ils o n  d is e a s e )  (s e e  

p . 4 0 2 ) .

D. Degradation
N o rm a l c o l la g e n s  a re  h ig h ly  s ta b le  m o le c u le s ,  h a v in g  h a lf - l iv e s  as  lo n g  as  

s e v e ra l  y e a rs .  H o w e v e r ,  c o n n e c t iv e  t i s s u e  is  d y n a m ic  a n d  is  c o n s ta n tly  

b e in g  r e m o d e le d ,  o f te n  in  r e s p o n s e  to  g ro w th  o r  in ju ry  o f  th e  tis su e . 

B re a k d o w n  o f  c o l la g e n  f ib e rs  is  d e p e n d e n t  o n  th e  p ro te o ly t ic  a c t io n  o f  

collagenases, w h ic h  a re  p a r t  o f  a  la rg e  f a m ily  o f  m a tr ix  m etalloproteinases. 
F o r  ty p e  I c o lla g e n , th e  c le a v a g e  s ite  is  sp e c if ic ,  g e n e ra t in g  th re e -q u a r te r  

a n d  o n e -q u a r te r  le n g th  f ra g m e n ts .  T h e s e  f ra g m e n ts  a re  fu r th e r  d e g ra d e d  b y  

o th e r  m a tr ix  pro te in ases .

E. Collagenopathies
D e fe c ts  in  a n y  o n e  o f  th e  m a n y  s te p s  in  c o l la g e n  f ib e r  s y n th e s is  c a n  r e s u l t  in  

a  g e n e t ic  d is e a s e  in v o lv in g  a n  in a b i l i ty  o f  c o l la g e n  to  fo rm  f ib e rs  p ro p e r ly  

a n d , th e re fo re ,  a n  in a b i l i ty  to  p ro v id e  t i s s u e s  w i th  th e  n e e d e d  te n s i le  

s tr e n g th  n o rm a lly  p ro v id e d  b y  c o lla g e n . M o re  th a n  1 ,0 0 0  m u ta t io n s  h a v e  

b e e n  id e n t if ie d  in  2 3  g e n e s  c o d in g  fo r  13  o f  th e  c o l la g e n  ty p e s .  T h e  

fo llo w in g  a re  e x a m p le s  o f  d is e a s e s  ( c o l la g e n o p a th ie s )  th a t  a re  th e  r e s u l t  o f  

d e fe c t iv e  c o l la g e n  sy n th e s is .

1. E h le r s -D a n lo s  s y n d ro m e : E h le r s -D a n lo s  s y n d ro m e  (E D S )  is  a



h e te ro g e n e o u s  g ro u p  o f  c o n n e c t iv e  t i s s u e  d is o rd e rs  th a t  r e s u l t  f ro m  

h e r i ta b le  d e fe c ts  in  th e  m e ta b o l is m  o f  f ib r i l la r  c o l la g e n  m o le c u le s .  E D S  

c a n  b e  c a u s e d  b y  a  d e f ic ie n c y  o f  c o l la g e n -p ro c e s s in g  e n z y m e s  (fo r  

e x a m p le , lysyl hydroxylase  o r  N -procollagen peptidase)  o r  f ro m  

m u ta t io n s  in  th e  a m in o  a c id  s e q u e n c e s  o f  c o l la g e n  ty p e s  I, I II , a n d  V . 

T h e  c la s s ic  fo rm  o f  E D S , c a u s e d  b y  d e fe c ts  in  ty p e  V  c o l la g e n , is  

c h a ra c te r iz e d  b y  s k in  e x te n s ib i l i ty  a n d  f r a g il i ty  a n d  jo in t  h y p e rm o b il i ty  

(F ig . 4 .1 0 ). T h e  v a s c u la r  fo rm , d u e  to  d e fe c ts  in  ty p e  I II  c o l la g e n , is  th e  

m o s t  s e r io u s  fo rm  o f  E D S  b e c a u s e  i t  is  a s s o c ia te d  w ith  p o te n t ia l ly  le th a l  

a r te r ia l  ru p tu re .  [N o te : T h e  c la s s ic  a n d  v a s c u la r  fo rm s  s h o w  a u to s o m a l

d o m in a n t  in h e r i ta n c e .]  C o lla g e n  th a t  c o n ta in s  m u ta n t  c h a in s  m a y  h a v e  

a l te re d  s tru c tu re ,  s e c re t io n , o r  d is tr ib u tio n , a n d  i t  f r e q u e n t ly  is  d e g ra d e d . 

[N o te : I n c o rp o ra t io n  o f  ju s t  o n e  m u ta n t  c h a in  m a y  r e s u l t  in  d e g ra d a t io n  

o f  th e  tr ip le  h e lix . T h is  is  k n o w n  a s  a  d o m in a n t-n e g a t iv e  e f fe c t.]

F ig u re  4 .1 0  S tre tc h y  s k in  o f  c la s s ic  E h le r s -D a n lo s  s y n d ro m e .



2. O s te o g e n e s is  im p e r fe c ta :  T h is  s y n d ro m e , k n o w n  as  “b r i t t le  b o n e  

d is e a s e ,” is  a  g e n e t ic  d is o rd e r  o f  b o n e  f r a g il i ty  c h a ra c te r iz e d  b y  b o n e s  

th a t  f ra c tu re  e a s i ly , w i th  m in o r  o r  n o  t r a u m a  (F ig . 4 .1 1 ). O v e r  8 0 %  o f  

c a s e s  o f  o s te o g e n e s is  im p e r f e c ta  (O I)  a re  c a u s e d  b y  d o m in a n t  m u ta tio n s  

to  th e  g e n e s  th a t  e n c o d e  th e  a 1  o r  a 2  c h a in s  in  ty p e  I c o lla g e n . T h e  m o s t  

c o m m o n  m u ta t io n s  c a u s e  th e  r e p la c e m e n t  o f  g ly c in e  ( in  - G l y - X - Y - )  b y  

a m in o  a c id s  w i th  b u lk y  s id e  c h a in s . T h e  r e s u l ta n t  s t ru c tu ra l ly  a b n o rm a l  a  

c h a in s  p r e v e n t  th e  fo rm a t io n  o f  th e  r e q u ire d  t r ip le -h e l ic a l  c o n fo rm a tio n . 

P h e n o ty p ic  s e v e r i ty  ra n g e s  f ro m  m ild  to  le th a l .  T y p e  I O I, th e  m o s t  

c o m m o n  fo rm , is  c h a ra c te r iz e d  b y  m ild  b o n e  f ra g il i ty ,  h e a r in g  lo s s , a n d  

b lu e  s c le ra e . T y p e  II, th e  m o s t  s e v e re  fo rm , is  ty p ic a l ly  le th a l  in  th e  

p e r in a ta l  p e r io d  as  a  r e s u l t  o f  p u lm o n a ry  c o m p lic a tio n s .  In  u te ro  f ra c tu re s  

a re  s e e n  (s e e  F ig . 4 .1 1 ). T y p e  III  is  a lso  a  s e v e re  fo rm  a n d  is  

c h a ra c te r iz e d  b y  m u l t ip le  f r a c tu re s  a t  b ir th ,  s h o r t  s ta tu re ,  s p in a l  c u rv a tu re  

le a d in g  to  a  h u m p e d -b a c k  (k y p h o tic )  a p p e a ra n c e , a n d  b lu e  s c le ra e . 

D e n tin o g e n e s is  im p e r fe c ta ,  a  d is o rd e r  o f  to o th  d e v e lo p m e n t ,  m a y  b e  s e e n  

in  O I.



F ig u re  4 .1 1  L e th a l  fo rm  ( ty p e  II)  o f  o s te o g e n e s is  im p e r f e c ta  in  w h ic h  th e  

f ra c tu re s  a p p e a r  in  u te r o , a s  r e v e a le d  b y  th is  r a d io g ra p h  o f  a  s t i l lb o rn  fe tu s .

III. ELASTIN

In  c o n t r a s t  to  c o lla g e n , w h ic h  fo rm s  f ib e rs  th a t  a re  to u g h  a n d  h a v e  h ig h  te n s i le  

s tre n g th , e la s t in  is  a  c o n n e c t iv e  t i s s u e  f ib ro u s  p ro te in  w ith  ru b b e r - l ik e  p ro p e r t ie s .  

E la s t ic  f ib e rs  c o m p o s e d  o f  e la s t in  a n d  g ly c o p ro te in  m ic ro f ib r i ls  a re  fo u n d  in  th e  

lu n g s , th e  w a lls  o f  la rg e  a r te r ie s ,  a n d  e la s t ic  l ig a m e n ts .  T h e y  c a n  b e  s tr e tc h e d  to  

s e v e ra l  t im e s  th e ir  n o rm a l  le n g th  b u t  r e c o i l  to  th e ir  o r ig in a l  s h a p e  w h e n  th e  

s tr e tc h in g  fo rc e  is  r e la x e d .

A. Structure
E la s tin  is  a n  in s o lu b le  p ro te in  p o ly m e r  g e n e ra te d  f ro m  a  p re c u rs o r ,  

tro p o e la s t in ,  w h ic h  is  a  s o lu b le  p o ly p e p tid e  c o m p o s e d  o f  ~ 7 0 0  a m in o  a c id s  

th a t  a re  p r im a r i ly  s m a l l  a n d  n o n p o la r  ( fo r  e x a m p le , g ly c in e , a la n in e , a n d  

v a l in e ) .  E la s t in  is  a lso  r ic h  in  p ro l in e  a n d  ly s in e  b u t  c o n ta in s  s c a n t  

h y d ro x y p ro l in e  a n d  h y d ro x y ly s in e .  T ro p o e la s t in  is  s e c re te d  b y  th e  c e l l  in to  

th e  E C M . T h e re ,  i t  in te ra c ts  w ith  s p e c if ic  g ly c o p ro te in  m ic ro f ib r i ls ,  s u c h  as  

f ib r i l l in ,  w h ic h  fu n c t io n  as  a  s c a f fo ld  o n to  w h ic h  t r o p o e la s t in  is  d e p o s ite d . 

S o m e  o f  th e  ly s y l  s id e  c h a in s  o f  th e  t r o p o e la s t in  p o ly p e p tid e s  a re  

o x id a tiv e ly  d e a m in a te d  b y  lysyl oxidase, f o rm in g  a l ly s in e  re s id u e s .  T h re e  

o f  th e  a l ly s y l  s id e  c h a in s  p lu s  o n e  u n a l te r e d  ly s y l  s id e  c h a in  f ro m  th e  s a m e  

o r  n e ig h b o r in g  p o ly p e p tid e s  fo rm  a  d e s m o s in e  c ro s s - l in k  (F ig . 4 .1 2 ). T h is  

p ro d u c e s  e la s tin ,  a n  e x te n s iv e ly  in te rc o n n e c te d ,  ru b b e ry  n e tw o rk  th a t  c a n  

s tre tc h  a n d  b e n d  in  a n y  d ir e c t io n  w h e n  s tre s s e d , g iv in g  c o n n e c t iv e  t is s u e  

e la s t ic i ty  (F ig . 4 .1 3 ). M u ta t io n s  in  th e  f ib r i l l in -1  p ro te in  a re  r e s p o n s ib le  fo r  

M a r fa n  s y n d ro m e , a  c o n n e c t iv e  t i s s u e  d is o rd e r  c h a ra c te r iz e d  b y  im p a ire d  

s tru c tu ra l  in te g r i ty  in  th e  s k e le to n , th e  e y e , a n d  th e  c a rd io v a s c u la r  sy s te m . 

W ith  th is  d is e a se , a b n o rm a l  f ib r i l l in  p ro te in  is  in c o rp o ra te d  in to  m ic ro f ib r i ls  

a lo n g  w ith  n o rm a l  f ib r i l l in ,  in h ib i t in g  th e  fo rm a t io n  o f  fu n c t io n a l  

m ic ro f ib r i ls .  [N o te : P a tie n ts  w i th  M a r fa n  s y n d ro m e , O I, o r  E D S  m a y  h a v e  

b lu e  s c le ra e  d u e  to  t i s s u e  th in n in g  th a t  a l lo w s  u n d e r ly in g  p ig m e n t  to  s h o w  

th ro u g h .]



F ig u re  4 .1 2  D e s m o s in e  c ro s s - l in k  u n iq u e  to  e la s tin .



F ig u re  4 .1 3  E la s t in  f ib e rs  in  r e la x e d  a n d  s tr e tc h e d  c o n fo rm a tio n s .

B. a1-Antitrypsin in elastin degradation
B lo o d  a n d  o th e r  b o d y  f lu id s  c o n ta in  a  p ro te in ,  a 1-a n t i t ry p s in  (A A T ) , w h ic h  

in h ib its  a  n u m b e r  o f  p ro te o ly t ic  e n z y m e s  ( c a l le d  peptidases, proteases, o r  

proteinases)  th a t  h y d ro ly z e  a n d  d e s tro y  p ro te in s .  [N o te : T h e  in h ib i to r  w a s  

o r ig in a lly  n a m e d  A A T  b e c a u s e  i t  in h ib its  th e  a c t iv i ty  o f  trypsin, a  

p ro te o ly t ic  e n z y m e  s y n th e s iz e d  as  t r y p s in o g e n  b y  th e  p a n c re a s  ( s e e  p . 

2 4 8 ) .]  A A T  h a s  th e  im p o r ta n t  p h y s io lo g ic  ro le  o f  in h ib i t in g  n e u tro p h il  

elastase, a  p o w e r fu l  pro tease  th a t  is  r e le a s e d  in to  th e  e x tr a c e l lu la r  s p a c e  

a n d  d e g ra d e s  e la s t in  o f  a lv e o la r  w a lls  as  w e l l  as  o th e r  s t ru c tu ra l  p ro te in s  in



a  v a r ie ty  o f  t i s s u e s  (F ig . 4 .1 4 ). M o s t  o f  th e  A A T  fo u n d  in  p la s m a  is  

s y n th e s iz e d  a n d  s e c re te d  b y  th e  l iv e r . E x tra h e p a t ic  s y n th e s is  a lso  o c c u rs .





F ig u re  4 .1 4  D e s tru c t io n  o f  a lv e o la r  t i s s u e  b y  elastase  r e le a s e d  f ro m  n e u tro p h ils  

a c t iv a te d  a s  p a r t  o f  th e  im m u n e  re s p o n s e  to  a i rb o rn e  p a th o g e n s .

1. a 1 - A n t i t r y p s in  in  th e  lu n g s : In  th e  n o rm a l  lu n g , th e  a lv e o l i  a re  

c h ro n ic a lly  e x p o s e d  to  lo w  le v e ls  o f  n e u tro p h il  elastase  r e le a s e d  f ro m  

a c t iv a te d  a n d  d e g e n e ra t in g  n e u tro p h ils .  T h e  p ro te o ly t ic  a c t iv i ty  o f  

elastase  c a n  d e s tro y  th e  e la s t in  in  a lv e o la r  w a lls  i f  u n o p p o s e d  b y  th e  

a c t io n  o f  A A T , th e  m o s t  im p o r ta n t  in h ib i to r  o f  n e u t ro p h il  elastase  ( s e e  

F ig . 4 .1 4 ). B e c a u s e  lu n g  t is s u e  c a n n o t  re g e n e ra te ,  th e  d e s tru c t io n  o f  th e  

c o n n e c t iv e  t i s s u e  o f  a lv e o la r  w a lls  c a u s e d  b y  a n  im b a la n c e  b e tw e e n  th e  

pro tease  a n d  its  in h ib i to r  r e s u lts  in  p u lm o n a ry  d is e a se .

2. a 1 - A n t i t r y p s in  d e f ic ie n c y  a n d  e m p h y se m a : In  th e  U n ite d  S ta te s , ~ 2 % -  

5 %  o f  p a t ie n ts  w ith  e m p h y s e m a  a re  p r e d is p o s e d  to  th e  d is e a s e  b y  

in h e r i te d  d e fe c ts  in  A A T . A  n u m b e r  o f  d if f e r e n t  m u ta t io n s  in  th e  g e n e  

fo r  A A T  a re  k n o w n  to  c a u s e  a  d e f ic ie n c y  o f  th e  p ro te in ,  b u t  o n e  s in g le  

p u r in e  b a s e  m u ta t io n  (G A G  to  A A G , re s u lt in g  in  th e  s u b s t i tu t io n  o f  

ly s in e  fo r  g lu ta m ic  a c id  a t  p o s i t io n  3 4 2  o f  th e  p ro te in )  is  c l in ic a lly  th e  

m o s t  w id e s p re a d  a n d  s e v e re . [N o te : T h e  m u ta te d  p ro te in  is  te rm e d  th e  Z 

v a r ia n t .]  T h e  m u ta t io n  c a u s e s  th e  n o rm a lly  m o n o m e r ic  A A T  to  m is fo ld , 

p o ly m e r iz e ,  a n d  a g g re g a te  w ith in  th e  R E R  o f  h e p a to c y te s ,  r e s u l t in g  in  

d e c re a s e d  s e c re t io n  o f  A A T  b y  th e  l iv e r . A A T  d e f ic ie n c y  is , th e re fo re ,  a  

m is fo ld e d  p ro te in  d is e a se . C o n s e q u e n t ly ,  b lo o d  le v e ls  o f  A A T  a re  

r e d u c e d , d e c re a s in g  th e  a m o u n t  th a t  g e ts  to  th e  lu n g . T h e  p o ly m e r  th a t  

a c c u m u la te s  in  th e  l iv e r  m a y  re s u l t  in  c i r rh o s is  ( s c a r r in g  o f  th e  l iv e r ) .  In  

th e  U n ite d  S ta te s , th e  A A T  m u ta t io n  is  m o s t  c o m m o n  in  C a u c a s ia n s  o f  

N o r th e rn  E u ro p e a n  a n c e s try .  A n  in d iv id u a l  m u s t  in h e r i t  tw o  a b n o rm a l  

A A T  a l le le s  to  b e  a t  r i s k  fo r  th e  d e v e lo p m e n t  o f  e m p h y s e m a . In  a  

h e te ro z y g o te ,  w i th  o n e  n o rm a l  a n d  o n e  d e fe c t iv e  g e n e , th e  le v e ls  o f  A A T  

a re  s u f f ic ie n t  to  p ro te c t  th e  a lv e o l i  f ro m  d a m a g e . [N o te : M e th io n in e  3 5 8  

in  A A T  is  r e q u ire d  fo r  th e  b in d in g  o f  th e  in h ib i to r  to  i ts  ta rg e t  pro teases . 

S m o k in g  c a u s e s  th e  o x id a t io n  a n d  s u b s e q u e n t  in a c t iv a t io n  o f  th e  

m e th io n in e , th e re b y  r e n d e r in g  th e  in h ib i to r  p o w e r le s s  to  n e u tra l iz e  

elastase. S m o k e rs  w i th  A A T  d e f ic ie n c y , th e re fo re ,  h a v e  a  c o n s id e ra b ly  

e le v a te d  r a te  o f  lu n g  d e s tru c t io n  a n d  a  p o o re r  s u rv iv a l  r a te  th a n  

n o n s m o k e rs  w i th  th e  d e f ic ie n c y .]  T h e  d e f ic ie n c y  o f  elastase  in h ib i to r  c a n  

b e  t r e a te d  b y  w e e k ly  a u g m e n ta t io n  th e ra p y , th a t  is , in t r a v e n o u s  

a d m in is tr a t io n  o f  A A T . T h e  A A T  d if fu s e s  f ro m  th e  b lo o d  in to  th e  lu n g ,



w h e re  i t  r e a c h e s  th e ra p e u tic  le v e ls  in  th e  f lu id  s u r ro u n d in g  th e  lu n g  

e p i th e l ia l  c e lls .



IV. CHAPTER SUMMARY

C o lla g e n  a n d  e la s t in  a re  s t ru c tu ra l  f ib ro u s  p ro te in s  o f  th e  e x tr a c e l lu la r  

m a tr ix  (F ig . 4 .1 5 ). C o lla g e n  c o n ta in s  a n  a b u n d a n c e  o f  p ro lin e , ly s in e , a n d  

g ly c in e , th e  la t te r  o c c u r r in g  a t  e v e ry  th i rd  p o s i t io n  in  th e  p r im a ry  s tru c tu re .  

I t  a lso  c o n ta in s  h y d ro x y p ro l in e ,  h y d ro x y ly s in e ,  a n d  g ly c o s y la te d  

h y d ro x y ly s in e ,  e a c h  fo rm e d  b y  p o s t t r a n s la t io n a l  m o d if ic a tio n .  F ib r i l la r  

c o l la g e n  h a s  a  lo n g , r ig id  s tru c tu re ,  in  w h ic h  th re e  c o l la g e n  p o ly p e p tid e  a  

c h a in s  a re  w o u n d  a ro u n d  o n e  a n o th e r  in  a  ro p e - l ik e  tr ip le  h e l ix  s ta b i l iz e d  

b y  in te rc h a in  h y d ro g e n  b o n d s . D is e a s e s  o f  f ib r i l la r  c o l la g e n  s y n th e s is  a f f e c t  

b o n e s , jo in ts ,  sk in , a n d  b lo o d  v e s s e ls .  E la s t in  is  a  c o n n e c t iv e  t i s s u e  p ro te in  

w ith  ru b b e r - l ik e  p ro p e r t ie s  in  t i s s u e s  s u c h  a s  th e  lu n g . a r A n t i t ry p s in  

(A A T ) , p ro d u c e d  p r im a r i ly  b y  th e  l iv e r , in h ib its  e la s ta s e -c a ta ly z e d  

d e g ra d a t io n  o f  e la s t in  in  th e  a lv e o la r  w a lls .  A  d e f ic ie n c y  o f  A A T  in c re a s e s  

e la s t in  d e g ra d a t io n  a n d  c a n  c a u s e  e m p h y s e m a  a n d , in  s o m e  c a s e s , c ir rh o s is  

o f  th e  liv e r .



F ig u re  4 .1 5  K e y  c o n c e p t  m a p  fo r  th e  f ib ro u s  p ro te in s  c o l la g e n  a n d  e la s tin . C u 2+ 

=  c o p p e r .

Study Questions



Choose th e  O N E  b e s t  a n s w e r .

.1 . A  3 0 -y e a r -o ld  w o m a n  o f  N o r th e rn  E u ro p e a n  a n c e s try  p re s e n ts  w ith  

p ro g re s s iv e  d y s p n e a  ( s h o r tn e s s  o f  b re a th ) .  S h e  d e n ie s  th e  u s e  o f  c ig a re tte s .  

F a m ily  h is to ry  r e v e a ls  th a t  h e r  s is te r  a lso  h a s  p ro b le m s  w ith  h e r  lu n g s . 

W h ic h  o n e  o f  th e  fo llo w in g  e t io lo g ie s  m o s t  l ik e ly  e x p la in s  th is  p a t ie n t ’s 

p u lm o n a ry  s y m p to m s ?

A . D e f ic ie n c y  in  d ie ta ry  v i ta m in  C

B . D e f ic ie n c y  o f  ^ - a n t i t r y p s i n

C . D e f ic ie n c y  o f  p ro ly l  h y d ro x y la s e

D . D e c re a s e d  e la s ta s e  a c t iv i ty

E . In c re a s e d  c o l la g e n a s e  a c t iv i ty

C o r r e c t  a n s w e r  = B . ^ - A n t i t r y p s i n  (A A T )  d e f ic ie n c y  is  a  g e n e t ic  d is o rd e r  th a t  

c a n  c a u s e  p u lm o n a ry  d a m a g e  a n d  e m p h y s e m a  e v e n  in  th e  a b s e n c e  o f  c ig a re tte  

u se . A  d e f ic ie n c y  o f  A A T  p e rm its  in c r e a s e d  e la s ta s e  a c t iv i ty  to  d e s tro y  e la s t in  

in  th e  a lv e o la r  w a lls .  A A T  d e f ic ie n c y  s h o u ld  b e  s u s p e c te d  w h e n  c h ro n ic  

o b s tru c t iv e  p u lm o n a ry  d is e a s e  d e v e lo p s  in  a  p a t ie n t  y o u n g e r  th a n  a g e  4 5  y e a rs  

w h o  d o e s  n o t  h a v e  a  h is to ry  o f  c h ro n ic  b ro n c h i t is  o r  to b a c c o  u s e  o r  w h e n  

m u l t ip le  f a m ily  m e m b e rs  d e v e lo p  o b s tru c t iv e  lu n g  d is e a s e  a t  a n  e a r ly  ag e . 

C h o ic e s  A , C , a n d  E  r e f e r  to  c o l la g e n , n o t  e la s tin .

.3 . A  7 -m o n th -o ld  c h i ld  “ fe l l  o v e r” w h ile  c ra w lin g  a n d  n o w  p re s e n ts  w i th  a  

s w o l le n  le g . Im a g in g  r e v e a ls  a  f ra c tu re  o f  a  b o w e d  fe m u r, s e c o n d a ry  to  

m in o r  tr a u m a , a n d  th in  b o n e s  (s e e  x - ra y  a t  r ig h t) .  B lu e  s c le ra e  a re  a lso  

n o te d . A t  a g e  1 m o n th , th e  in f a n t  h a d  m u l t ip le  f ra c tu re s  in  v a r io u s  s ta te s  o f  

h e a l in g  ( r ig h t  c la v ic le ,  r ig h t  h u m e ru s ,  a n d  r ig h t  r a d iu s ) .  A  c a re fu l  f a m ily  

h is to ry  h a s  ru le d  o u t  n o n a c c id e n ta l  t r a u m a  (c h i ld  a b u s e )  a s  a  c a u s e  o f  th e  

b o n e  f ra c tu re s .  W h ic h  p a ir in g  o f  a  d e fe c t iv e  (o r  d e f ic ie n t)  m o le c u le  a n d  th e  

r e s u lt in g  p a th o lo g y  b e s t  f its  th is  c l in ic a l  d e s c r ip t io n ?



A . E la s t in  a n d  e m p h y s e m a

B . F ib r illin  a n d  M a r fa n  d is e a s e

C . T y p e  I c o l la g e n  a n d  o s te o g e n e s is  im p e r fe c ta

D . T y p e  V  c o l la g e n  a n d  E h le r s -D a n lo s  s y n d ro m e

E . V ita m in  C  a n d  s c u rv y

C o r re c t  a n s w e r  = C . T h e  c h i ld  m o s t  l ik e ly  h a s  o s te o g e n e s is  im p e r fe c ta .  M o s t  

c a s e s  a r is e  f ro m  a  d e fe c t  in  th e  g e n e s  e n c o d in g  ty p e  I c o lla g e n . B o n e s  in  

a f f e c te d  p a t ie n ts  a re  th in , o s te o p o ro t ic ,  o f te n  b o w e d , a n d  e x tr e m e ly  p ro n e  to  

f ra c tu re .  P u lm o n a ry  p ro b le m s  a re  n o t  s e e n  in  th is  c h ild . I n d iv id u a ls  w ith



M a rfa n  s y n d ro m e  h a v e  im p a ire d  s tru c tu ra l  in te g r i ty  o f  th e  s k e le to n , e y e s , a n d  

c a rd io v a s c u la r  s y s te m . D e fe c ts  in  ty p e  V  c o l la g e n  c a u s e  th e  c la s s ic  fo rm  o f  

E h le r s -D a n lo s  s y n d ro m e  c h a ra c te r iz e d  b y  s k in  e x te n s ib i l i ty  a n d  f r a g il i ty  a n d  

jo in t  h y p e rm o b il i ty .  S c u rv y  c a u s e d  b y  v i ta m in  C  d e f ic ie n c y  is  c h a ra c te r iz e d  b y  

c a p i l la ry  f ra g il i ty .

.2 . W h a t  is  th e  d if f e re n t ia l  b a s is  o f  th e  l iv e r  a n d  lu n g  p a th o lo g y  s e e n  in  %  

a n t i t ry p s in  d e f ic ie n c y ?

W ith  a r a n t i t ry p s in  (A A T )  d e f ic ie n c y , th e  c i r rh o s is  th a t  c a n  r e s u l t  is  d u e  to  

p o ly m e r iz a t io n  a n d  r e te n t io n  o f  A A T  in  th e  l iv e r , i ts  s i te  o f  s y n th e s is .  T h e  

a lv e o la r  d a m a g e  is  d u e  to  th e  r e te n t io n -b a s e d  d e f ic ie n c y  o f  A A T  (a  s e r in e  

p ro te a s e  in h ib i to r )  in  th e  lu n g  s u c h  th a t  e la s ta s e  (a  s e r in e  p ro te a s e )  is  

u n o p p o s e d .

.4 . H o w  a n d  w h y  is  p ro l in e  h y d ro x y la te d  in  c o l la g e n ?

P ro lin e  is  h y d ro x ly a te d  b y  p ro ly l  h y d ro x y la s e ,  a n  e n z y m e  o f  th e  e n d o p la s m ic  

r e t ic u lu m  th a t  r e q u ire s  o x y g e n , f e r ro u s  iro n , a n d  v i ta m in  C . H y d ro x y la t io n  

in c re a s e s  in te r c h a in  h y d ro g e n  b o n d  fo rm a tio n , s tr e n g th e n in g  th e  tr ip le  h e l ix  o f  

c o lla g e n . V ita m in  C  d e f ic ie n c y  im p a ir s  h y d ro x y la tio n .



Enzymes 5

Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

V ir tu a l ly  a l l  r e a c t io n s  in  th e  b o d y  a re  m e d ia te d  b y  e n z y m e s , w h ic h  a re  p ro te in  

c a ta ly s ts  th a t  in c re a s e  th e  ra te  o f  r e a c t io n s  w i th o u t  b e in g  c h a n g e d  in  th e  o v e ra l l  

p ro c e s s .  A m o n g  th e  m a n y  b io lo g ic  r e a c t io n s  th a t  a re  e n e rg e t ic a l ly  p o s s ib le ,  

e n z y m e s  s e le c t iv e ly  c h a n n e l  r e a c ta n ts  ( c a l le d  s u b s t r a te s )  in to  u s e fu l  p a th w a y s . 

T h u s , e n z y m e s  d ir e c t  a l l  m e ta b o l ic  e v e n ts . T h is  c h a p te r  e x a m in e s  th e  n a tu re  o f  

th e s e  c a ta ly t ic  m o le c u le s  a n d  th e ir  m e c h a n is m s  o f  a c tio n .

II. NOMENCLATURE

E a c h  e n z y m e  is  a s s ig n e d  tw o  n a m e s . T h e  f i r s t  is  its  sh o r t ,  r e c o m m e n d e d  n a m e , 

c o n v e n ie n t  fo r  e v e ry d a y  u se . T h e  s e c o n d  is  th e  m o re  c o m p le te  s y s te m a tic  n a m e , 

w h ic h  is  u s e d  w h e n  a n  e n z y m e  m u s t  b e  id e n t if ie d  w i th o u t  a m b ig u ity .

A. Recommended name
M o s t c o m m o n ly  u s e d  e n z y m e  n a m e s  h a v e  th e  s u f f ix  “-ase” a t ta c h e d  to  th e  

s u b s t r a te  o f  th e  r e a c t io n  ( fo r  e x a m p le , glucosidase  a n d  urease) o r  to  a  

d e s c r ip t io n  o f  th e  a c t io n  p e r fo rm e d  ( fo r  e x a m p le , lactate dehydrogenase  
a n d  adenylyl cyclase). [N o te : S o m e  e n z y m e s  r e ta in  th e ir  o r ig in a l  t r iv ia l  

n a m e s , w h ic h  g iv e  n o  h in t  o f  th e  a s s o c ia te d  e n z y m ic  re a c tio n ,  fo r  e x a m p le , 

trypsin  a n d  pepsin .]



B. Systematic name
In  th e  s y s te m a tic  n a m in g  s y s te m , e n z y m e s  a re  d iv id e d  in to  s ix  m a jo r  c la s s e s  

(F ig . 5 .1 ), e a c h  w ith  n u m e ro u s  s u b g ro u p s . F o r  a  g iv e n  e n z y m e , th e  s u f f ix  - 

ase  is  a t ta c h e d  to  a  fa ir ly  c o m p le te  d e s c r ip t io n  o f  th e  c h e m ic a l  r e a c t io n  

c a ta ly z e d , in c lu d in g  th e  n a m e s  o f  a l l  th e  s u b s tra te s ,  fo r  e x a m p le , 

Iactate:nicotinam ide adenine dinucleotide (N AD +) oxidoreductase. [N o te : 

E a c h  e n z y m e  is  a lso  a s s ig n e d  a  c la s s i f ic a t io n  n u m b e r .  L actate:N A D + 

oxidoreductase  is  1 .1 .1 .2 7 .]  T h e  s y s te m a tic  n a m e s  a re  u n a m b ig u o u s  a n d  

in fo rm a tiv e  b u t  a re  f r e q u e n t ly  to o  c u m b e rs o m e  to  b e  o f  g e n e ra l  u se .



1. Oxidoreductases Catalyze oxidation-reduction 
reactions, such as:

CH3- CH- COO-  + NAD+ « = ±  CH3 - C - COO“ + NADH + H-*
A u  \  Lactate "

'Jdehydrogenase u

Lactate"-------- -- Pyruvate

2. Transferases
Catalyze transfer of C-, N-, or P- 
containing groups, such as:

H20

Ç H 2 ~  CH- COO-  + THF
OH NH3+ 

Serine

3. Hydrolases

nh2- c- nh2
6

Urea

4. Lyases

Serine hydroxy- + 
methyl transferase NH3

CHp-COO~+ THF
I ^  I f

C H 2
Glycine

Catalyze cleavage of bonds 
by addition of water, such as:

H90
Urease

C O c 2 NHL

Catalyze cleavage of C-C, C-S, 
and certain C-N bonds, such as:

CH3-C

o

COO"
Pyruvate

decarboxylase

Pyruvate

5. Isomerases

CH3-CH + co9
II ^

o

Acetaldehyde

ICatalyze rearrangement of optical 
lor geometric isomers, such as:

CH3

■OOC -  CH2-C-S-CoA < -OOC-CH2CH2-C-S-CoA
A Methylmalonyl CoA q

u  mutase
Methylmalonyl CoA Succinyl CoA

6. Ligases
Catalyze formation of bonds 
between carbon and O, S, and N 
coupled to hydrolysis of high- 
energy phosphates, such as:

CH3-C-COO_
Ô

Pyruvate

+ co2
Pyruvate 

carboxylase 
•  \  

ATP ADP + P,

OOC-CHp-C-COO'
^  II

o

Oxaloacetate



F ig u re  5 .1  T h e  s ix  m a jo r  c la s s e s  o f  e n z y m e s  w ith  e x a m p le s .  N A D (H )  = 

n ic o t in a m id e  a d e n in e  d in u c le o t id e ;  T H F  = te tr a h y d ro fo la te ;  C o A  = c o e n z y m e  A ; 

C O 2 = c a rb o n  d io x id e ; N H 3 = a m m o n ia ;  A D P  = a d e n o s in e  d ip h o s p h a te ;  Pj = 

in o rg a n ic  p h o s p h a te .

P o te n t ia l ly  c o n fu s in g  e n z y m e  n o m e n c la tu r e  in c lu d e s  synthetase  ( r e q u ire s  

A T P ) , synthase  (n o  A T P  re q u ire d ) ,  phosphatase  (u se s  w a te r  to  r e m o v e  a  

p h o s p h a te  g ro u p ) ,  phosphorylase  (u se s  in o rg a n ic  p h o s p h a te  to  b r e a k  a  

b o n d  a n d  g e n e ra te  a  p h o s p h o ry la te d  p ro d u c t) ,  dehydrogenase  (N A D +  o r 

f la v in  a d e n in e  d in u c le o t id e  [F A D ] is  a n  e le c tro n  a c c e p to r  in  a  r e d o x  

re a c tio n ) ,  oxidase  ( o x y g e n  is  th e  a c c e p to r ,  a n d  o x y g e n  a to m s  a re  n o t  

in c o rp o ra te d  in to  s u b s tra te ) ,  a n d  oxygenase  (o n e  o r  b o th  o x y g e n  a to m s  a re  

in c o rp o ra te d ) .

III. PROPERTIES

E n z y m e s  a re  p ro te in  c a ta ly s ts  th a t  in c re a s e  th e  v e lo c i ty  o f  a  c h e m ic a l  r e a c t io n  

a n d  a re  n o t  c o n s u m e d  d u r in g  th e  r e a c tio n . [N o te : S o m e  r ib o n u c le ic  a c id s  (R N A ) 

c a n  c a ta ly z e  re a c t io n s  th a t  a f f e c t  p h o s p h o d ie s te r  a n d  p e p t id e  b o n d s . R N A s  w ith  

c a ta ly t ic  a c t iv i ty  a re  c a l le d  r ib o z y m e s  (s e e  p . 4 3 4 )  a n d  a re  m u c h  le s s  c o m m o n  

th a n  p ro te in  c a ta ly s ts .]

A. Active site
E n z y m e  m o le c u le s  c o n ta in  a  s p e c ia l  p o c k e t  o r  c le f t  c a l le d  th e  a c t iv e  s ite . 

T h e  a c t iv e  s ite , fo rm e d  b y  fo ld in g  o f  th e  p ro te in ,  c o n ta in s  a m in o  a c id  s id e  

c h a in s  th a t  p a r t ic ip a te  in  s u b s t r a te  b in d in g  a n d  c a ta ly s is  (F ig . 5 .2 ). T h e  

s u b s t r a te  b in d s  th e  e n z y m e  n o n c o v a le n t ly ,  fo rm in g  a n  e n z y m e - s u b s t r a te  

(E S )  c o m p le x . B in d in g  is  th o u g h t  to  c a u s e  a  c o n fo rm a tio n a l  c h a n g e  in  th e  

e n z y m e  ( in d u c e d  f i t  m o d e l)  th a t  a l lo w s  c a ta ly s is .  E S  is  c o n v e r te d  to  a n  

e n z y m e - p r o d u c t  (E P )  c o m p le x  th a t  s u b s e q u e n tly  d is s o c ia te s  to  e n z y m e  a n d  

p ro d u c t .



F ig u re  5 .2  S c h e m a tic  r e p re s e n ta t io n  o f  a n  e n z y m e  w ith  o n e  a c t iv e  s ite  b in d in g  a  

s u b s t r a te  m o le c u le .

B. Efficiency
E n z y m e -c a ta ly z e d  r e a c t io n s  a re  h ig h ly  e f f ic ie n t ,  p ro c e e d in g  f ro m  1 0 3 to  1 0 8 

t im e s  fa s te r  th a n  u n c a ta ly z e d  r e a c tio n s .  T h e  n u m b e r  o f  s u b s t r a te  m o le c u le s  

c o n v e r te d  to  p ro d u c t  p e r  e n z y m e  m o le c u le  p e r  s e c o n d  is  c a l le d  th e  tu rn o v e r  

n u m b e r ,  o r  k cat, a n d  ty p ic a l ly  is  1 0 2- 1 0 4 s -1 . [N o te : k cat is  th e  ra te  c o n s ta n t  

fo r  th e  c o n v e r s io n  o f  E S  to  E  + P  ( s e e  p . 5 8 ).]

C. Specificity



E n z y m e s  a re  h ig h ly  sp e c if ic ,  in te ra c t in g  w ith  o n e  o r  a  fe w  s u b s tra te s  a n d  

c a ta ly z in g  o n ly  o n e  ty p e  o f  c h e m ic a l  r e a c tio n . T h e  s e t  o f  e n z y m e s  m a d e  in  

a  c e l l  d e te rm in e s  w h ic h  re a c t io n s  o c c u r  in  th a t  c e ll.

D. Holoenzymes, apoenzymes, cofactors, and coenzymes
S o m e  e n z y m e s  r e q u ire  n o n p ro te in s  fo r  e n z y m ic  a c t iv i ty .  T h e  te rm  

h o lo e n z y m e  re fe r s  to  th e  a c t iv e  e n z y m e  w ith  its  n o n p ro te in  c o m p o n e n t,  

w h e re a s  th e  e n z y m e  w i th o u t  its  n o n p ro te in  m o ie ty  is  te rm e d  a n  a p o e n z y m e  

a n d  is  in a c tiv e . I f  th e  n o n p ro te in  m o ie ty  is  a  m e ta l  io n , s u c h  a s  z in c  (Z n 2+) 

o r  iro n  (F e 2+), i t  is  c a l le d  a  c o fa c to r  ( s e e  C h a p te r  2 9 ). I f  i t  is  a  s m a l l  o rg a n ic  

m o le c u le ,  i t  is  te rm e d  a  c o e n z y m e . C o e n z y m e s  th a t  o n ly  tr a n s ie n tly  

a s s o c ia te  w i th  th e  e n z y m e  a re  c a l le d  c o s u b s tra te s .  C o s u b s tr a te s  d is s o c ia te  

f ro m  th e  e n z y m e  in  a n  a l te re d  s ta te  (N A D +  is  a n  e x a m p le ; s e e  p . 1 0 1 ). I f  th e  

c o e n z y m e  is  p e rm a n e n tly  a s s o c ia te d  w i th  th e  e n z y m e  a n d  r e tu rn e d  to  its  

o r ig in a l  fo rm , i t  is  c a l le d  a  p ro s th e t ic  g ro u p  (F A D  is  a n  e x a m p le ; s e e  p . 

1 1 0 ). C o e n z y m e s  c o m m o n ly  a re  d e r iv e d  f ro m  v ita m in s .  F o r  e x a m p le , 

N A D +  c o n ta in s  n ia c in , a n d  F A D  c o n ta in s  r ib o f la v in  (s e e  C h a p te r  2 8 ).

E. Regulation
E n z y m e  a c t iv i ty  c a n  b e  r e g u la te d , th a t  is , in c re a s e d  o r  d e c re a s e d , so  th a t  th e  

ra te  o f  p ro d u c t  f o rm a t io n  r e s p o n d s  to  c e l lu la r  n e e d .

F. Location within the cell
M a n y  e n z y m e s  a re  lo c a l iz e d  in  s p e c if ic  o rg a n e l le s  w ith in  th e  c e l l  (F ig . 5 .3 ). 

S u c h  c o m p a r tm e n ta l iz a t io n  s e rv e s  to  is o la te  th e  r e a c t io n  s u b s t r a te  o r  

p ro d u c t  f ro m  o th e r  c o m p e tin g  r e a c tio n s .  T h is  p ro v id e s  a  fa v o ra b le  

e n v i ro n m e n t  fo r  th e  r e a c t io n  a n d  o rg a n iz e s  th e  th o u s a n d s  o f  e n z y m e s  

p r e s e n t  in  th e  c e l l  in to  p u rp o s e fu l  p a th w a y s .



Degradation of complex 
macromolecules



F ig u re  5 .3  T h e  in t r a c e l lu la r  lo c a t io n  o f  s o m e  im p o r ta n t  b io c h e m ic a l  p a th w a y s . 

T C A  = t r ic a rb o x y lic  a c id ; P P  = p e n to s e  p h o s p h a te .

IV. MECHANISM OF ENZYME ACTION

T h e  m e c h a n is m  o f  e n z y m e  a c t io n  c a n  b e  v ie w e d  f ro m  tw o  d if f e re n t  

p e rs p e c t iv e s .  T h e  f i r s t  t r e a ts  c a ta ly s is  in  te rm s  o f  e n e rg y  c h a n g e s  th a t  o c c u r  

d u r in g  th e  re a c tio n . T h a t  is , e n z y m e s  p ro v id e  a n  a l te rn a te ,  e n e rg e tic a lly  

f a v o ra b le  r e a c t io n  p a th w a y  d if f e r e n t  f ro m  th e  u n c a ta ly z e d  re a c tio n .  T h e  s e c o n d  

p e r s p e c t iv e  d e s c r ib e s  h o w  th e  a c t iv e  s ite  c h e m ic a l ly  fa c i l i ta te s  c a ta ly s is .

A. Energy changes occurring during the reaction
V ir tu a l ly  a l l  c h e m ic a l  r e a c t io n s  h a v e  a n  e n e rg y  b a r r ie r  s e p a ra t in g  th e  

r e a c ta n ts  a n d  th e  p ro d u c ts .  T h is  b a r r ie r ,  c a l le d  th e  a c t iv a t io n  e n e rg y  (E a), is  

th e  e n e rg y  d if f e re n c e  b e tw e e n  th a t  o f  th e  r e a c ta n ts  a n d  a  h ig h -e n e rg y  

in te rm e d ia te ,  th e  t r a n s i t io n  s ta te  (T * ) , w h ic h  is  fo rm e d  d u r in g  th e  

c o n v e r s io n  o f  r e a c ta n t  to  p ro d u c t .  F ig u re  5 .4  s h o w s  th e  c h a n g e s  in  e n e rg y  

d u r in g  th e  c o n v e r s io n  o f  a  m o le c u le  o f  r e a c ta n t  A  to  p ro d u c t  B  a s  i t  

p ro c e e d s  th ro u g h  th e  t r a n s i t io n  s ta te .





F ig u re  5 .4  E f f e c t  o f  a n  e n z y m e  o n  th e  a c t iv a t io n  e n e rg y  (E a) o f  a  re a c tio n . A G  = 

c h a n g e  in  f re e  e n e rg y .

1. A c tiv a t io n  e n e rg y : T h e  p e a k  o f  e n e rg y  in  F ig u re  5 .4  is  th e  d if f e re n c e  in  

f re e  e n e rg y  b e tw e e n  th e  r e a c ta n t  a n d  T * , in  w h ic h  th e  h ig h -e n e rg y ,  s h o r t 

l iv e d  in te rm e d ia te  is  fo rm e d  d u r in g  th e  c o n v e r s io n  o f  r e a c ta n t  to  p ro d u c t .  

B e c a u s e  o f  th e  h ig h  E a, th e  ra te s  o f  u n c a ta ly z e d  c h e m ic a l  r e a c t io n s  a re  

o f te n  s lo w .

2. R a te  o f  re a c tio n :  F o r  m o le c u le s  to  re a c t,  th e y  m u s t  c o n ta in  s u f f ic ie n t  

e n e rg y  to  o v e rc o m e  th e  e n e rg y  b a r r ie r  o f  th e  tr a n s i t io n  s ta te . In  th e  

a b s e n c e  o f  a n  e n z y m e , o n ly  a  s m a l l  p ro p o r t io n  o f  a  p o p u la t io n  o f  

m o le c u le s  m a y  p o s s e s s  e n o u g h  e n e rg y  to  a c h ie v e  th e  t r a n s i t io n  s ta te  

b e tw e e n  re a c ta n t  a n d  p ro d u c t .  T h e  ra te  o f  r e a c t io n  is  d e te rm in e d  b y  th e  

n u m b e r  o f  s u c h  e n e rg iz e d  m o le c u le s .  In  g e n e ra l,  th e  lo w e r  th e  E a, th e  

m o re  m o le c u le s  h a v e  s u f f ic ie n t  e n e rg y  to  p a s s  th ro u g h  th e  tr a n s i t io n  s ta te  

a n d , th e re fo re ,  th e  fa s te r  th e  r a te  o f  th e  re a c tio n .

3. A lte rn a te  r e a c t io n  p a th w a y : A n  e n z y m e  a l lo w s  a  r e a c t io n  to  p ro c e e d  

r a p id ly  u n d e r  c o n d i t io n s  p re v a i l in g  in  th e  c e l l  b y  p ro v id in g  a n  a l te rn a te  

r e a c t io n  p a th w a y  w ith  a  lo w e r  E a (s e e  F ig . 5 .4 ). T h e  e n z y m e  d o e s  n o t  

c h a n g e  th e  f re e  e n e rg ie s  o f  th e  r e a c ta n ts  ( s u b s t ra te s )  o r  p ro d u c ts  a n d , 

th e re fo re ,  d o e s  n o t  c h a n g e  th e  e q u i l ib r iu m  o f  th e  r e a c t io n  ( s e e  p . 7 0 ). I t  

d o e s , h o w e v e r ,  a c c e le ra te  th e  ra te  b y  w h ic h  e q u i l ib r iu m  is  r e a c h e d .

B. Active site chemistry
T h e  a c t iv e  s i te  is  n o t  a  p a s s iv e  r e c e p ta c le  fo r  b in d in g  th e  s u b s t r a te  b u t, 

r a th e r , is  a  c o m p le x  m o le c u la r  m a c h in e  e m p lo y in g  a  d iv e r s i ty  o f  c h e m ic a l  

m e c h a n is m s  to  fa c i l i ta te  th e  c o n v e r s io n  o f  s u b s t r a te  to  p ro d u c t .  A  n u m b e r  

o f  fa c to rs  a re  re s p o n s ib le  fo r  th e  c a ta ly t ic  e f f ic ie n c y  o f  e n z y m e s , in c lu d in g  

th e  fo llo w in g  e x a m p le s .

1. T ra n s i t io n - s ta te  s ta b i l iz a tio n :  T h e  a c t iv e  s i te  o f te n  a c ts  a s  a  f le x ib le  

m o le c u la r  te m p la te  th a t  b in d s  th e  s u b s t r a te  a n d  in i t ia te s  its  c o n v e r s io n  to  

th e  t r a n s i t io n  s ta te , a  s tru c tu re  in  w h ic h  th e  b o n d s  a re  n o t  l ik e  th o s e  in  th e



s u b s tr a te  o r  th e  p ro d u c t  (s e e  T *  a t  th e  to p  o f  th e  c u rv e  in  F ig . 5 .4 ). B y  

s ta b i l iz in g  th e  tr a n s i t io n  s ta te , th e  e n z y m e  g re a t ly  in c re a s e s  th e  

c o n c e n tra t io n  o f  th e  r e a c t iv e  in te rm e d ia te  th a t  c a n  b e  c o n v e r te d  to  

p ro d u c t  a n d , th u s , a c c e le ra te s  th e  re a c tio n . [N o te : T h e  tr a n s i t io n  s ta te  

c a n n o t  b e  is o la te d .]

2. C a ta ly s is :  T h e  a c t iv e  s i te  c a n  p ro v id e  c a ta ly t ic  g ro u p s  th a t  e n h a n c e  th e  

p ro b a b i l i ty  th a t  th e  tr a n s i t io n  s ta te  is  fo rm e d . In  s o m e  e n z y m e s , th e s e  

g ro u p s  c a n  p a r t ic ip a te  in  g e n e ra l  a c id - b a s e  c a ta ly s is  in  w h ic h  a m in o  a c id  

r e s id u e s  p ro v id e  o r  a c c e p t  p ro to n s . In  o th e r  e n z y m e s , c a ta ly s is  m a y  

in v o lv e  th e  t r a n s ie n t  fo rm a t io n  o f  a  c o v a le n t  E S  c o m p le x . [N o te : T h e  

m e c h a n is m  o f  a c t io n  o f  chym otrypsin , a n  e n z y m e  o f  p ro te in  d ig e s t io n  in  

th e  in te s t in e , in c lu d e s  g e n e ra l  b a s e , g e n e ra l  a c id , a n d  c o v a le n t  c a ta ly s is .  

A  h is t id in e  a t  th e  a c t iv e  s ite  o f  th e  e n z y m e  g a in s  (g e n e ra l  b a s e )  a n d  lo s e s  

(g e n e ra l  a c id )  p ro to n s , m e d ia te d  b y  th e  p K  o f  h is t id in e  in  p ro te in s  b e in g  

c lo se  to  p h y s io lo g ic  p H . S e r in e  a t  th e  a c t iv e  s i te  fo rm s  a  tr a n s ie n t  

c o v a le n t  b o n d  w ith  th e  s u b s tra te .]

3. T ra n s i t io n - s ta te  v is u a l iz a tio n :  T h e  e n z y m e -c a ta ly z e d  c o n v e r s io n  o f  

s u b s t r a te  to  p r o d u c t  c a n  b e  v is u a l iz e d  a s  b e in g  s im ila r  to  r e m o v in g  a  

s w e a te r  f ro m  a n  u n c o o p e ra t iv e  in f a n t  (F ig . 5 .5 ). T h e  p ro c e s s  h a s  a  h ig h  

E a b e c a u s e  th e  o n ly  r e a s o n a b le  s tra te g y  fo r  re m o v in g  th e  g a rm e n t  ( s h o r t  

o f  r ip p in g  i t  o f f )  r e q u ire s  th a t  th e  r a n d o m  f la i l in g  o f  th e  b a b y  re s u lts  in  

b o th  a rm s  b e in g  fu lly  e x te n d e d  o v e r  th e  h e a d , a n  u n lik e ly  p o s tu re .  

H o w e v e r ,  w e  c a n  e n v is io n  a  p a r e n t  a c t in g  a s  a n  e n z y m e , f i r s t  c o m in g  in  

c o n ta c t  w ith  th e  b a b y  ( fo rm in g  E S )  a n d  th e n  g u id in g  th e  b a b y ’s a rm s  in to  

a n  e x te n d e d , v e r t ic a l  p o s it io n , a n a lo g o u s  to  th e  t r a n s i t io n  s ta te . T h is  

p o s tu re  (c o n fo rm a tio n )  o f  th e  b a b y  fa c i l i ta te s  th e  r e m o v a l  o f  th e  s w e a te r , 

fo rm in g  th e  d is ro b e d  b a b y , w h ic h  h e re  r e p re s e n ts  p ro d u c t .  [N o te : T h e  

s u b s t r a te  b o u n d  to  th e  e n z y m e  (E S )  is  a t  a  s l ig h t ly  lo w e r  e n e rg y  th a n  

u n b o u n d  s u b s tr a te  (S ) a n d  e x p la in s  th e  s m a l l  d ip  in  th e  c u rv e  a t  E S .]
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F ig u re  5 .5  S c h e m a tic  r e p re s e n ta t io n  o f  e n e rg y  c h a n g e s  a c c o m p a n y in g  fo rm a t io n  

o f  a n  e n z y m e - s u b s t r a te  c o m p le x  a n d  s u b s e q u e n t  fo rm a t io n  o f  a  t r a n s i t io n  s ta te .

V. FACTORS AFFECTING REACTION 
VELOCITY

E n z y m e s  c a n  b e  is o la te d  f ro m  c e l ls  a n d  th e ir  p ro p e r t ie s  s tu d ie d  in  a  te s t  tu b e  

( th a t  is , in  v i t r o ). D if f e r e n t  e n z y m e s  s h o w  d if f e r e n t  r e s p o n s e s  to  c h a n g e s  in  

s u b s t r a te  c o n c e n tra t io n ,  te m p e ra tu re ,  a n d  p H . T h is  s e c t io n  d e s c r ib e s  fa c to rs  th a t  

in f lu e n c e  th e  r e a c t io n  v e lo c i ty  o f  e n z y m e s . E n z y m ic  r e s p o n s e s  to  th e s e  fa c to rs  

g iv e  u s  v a lu a b le  c lu e s  a s  to  h o w  e n z y m e s  fu n c t io n  in  l iv in g  c e l ls  ( th a t  is , in  

v iv o ).

A. Substrate concentration
1. M a x im a l  v e lo c ity :  T h e  ra te  o r  v e lo c i ty  o f  a  r e a c t io n  (v ) is  th e  n u m b e r  o f  

s u b s t r a te  m o le c u le s  c o n v e r te d  to  p ro d u c t  p e r  u n i t  t im e . V e lo c i ty  is  

u s u a lly  e x p re s s e d  a s  |im o l  o f  p ro d u c t  fo rm e d  p e r  m in u te .  T h e  ra te  o f  a n  

e n z y m e -c a ta ly z e d  r e a c t io n  in c re a s e s  w ith  s u b s t r a te  c o n c e n tra t io n  u n t i l  a  

m a x im a l  v e lo c i ty  (V max) is  r e a c h e d  (F ig . 5 .6 ). T h e  le v e l in g  o f f  o f  th e  

r e a c t io n  ra te  a t  h ig h  s u b s t r a te  c o n c e n tra t io n s  r e f le c ts  th e  s a tu ra t io n  w ith  

s u b s t r a te  o f  a l l  a v a i la b le  b in d in g  s i te s  o n  th e  e n z y m e  m o le c u le s  p re s e n t.



F ig u re  5 .6  E f f e c t  o f  s u b s t r a te  c o n c e n tra t io n  o n  r e a c t io n  v e lo c ity .

2. S h a p e  o f  th e  e n z y m e  k in e t ic s  c u rv e : M o s t  e n z y m e s  s h o w  M ic h a e l i s 

M e n te n  k in e tic s  (s e e  p . 5 8 ), in  w h ic h  th e  p lo t  o f  in i t ia l  r e a c t io n  v e lo c i ty  

(v o) a g a in s t  s u b s t r a te  c o n c e n tra t io n  is  h y p e rb o l ic  ( s im ila r  in  s h a p e  to  th a t  

o f  th e  o x y g e n -d is s o c ia t io n  c u rv e  o f  m y o g lo b in ;  s e e  p . 2 9 ). In  c o n tra s t ,  

a l lo s te r ic  e n z y m e s  d o  n o t  fo l lo w  M ic h a e l i s -M e n te n  k in e tic s  a n d  s h o w  a  

s ig m o id a l  c u rv e  (s e e  F ig . 5 .6 )  th a t  is  s im ila r  in  s h a p e  to  th e  o x y g e n -  

d is s o c ia t io n  c u rv e  o f  h e m o g lo b in  ( s e e  p . 2 9 ).



B. Temperature
1. V e lo c i ty  in c re a s e  w ith  te m p e ra tu re :  T h e  r e a c t io n  v e lo c i ty  in c re a s e s  w ith  

te m p e ra tu re  u n t i l  a  p e a k  v e lo c i ty  is  r e a c h e d  (F ig . 5 .7 ). T h is  in c re a s e  is  

th e  r e s u l t  o f  th e  in c r e a s e d  n u m b e r  o f  s u b s t r a te  m o le c u le s  h a v in g  

s u f f ic ie n t  e n e rg y  to  p a s s  o v e r  th e  e n e rg y  b a r r ie r  a n d  fo rm  th e  p ro d u c ts  o f  

th e  re a c tio n .

Heat inactivation 
of enzyme

20 40 60 80
Temperature (°C)

F ig u re  5 .7  E f f e c t  o f  te m p e ra tu re  o n  a n  e n z y m e -c a ta ly z e d  re a c tio n .



2. V e lo c i ty  d e c re a s e  w i th  h ig h e r  te m p e ra tu re :  F u r th e r  e le v a t io n  o f  th e  

te m p e ra tu re  c a u s e s  a  d e c re a s e  in  r e a c t io n  v e lo c i ty  as  a  r e s u l t  o f  

te m p e ra tu r e - in d u c e d  d e n a tu ra t io n  o f  th e  e n z y m e  (s e e  F ig . 5 .7 ).

T h e  o p t im u m  te m p e ra tu re  fo r  m o s t  h u m a n  e n z y m e s  is  b e tw e e n  3 5 ° C  a n d  

4 0 ° C . H u m a n  e n z y m e s  s ta r t  to  d e n a tu re  ( s e e  p . 2 0 ) a t  te m p e ra tu re s  a b o v e  

4 0 ° C , b u t  th e rm o p h il ic  b a c te r ia  fo u n d  in  h o t  s p r in g s  h a v e  o p t im u m  

te m p e ra tu re s  o f  7 0 °C .

C. pH
1. p H  e f fe c t  o n  a c t iv e  s ite  io n iz a t io n :  T h e  c o n c e n tra t io n  o f  p ro to n s  ([H + ]) 

a f fe c ts  r e a c t io n  v e lo c i ty  in  s e v e ra l  w a y s . F ir s t ,  th e  c a ta ly t ic  p ro c e s s  

u s u a lly  r e q u ire s  th a t  th e  e n z y m e  a n d  s u b s t r a te  h a v e  s p e c if ic  c h e m ic a l  

g ro u p s  in  e i th e r  a n  io n iz e d  o r  u n io n iz e d  s ta te  in  o rd e r  to  in te ra c t .  F o r  

e x a m p le , c a ta ly t ic  a c t iv i ty  m a y  r e q u i re  th a t  a n  a m in o  g ro u p  o f  th e  

e n z y m e  b e  in  th e  p ro to n a te d  fo rm  ( - N H 3+). B e c a u s e  th is  g ro u p  is  

d e p ro to n a te d  a t  a lk a lin e  p H , th e  r a te  o f  th e  r e a c t io n  d e c lin e s .

2. p H  e f f e c t  o n  e n z y m e  d e n a tu ra tio n :  E x tre m e s  o f  p H  c a n  a lso  le a d  to  

d e n a tu ra t io n  o f  th e  e n z y m e , b e c a u s e  th e  s tru c tu re  o f  th e  c a ta ly t ic a lly  

a c t iv e  p ro te in  m o le c u le  d e p e n d s  o n  th e  io n ic  c h a ra c te r  o f  th e  a m in o  a c id  

s id e  c h a in s .

3. V a r ia b le  p H  o p tim u m : T h e  p H  a t  w h ic h  m a x im a l  e n z y m e  a c t iv i ty  is  

a c h ie v e d  is  d if f e r e n t  fo r  d if f e r e n t  e n z y m e s  a n d  o f te n  re f le c ts  th e  [H +] a t 

w h ic h  th e  e n z y m e  fu n c t io n s  in  th e  b o d y . F o r  e x a m p le , pepsin , a  d ig e s t iv e  

e n z y m e  in  th e  s to m a c h , is  m a x im a lly  a c t iv e  a t  p H  2, w h e re a s  o th e r  

e n z y m e s , d e s ig n e d  to  w o rk  a t  n e u t r a l  p H , a re  d e n a tu re d  b y  s u c h  a n  a c id ic  

e n v i ro n m e n t  (F ig . 5 .8 ).



F ig u re  5 .8  E f f e c t  o f  p H  o n  e n z y m e -c a ta ly z e d  re a c tio n s .

VI. MICHAELIS-MENTEN KINETICS

L e o n o r  M ic h a e lis  a n d  M a u d e  M e n te n  p ro p o s e d  a  s im p le  m o d e l  th a t  a c c o u n ts  fo r  

m o s t  o f  th e  f e a tu re s  o f  m a n y  e n z y m e -c a ta ly z e d  r e a c tio n s .  In  th is  m o d e l,  th e  

e n z y m e  r e v e r s ib ly  c o m b in e s  w ith  i ts  s u b s t r a te  to  fo rm  a n  E S  c o m p le x  th a t  

s u b s e q u e n tly  y ie ld s  p ro d u c t ,  r e g e n e ra t in g  th e  f re e  e n z y m e . T h e  r e a c t io n  m o d e l, 

in v o lv in g  o n e  s u b s t r a te  m o le c u le ,  is  r e p re s e n te d  b e lo w :



ki k2
E + S ES —* E + P

k-1
w h e re  S is  th e  s u b s tra te .

E  is  th e  e n z y m e .

E S  is  th e  e n z y m e - s u b s t r a te  c o m p le x .

P  is  th e  p ro d u c t .

k 1} k _ 1} a n d  k 2 (o r, k cat) a re  ra te  c o n s ta n ts .

A. Michaelis-Menten equation
T h e  M ic h a e l i s -M e n te n  e q u a t io n  d e s c r ib e s  h o w  r e a c t io n  v e lo c i ty  v a r ie s  w ith  

s u b s t r a te  c o n c e n tra t io n :

w h e re  v o = in i t ia l  r e a c t io n  v e lo c i ty

V max = m a x im a l  v e lo c i ty  = k cat [E ]Total

K m = M ic h a e lis  c o n s ta n t  = (k _ 1 + k 2) /k 1 

[S ] = s u b s t r a te  c o n c e n tra t io n

T h e  fo l lo w in g  a s s u m p tio n s  a re  m a d e  in  d e r iv in g  th e  M ic h a e l i s -M e n te n  ra te  

e q u a tio n .

1. E n z y m e  a n d  s u b s t r a te  r e la t iv e  c o n c e n tra t io n s :  T h e  s u b s t r a te

c o n c e n tra t io n  ([S ])  is  m u c h  g re a te r  th a n  th e  c o n c e n tra t io n  o f  e n z y m e  so  

th a t  th e  p e rc e n ta g e  o f  to ta l  s u b s t r a te  b o u n d  b y  th e  e n z y m e  a t  a n y  o n e  

t im e  is  sm a ll.

2. S te a d y -s ta te  a s s u m p tio n :  T h e  c o n c e n tra t io n  o f  th e  E S  c o m p le x  d o e s  n o t



c h a n g e  w ith  t im e  ( th e  s te a d y -s ta te  a s s u m p tio n ) ,  th a t  is , th e  ra te  o f  

f o rm a t io n  o f  E S  is  e q u a l  to  th a t  o f  th e  b r e a k d o w n  o f  E S  (to  E  + S a n d  to  

E  + P ). In  g e n e ra l,  a n  in te rm e d ia te  in  a  s e r ie s  o f  r e a c t io n s  is  s a id  to  b e  in  

s te a d y  s ta te  w h e n  its  r a te  o f  s y n th e s is  is  e q u a l  to  its  r a te  o f  d e g ra d a tio n .

3. In it ia l  v e lo c ity :  In i t ia l  r e a c t io n  v e lo c i t ie s  (v o) a re  u s e d  in  th e  a n a ly s is  o f  

e n z y m e  re a c tio n s .  T h is  m e a n s  th a t  th e  ra te  o f  th e  r e a c t io n  is  m e a s u re d  as 

s o o n  a s  e n z y m e  a n d  s u b s t r a te  a re  m ix e d . A t  th a t  t im e , th e  c o n c e n tra t io n  

o f  p ro d u c t  is  v e ry  sm a ll ,  a n d  th e re fo re ,  th e  r a te  o f  th e  b a c k  r e a c t io n  f ro m  

p ro d u c t  to  s u b s t r a te  c a n  b e  ig n o re d .

B. Important conclusions
1. K m  c h a ra c te r is t ic s :  K m, th e  M ic h a e lis  c o n s ta n t ,  is  c h a ra c te r is t ic  o f  a n  

e n z y m e  a n d  its  p a r t ic u la r  s u b s t r a te  a n d  re f le c ts  th e  a f f in i ty  o f  th e  e n z y m e  

fo r  th a t  s u b s tra te .  K m is  n u m e r ic a l ly  e q u a l  to  th e  s u b s t r a te  c o n c e n tra t io n  

a t  w h ic h  th e  r e a c t io n  v e lo c i ty  is  e q u a l  to  o n e  h a lf  V max. K m d o e s  n o t  v a ry  

w ith  e n z y m e  c o n c e n tra t io n .

a. S m a ll  K m : A  n u m e r ic a l ly  s m a l l  ( lo w )  K m re f le c ts  a  h ig h  a f f in i ty  o f  th e

e n z y m e  fo r  s u b s tra te ,  b e c a u s e  a  lo w  c o n c e n tra t io n  o f  s u b s t r a te  is  

n e e d e d  to  h a lf - s a tu ra te  th e  e n z y m e — th a t  is , to  re a c h  a  v e lo c i ty  th a t  is  

o n e  h a l f  V max (F ig . 5 .9 ).
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F ig u re  5 .9  E f f e c t  o f  s u b s t r a te  c o n c e n tra t io n  o n  r e a c t io n  v e lo c i t ie s  fo r  tw o  

e n z y m e s : e n z y m e  1 w i th  a  s m a l l  M ic h a e l is  c o n s ta n t  (K m) a n d  e n z y m e  2 w ith  a  

la rg e  K m. V max = m a x im a l  v e lo c ity .

b . L a rg e  K m : A  n u m e r ic a l ly  la rg e  (h ig h )  K m re f le c ts  a  lo w  a f f in i ty  o f

e n z y m e  fo r  s u b s t r a te  b e c a u s e  a  h ig h  c o n c e n tr a t io n  o f  s u b s t r a te  is  

n e e d e d  to  h a lf - s a tu ra te  th e  e n z y m e .

2. V e lo c i ty  r e la t io n s h ip  to  e n z y m e  c o n c e n tra t io n :  T h e  ra te  o f  th e  r e a c t io n  is  

d ire c tly  p ro p o r t io n a l  to  th e  e n z y m e  c o n c e n tra t io n  b e c a u s e  [S ] is  n o t  

l im it in g . F o r  e x a m p le , i f  th e  e n z y m e  c o n c e n tr a t io n  is  h a lv e d , th e  in i t ia l  

ra te s  o f  th e  r e a c t io n  (v o) a n d  th a t  o f  V max a re  r e d u c e d  to  h a lf  th a t  o f  th e  

o r ig in a l.

3. R e a c t io n  o rd e r : W h e n  [S ] is  m u c h  le s s  (< < ) th a n  K m, th e  v e lo c i ty  o f  th e  

r e a c t io n  is  a p p ro x im a te ly  p ro p o r t io n a l  to  th e  s u b s t r a te  c o n c e n tra t io n  

(F ig . 5 .1 0 ). T h e  r a te  o f  r e a c t io n  is  th e n  s a id  to  b e  f i r s t  o rd e r  w i th  r e s p e c t  

to  s u b s tra te .  W h e n  [S ] is  m u c h  g re a te r  (> > )  th a n  K m, th e  v e lo c i ty  is  

c o n s ta n t  a n d  e q u a l  to  V max. T h e  ra te  o f  r e a c t io n  is  th e n  in d e p e n d e n t  o f  

s u b s t r a te  c o n c e n tra t io n  ( th e  e n z y m e  is  s a tu ra te d  w i th  s u b s tra te )  a n d  is  

s a id  to  b e  z e ro  o rd e r  w ith  r e s p e c t  to  s u b s t r a te  c o n c e n tra t io n  ( s e e  F ig . 

5 .1 0 ).



------------------------------------------------------------------- \

At high concentrations 
of substrate ([S] »  Km), 
the velocity of the reaction 
is zero order. That is, it is 
constant and independent 
of substrate concentration.



F ig u re  5 .1 0  E f f e c t  o f  s u b s t r a te  c o n c e n tr a t io n  o n  r e a c t io n  v e lo c i ty  fo r  a n  e n z y m e -  

c a ta ly z e d  re a c tio n . V max = m a x im a l  v e lo c ity ;  K m = M ic h a e l is  c o n s ta n t.

D. Lineweaver-Burk plot
W h e n  v o is  p lo t te d  a g a in s t  [S ], i t  is  n o t  a lw a y s  p o s s ib le  to  d e te rm in e  w h e n  

V max h a s  b e e n  a c h ie v e d  b e c a u s e  o f  th e  g r a d u a l  u p w a rd  s lo p e  o f  th e  

h y p e rb o l ic  c u rv e  a t  h ig h  s u b s t r a te  c o n c e n tra t io n s .  H o w e v e r ,  i f  1 /v o is  

p lo t te d  v e r s u s  1 /[S ], a  s t r a ig h t  l in e  is  o b ta in e d  (F ig . 5 .1 1 ). T h is  p lo t,  th e  

L in e w e a v e r -B u rk  p lo t  (a lso  c a l le d  a  d o u b le - re c ip ro c a l  p lo t)  c a n  b e  u s e d  to  

c a lc u la te  K m a n d  V max a s  w e ll  a s  to  d e te rm in e  th e  m e c h a n is m  o f  a c t io n  o f  

e n z y m e  in h ib ito rs .



T h e  e q u a t io n  d e s c r ib in g  th e  L in e w e a v e r -B u rk  p lo t  is:

w h e re  th e  in te r c e p t  o n  th e  x  a x is  is  e q u a l  to  -  1 /K m, a n d  th e  in te r c e p t  o n  th e  

y  a x is  is  e q u a l  to  1 /V max. [N o te : T h e  s lo p e  = K m/V max.]

VII. ENZYME INHIBITION

A n y  s u b s ta n c e  th a t  c a n  d e c re a s e  th e  v e lo c i ty  o f  a n  e n z y m e -c a ta ly z e d  r e a c t io n  is  

c a l le d  a n  in h ib ito r .  In h ib i to r s  c a n  b e  r e v e r s ib le  o r  ir r e v e r s ib le .  I r r e v e r s ib le  

in h ib ito rs  b in d  to  e n z y m e s  th ro u g h  c o v a le n t  b o n d s . L e a d , fo r  e x a m p le , fo rm s  

c o v a le n t  b o n d s  w ith  th e  s u lfh y d ry l  s id e  c h a in  o f  c y s te in e  in  p ro te in s .  

F errochelatase, a n  e n z y m e  in v o lv e d  in  h e m e  s y n th e s is  ( s e e  p . 2 7 9 ) , is  

i r r e v e r s ib ly  in h ib i te d  b y  le a d . [N o te : A n  im p o r ta n t  g ro u p  o f  i r r e v e r s ib le  

in h ib ito rs  a re  th e  m e c h a n is m -b a s e d  in h ib i to r s  th a t  a re  c o n v e r te d  b y  th e  e n z y m e  

i t s e l f  to  a  fo rm  th a t  c o v a le n t ly  l in k s  to  th e  e n z y m e , th e re b y  in h ib i t in g  it. T h e y  

a lso  a re  r e fe r re d  to  a s  “ s u ic id e ” in h ib ito rs .]  R e v e rs ib le  in h ib i to r s  b in d  to  

e n z y m e s  th ro u g h  n o n c o v a le n t  b o n d s  a n d , th u s , d i lu t io n  o f  th e  e n z y m e - in h ib i to r  

c o m p le x  r e s u lts  in  d is s o c ia t io n  o f  th e  re v e r s ib ly  b o u n d  in h ib i to r  a n d  re c o v e ry  o f  

e n z y m e  a c t iv i ty .  T h e  tw o  m o s t  c o m m o n ly  e n c o u n te re d  ty p e s  o f  r e v e r s ib le  

in h ib i t io n  a re  c o m p e ti t iv e  a n d  n o n c o m p e ti t iv e .

A. Competitive inhibition
T h is  ty p e  o f  in h ib i t io n  o c c u rs  w h e n  th e  in h ib i to r  b in d s  r e v e r s ib ly  to  th e  

s a m e  s i te  th a t  th e  s u b s t r a te  w o u ld  n o rm a lly  o c c u p y  a n d , th e re fo re ,  

c o m p e te s  w i th  th e  s u b s t r a te  fo r  th a t  s ite .

1. E f fe c t  o n  V m a x : T h e  e f f e c t  o f  a  c o m p e ti t iv e  in h ib i to r  is  r e v e r s e d  b y  

in c re a s in g  th e  c o n c e n tra t io n  o f  s u b s tra te .  A t  a  s u f f ic ie n t ly  h ig h  [S ], th e



r e a c t io n  v e lo c i ty  r e a c h e s  th e  V max o b s e rv e d  in  th e  a b s e n c e  o f  in h ib ito r ,  

th a t  is , V max is  u n c h a n g e d  (F ig . 5 .1 2 ).

max

max

Maximal velocity, Vmax, is
the same in the presence
of a competitive inhibitor

. inhibitor Competitive
inhibitor

With competitive
inhibitor

(Apparent Km in the presence
inhibitor

a competitive inhibitor)

Michaelis constant, Km, apparently is increased
in the presence of a competitive inhibitor

F ig u re  5 .1 2  A . E f fe c t  o f  a  c o m p e ti t iv e  in h ib i to r  o n  th e  r e a c t io n  v e lo c i ty  v e r s u s  

s u b s tra te  c o n c e n tra t io n  ( [S ])  p lo t .  B . L in e w e a v e r -B u rk  p lo t  o f  c o m p e ti t iv e  

in h ib i t io n  o f  a n  e n z y m e . [N o te : T h e  s lo p e  in c re a s e s  if  in h ib ito r  c o n c e n tra t io n  

in c re a s e s .]

2 . E f fe c t  o n  K m : A  c o m p e ti t iv e  in h ib ito r  in c re a s e s  th e  a p p a re n t  K m fo r  a  

g iv e n  su b s tra te .  T h is  m e a n s  th a t,  in  th e  p r e s e n c e  o f  a  c o m p e ti t iv e  

in h ib ito r ,  m o re  s u b s tra te  is  n e e d e d  to  a c h ie v e  o n e  h a lf  V max.

3. E f fe c t  o n  th e  L in e w e a v e r -B u rk  p lo t: C o m p e ti t iv e  in h ib i t io n  s h o w s  a  

c h a ra c te r is t ic  L in e w e a v e r -B u rk  p lo t  in  w h ic h  th e  p lo ts  o f  th e  in h ib i te d  

a n d  u n in h ib i te d  r e a c t io n s  in te r s e c t  o n  th e  y  a x is  a t  1 /V max (V max is  

u n c h a n g e d ) .  T h e  in h ib i te d  a n d  u n in h ib i te d  r e a c t io n s  s h o w  d if f e r e n t  x -  

a x is  in te rc e p ts ,  in d ic a t in g  th a t  th e  a p p a re n t  K m is  in c r e a s e d  in  th e  

p r e s e n c e  o f  th e  c o m p e ti t iv e  in h ib ito r  b e c a u s e  -  1 /K m m o v e s  c lo se r  to  

z e ro  f ro m  a  n e g a t iv e  v a lu e  (s e e  F ig . 5 .1 2 ). [N o te : A n  im p o r ta n t  g ro u p  o f  

c o m p e ti t iv e  in h ib i to r s  a re  th e  t r a n s i t io n  s ta te  a n a lo g s , s ta b le  m o le c u le s  

th a t  a p p ro x im a te  th e  s tru c tu re  o f  th e  t r a n s i t io n  s ta te , a n d , th e re fo re ,  b in d  

th e  e n z y m e  m o re  t ig h t ly  th a n  d o e s  th e  s u b s tra te .]

4 . S ta t in  d ru g s  a s  e x a m p le s  o f  c o m p e ti t iv e  in h ib ito rs :  T h is  g ro u p  o f  

a n t ih y p e r l ip id e m ic  a g e n ts  c o m p e ti t iv e ly  in h ib its  th e  r a te - l im it in g  

( s lo w e s t)  s te p  in  c h o le s te ro l  b io s y n th e s is .  T h is  r e a c t io n  is  c a ta ly z e d  b y



hydroxym ethylglu taryl coenzym e A  reductase (H M G  CoA reductase;
s e e  p . 2 2 1 ). S ta t in s , s u c h  as  a to rv a s ta t in  (L ip ito r )  a n d  p ra v a s ta t in  

(P ra v a c h o l) ,  a re  s t ru c tu ra l  a n a lo g s  o f  th e  n a tu ra l  s u b s t r a te  fo r  th is  

e n z y m e  a n d  c o m p e te  e f f e c t iv e ly  to  in h ib i t  H M G  CoA reductase. B y  

d o in g  so , th e y  in h ib i t  d e  n o v o  c h o le s te ro l  s y n th e s is ,  th e re b y  lo w e r in g  

p la s m a  c h o le s te ro l  le v e ls  (F ig . 5 .1 3 ).





F ig u re  5 .1 3  P ra v a s ta t in  c o m p e te s  w ith  h y d ro x y m e th y lg lu ta ry l  c o e n z y m e  A  

(H M G  C o A ) fo r  th e  a c t iv e  s ite  o f  H M G  CoA reductase.

B. Noncompetitive inhibition
T h is  ty p e  o f  in h ib i t io n  is  r e c o g n iz e d  b y  its  c h a ra c te r is t ic  e f fe c t  o n  V max

(F ig . 5 .1 4 ). N o n c o m p e t i t iv e  in h ib i t io n  o c c u rs  w h e n  th e  in h ib i to r  a n d  

s u b s tra te  b in d  a t  d if f e re n t  s i te s  o n  th e  e n z y m e . T h e  n o n c o m p e ti t iv e  

in h ib i to r  c a n  b in d  e i th e r  f re e  e n z y m e  o r  th e  e n z y m e - s u b s t r a te  c o m p le x , 

th e re b y  p re v e n t in g  th e  r e a c t io n  f ro m  o c c u r r in g  (F ig . 5 .1 5 ).

max

max

max

Maximal velocity, Vmax,
apparently is decreased
in the presence of a non-

Noncompetitive
competitive inhibitor.

inhibitor
inhibitor

Vmax
With noncompetitive

inhibitorVmax
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Michaelis constant, Km, is unchanged
in the presence of a noncompetitive inhibitor.

F ig u re  5 .1 4  A . E f fe c t  o f  a  n o n c o m p e ti t iv e  in h ib i to r  o n  th e  r e a c t io n  v e lo c i ty  

v e r s u s  s u b s tra te  c o n c e n tra t io n  ( [S ])  p lo t .  B . L in e w e a v e r -B u rk  p lo t  o f  

n o n c o m p e ti t iv e  in h ib i t io n  o f  a n  e n z y m e . [N o te : T h e  s lo p e  in c re a s e s  i f  in h ib i to r  

c o n c e n tra t io n  in c re a s e s .]



F ig u re  5 .1 5  A  n o n c o m p e ti t iv e  in h ib i to r  b in d in g  to  b o th  f re e  e n z y m e  a n d  

e n z y m e - s u b s t r a te  (E S )  c o m p le x .

1. E f fe c t  o n  V m a x : N o n c o m p e t i t iv e  in h ib i t io n  c a n n o t  b e  o v e rc o m e  b y  

in c re a s in g  th e  c o n c e n tr a t io n  o f  s u b s tra te .  T h e re fo re ,  n o n c o m p e ti t iv e  

in h ib ito rs  d e c re a s e  th e  a p p a re n t  V max o f  th e  r e a c tio n .



2. E f fe c t  o n  K m : N o n c o m p e t i t iv e  in h ib ito rs  d o  n o t  in te r f e re  w ith  th e  

b in d in g  o f  s u b s t r a te  to  e n z y m e . T h e re fo re ,  th e  e n z y m e  s h o w s  th e  s a m e  

K m in  th e  p re s e n c e  o r  a b s e n c e  o f  th e  n o n c o m p e ti t iv e  in h ib ito r ,  th a t  is , K m 

is  u n c h a n g e d .

3. E f fe c t  o n  L in e w e a v e r -B u rk  p lo t: N o n c o m p e t i t iv e  in h ib i t io n  is  r e a d i ly  

d if f e re n t ia te d  f ro m  c o m p e ti t iv e  in h ib i t io n  b y  p lo t t in g  1 /v o v e r s u s  1 /[S ] 

a n d  n o tin g  th a t  th e  a p p a re n t  V max d e c re a s e s  in  th e  p r e s e n c e  o f  a  

n o n c o m p e ti t iv e  in h ib ito r ,  w h e re a s  K m is  u n c h a n g e d  (s e e  F ig . 5 .1 4 ).

[N o te : O x y p u r in o l ,  a  m e ta b o l i te  o f  th e  p ro d ru g  a l lo p u r in o l ,  is  a  

n o n c o m p e ti t iv e  in h ib i to r  o f  xanthine oxidase, a n  e n z y m e  o f  p u r in e  

d e g ra d a t io n  (s e e  p . 3 0 1 ) .]

C. Enzyme inhibitors as drugs
A t le a s t  h a l f  o f  th e  te n  m o s t  c o m m o n ly  p r e s c r ib e d  d ru g s  in  th e  U n ite d  

S ta te s  a c t  a s  e n z y m e  in h ib ito rs .  F o r  e x a m p le , th e  w id e ly  p r e s c r ib e d  p- 

la c ta m  a n t ib io t ic s ,  s u c h  a s  p e n ic i l l in  a n d  a m o x ic i l l in ,  a c t  b y  in h ib it in g  

e n z y m e s  in v o lv e d  in  b a c te r ia l  c e l l  w a l l  s y n th e s is .  D ru g s  m a y  a lso  a c t  b y  

in h ib i t in g  e x tr a c e l lu la r  r e a c tio n s .  T h is  is  i l lu s tr a te d  b y  angiotensin 
converting enzym e (ACE) in h ib ito rs .  T h e y  lo w e r  b lo o d  p re s s u re  b y  

b lo c k in g  p la s m a  A C E  th a t  c le a v e s  a n g io te n s in  I to  fo rm  th e  p o te n t  

v a s o c o n s tr ic to r ,  a n g io te n s in  II. T h e s e  d ru g s , w h ic h  in c lu d e  c a p to p r il ,  

e n a la p r il ,  a n d  lis in o p r i l ,  c a u s e  v a s o d ila t io n  a n d , th e re fo re ,  a  r e d u c t io n  in  

b lo o d  p re s s u re .  A s p ir in ,  a  n o n p re s c r ip t io n  d ru g , ir r e v e r s ib ly  in h ib its  

p ro s ta g la n d in  a n d  th ro m b o x a n e  s y n th e s is  b y  in h ib i t in g  cyclooxygenase  (s e e  

p . 2 1 4 ) .

VIII. ENZYME REGULATION

T h e  r e g u la t io n  o f  th e  r e a c t io n  v e lo c i ty  o f  e n z y m e s  is  e s s e n t ia l  i f  a n  o rg a n is m  is  

to  c o o rd in a te  its  n u m e ro u s  m e ta b o l ic  p ro c e s s e s .  T h e  ra te s  o f  m o s t  e n z y m e s  a re  

r e s p o n s iv e  to  c h a n g e s  in  s u b s t r a te  c o n c e n tra t io n ,  b e c a u s e  th e  in t r a c e l lu la r  le v e l  

o f  m a n y  s u b s tra te s  is  in  th e  ra n g e  o f  th e  K m. T h u s , a n  in c re a s e  in  s u b s tra te  

c o n c e n tra t io n  p ro m p ts  a n  in c re a s e  in  r e a c t io n  ra te , w h ic h  te n d s  to  r e tu rn  th e  

c o n c e n tra t io n  o f  s u b s t r a te  to w a rd  n o rm a l.  In  a d d i tio n , s o m e  e n z y m e s  w ith



s p e c ia l iz e d  r e g u la to ry  fu n c t io n s  r e s p o n d  to  a l lo s te r ic  e f fe c to rs  a n d /o r  c o v a le n t  

m o d if ic a t io n  o r  th e y  s h o w  a l te re d  ra te s  o f  e n z y m e  s y n th e s is  (o r  d e g ra d a tio n )  

w h e n  p h y s io lo g ic  c o n d i t io n s  a re  c h a n g e d .

A. Allosteric enzymes
A llo s te r ic  e n z y m e s  a re  r e g u la te d  b y  m o le c u le s  c a l le d  e f f e c to r s  th a t  b in d  

n o n c o v a le n t ly  a t  a  s i te  o th e r  th a n  th e  a c t iv e  s ite . T h e s e  e n z y m e s  a re  a lm o s t  

a lw a y s  c o m p o s e d  o f  m u l t ip le  s u b u n its ,  a n d  th e  r e g u la to ry  ( a l lo s te r ic )  s i te  

th a t  b in d s  th e  e f f e c to r  is  d is t in c t  f ro m  th e  s u b s t r a te -b in d in g  s i te  a n d  m a y  b e  

lo c a te d  o n  a  s u b u n it  th a t  is  n o t  i t s e l f  c a ta ly t ic .  E f fe c to rs  th a t  in h ib i t  e n z y m e  

a c t iv i ty  a re  te rm e d  n e g a t iv e  e f fe c to rs ,  w h e re a s  th o s e  th a t  in c re a s e  e n z y m e  

a c t iv i ty  a re  c a l le d  p o s i t iv e  e f fe c to rs .  P o s i t iv e  a n d  n e g a t iv e  e f f e c to r s  c a n  

a f fe c t  th e  a f f in i ty  o f  th e  e n z y m e  fo r  its  s u b s t r a te  (K 0.5), m o d ify  th e  m a x im a l  

c a ta ly t ic  a c t iv i ty  o f  th e  e n z y m e  (V max), o r  b o th  (F ig . 5 .1 6 ). [N o te : 

A llo s te r ic  e n z y m e s  f re q u e n t ly  c a ta ly z e  th e  c o m m it te d  s te p , o f te n  th e  ra te -  

l im i t in g  s te p , e a r ly  in  a  p a th w a y .]
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F ig u re  5 .1 6  E f fe c ts  o f  n e g a t iv e  o r  p o s i t iv e  e f fe c to rs  o n  a n  a l lo s te r ic  e n z y m e . A . 

M a x im a l  v e lo c i ty  (V max) is  a l te re d . B . T h e  s u b s t r a te  c o n c e n tra t io n  th a t  g iv e s  

h a lf  m a x im a l  v e lo c i ty  (K 0 5 ) is  a l te re d .

1. H o m o tro p ic  e f fe c to rs :  W h e n  th e  s u b s t r a te  i t s e lf  s e rv e s  a s  a n  e f fe c to r ,  th e  

e f f e c t  is  s a id  to  b e  h o m o tro p ic .  M o s t  o f te n , a n  a l lo s te r ic  s u b s t r a te  

fu n c t io n s  a s  a  p o s i t iv e  e f fe c to r .  In  s u c h  a  c a se , th e  p r e s e n c e  o f  a  s u b s t r a te  

m o le c u le  a t  o n e  s i te  o n  th e  e n z y m e  e n h a n c e s  th e  c a ta ly t ic  p ro p e r t ie s  o f  

th e  o th e r  s u b s t r a te -b in d in g  s ite s . T h a t  is , th e ir  b in d in g  s ite s  e x h ib i t  

c o o p e ra tiv i ty .  T h e s e  e n z y m e s  s h o w  a  s ig m o id a l  c u rv e  w h e n  v o is  p lo t te d  

a g a in s t  s u b s t r a te  c o n c e n tra t io n , as  s h o w n  in  F ig u re  5 .1 6 . T h is  c o n tra s ts  

w ith  th e  h y p e rb o l ic  c u rv e  c h a ra c te r is t ic  o f  e n z y m e s  fo llo w in g  M ic h a e l i s 

M e n te n  k in e tic s ,  a s  p re v io u s ly  d is c u s s e d . [N o te : T h e  c o n c e p t  o f  

c o o p e ra t iv i ty  o f  s u b s t r a te  b in d in g  is  a n a lo g o u s  to  th e  b in d in g  o f  o x y g e n  

to  h e m o g lo b in  (s e e  p . 2 9 ).]

2. H e te ro tro p ic  e f fe c to rs :  T h e  e f fe c to r  m a y  b e  d if f e r e n t  f ro m  th e  su b s tra te ,  

in  w h ic h  c a s e  th e  e f f e c t  is  s a id  to  b e  h e te ro tro p ic .  F o r  e x a m p le , c o n s id e r  

th e  f e e d b a c k  in h ib i t io n  s h o w n  in  F ig u re  5 .1 7 . T h e  e n z y m e  th a t  c o n v e r ts  

D  to  E  h a s  a n  a l lo s te r ic  s i te  th a t  b in d s  th e  e n d  p ro d u c t ,  G . I f  th e  

c o n c e n tra t io n  o f  G  in c re a s e s  ( fo r  e x a m p le , b e c a u s e  i t  is  n o t  u s e d  as  

r a p id ly  a s  i t  is  s y n th e s iz e d ) ,  th e  f i r s t  i r r e v e r s ib le  s te p  u n iq u e  to  th e  

p a th w a y  is  ty p ic a l ly  in h ib ite d . F e e d b a c k  in h ib i t io n  p ro v id e s  th e  c e l l  w ith  

a p p ro p r ia te  a m o u n ts  o f  a  p ro d u c t  i t  n e e d s  b y  r e g u la t in g  th e  f lo w  o f  

s u b s t r a te  m o le c u le s  th ro u g h  th e  p a th w a y  th a t  s y n th e s iz e s  th a t  p ro d u c t .  

H e te ro tro p ic  e f f e c to r s  a re  c o m m o n ly  e n c o u n te re d . F o r  e x a m p le , th e  

g ly c o ly t ic  e n z y m e  phosphofructokinase-1  is  a l lo s te r ic a lly  in h ib i te d  b y  

c i tra te , w h ic h  is  n o t  a  s u b s t r a te  fo r  th e  e n z y m e  (s e e  p . 9 9 ).



B. Covalent modification
M a n y  e n z y m e s  a re  r e g u la te d  b y  c o v a le n t  m o d if ic a tio n ,  m o s t  o f te n  b y  th e  

a d d i t io n  o r  re m o v a l  o f  p h o s p h a te  g ro u p s  f ro m  s p e c if ic  s e r in e , th re o n in e , o r  

ty ro s in e  r e s id u e s  o f  th e  e n z y m e . P ro te in  p h o s p h o ry la t io n  is  r e c o g n iz e d  as  

o n e  o f  th e  p r im a ry  w a y s  in  w h ic h  c e l lu la r  p ro c e s s e s  a re  re g u la te d .

1. P h o s p h o ry la t io n  a n d  d e p h o s p h o ry la t io n :  P h o s p h o ry la t io n  r e a c t io n s  a re  

c a ta ly z e d  b y  a  fa m ily  o f  e n z y m e s  c a l le d  protein  kinases  th a t  u s e  A T P  as  

th e  p h o s p h a te  d o n o r . P h o s p h a te  g ro u p s  a re  c le a v e d  f ro m  p h o s p h o ry la te d  

e n z y m e s  b y  th e  a c t io n  o f  phosphoprotein  phosphatases  (F ig . 5 .1 8 ).



F ig u re  5 .1 8  C o v a le n t  m o d if ic a t io n  b y  th e  a d d i t io n  a n d  re m o v a l  o f  p h o s p h a te  

g ro u p s . [N o te : H P O 42- m a y  b e  r e p re s e n te d  a s  Pj a n d  P O 32- a s  P .] A D P  = 

a d e n o s in e  d ip h o s p h a te .

2. E n z y m e  re s p o n s e  to  p h o s p h o ry la t io n :  D e p e n d in g  o n  th e  s p e c if ic  e n z y m e , 

th e  p h o s p h o ry la te d  fo rm  m a y  b e  m o re  o r  le s s  a c t iv e  th a n  th e  

u n p h o s p h o ry la te d  e n z y m e . F o r  e x a m p le , h o rm o n e -m e d ia te d  

p h o s p h o ry la t io n  o f  glycogen phosphorylase  (a n  e n z y m e  th a t  d e g ra d e s  

g ly c o g e n )  in c re a s e s  a c t iv i ty ,  w h e re a s  p h o s p h o ry la t io n  o f  glycogen  

synthase  (a n  e n z y m e  th a t  s y n th e s iz e s  g ly c o g e n )  d e c re a s e s  a c t iv i ty  ( s e e  p . 

1 3 2 ).

C. Enzyme synthesis
T h e  r e g u la to ry  m e c h a n is m s  d e s c r ib e d  a b o v e  m o d ify  th e  a c t iv i ty  o f  e x is t in g



e n z y m e  m o le c u le s .  H o w e v e r ,  c e l ls  c a n  a lso  r e g u la te  th e  a m o u n t  o f  e n z y m e  

p re s e n t  b y  a l te r in g  th e  ra te  o f  e n z y m e  d e g ra d a t io n  o r, m o re  ty p ic a l ly ,  th e  

ra te  o f  e n z y m e  s y n th e s is .  T h e  in c re a s e  ( in d u c tio n )  o r  d e c re a s e  ( r e p re s s io n )  

o f  e n z y m e  s y n th e s is  le a d s  to  a n  a l te ra t io n  in  th e  to ta l  p o p u la t io n  o f  a c t iv e  

s ite s . E n z y m e s  s u b je c t  to  r e g u la t io n  o f  s y n th e s is  a re  o f te n  th o s e  th a t  a re  

n e e d e d  a t  o n ly  o n e  s ta g e  o f  d e v e lo p m e n t  o r  u n d e r  s e le c te d  p h y s io lo g ic  

c o n d it io n s .  F o r  e x a m p le , e le v a te d  le v e ls  o f  in s u l in  a s  a  r e s u l t  o f  h ig h  b lo o d  

g lu c o s e  le v e ls  c a u s e  a n  in c re a s e  in  th e  s y n th e s is  o f  k e y  e n z y m e s  in v o lv e d  

in  g lu c o s e  m e ta b o l is m  (s e e  p . 1 0 5 ). In  c o n tra s t ,  e n z y m e s  th a t  a re  in  

c o n s ta n t  u s e  a re  u s u a l ly  n o t  r e g u la te d  b y  a l te r in g  th e  ra te  o f  e n z y m e  

s y n th e s is .  A lte r a t io n s  in  e n z y m e  le v e ls  a s  a  r e s u l t  o f  in d u c t io n  o r  r e p re s s io n  

o f  p r o te in  s y n th e s is  a re  s lo w  (h o u rs  to  d a y s ) ,  c o m p a re d  w ith  a l lo s te r ic a l ly  

o r  c o v a le n t ly  r e g u la te d  c h a n g e s  in  e n z y m e  a c t iv i ty ,  w h ic h  o c c u r  in  s e c o n d s  

to  m in u te s .  F ig u re  5 .1 9  s u m m a r iz e s  th e  c o m m o n  w a y s  th a t  e n z y m e  a c t iv i ty  

is  re g u la te d .

F ig u re  5 .1 9  M e c h a n is m s  fo r  re g u la t in g  e n z y m e  a c t iv i ty .  [N o te : I n h ib i t io n  b y  

p a th w a y  e n d  p ro d u c t  is  a lso  r e f e r r e d  to  a s  f e e d b a c k  in h ib it io n .]

IX. Enzymes in Clinical Diagnosis

P la s m a  e n z y m e s  c a n  b e  c la s s i f ie d  in to  tw o  m a jo r  g ro u p s . F ir s t ,  a  r e la t iv e ly  s m a ll  

g ro u p  o f  e n z y m e s  a re  a c t iv e ly  s e c re te d  in to  th e  b lo o d  b y  c e r ta in  c e ll  ty p e s . F o r  

e x a m p le , th e  l iv e r  s e c re te s  z y m o g e n s  ( in a c tiv e  p re c u r s o r s )  o f  th e  e n z y m e s  

in v o lv e d  in  b lo o d  c o a g u la tio n . S e c o n d , a  la rg e  n u m b e r  o f  e n z y m e  s p e c ie s  a re  

r e le a s e d  f ro m  c e lls  d u r in g  n o rm a l c e ll tu rn o v e r .  T h e s e  e n z y m e s  a lm o s t  a lw a y s  

fu n c t io n  in t r a c e l lu la r ly  a n d  h a v e  n o  p h y s io lo g ic  u s e  in  th e  p la sm a . In  h e a l th y  

in d iv id u a ls ,  th e  le v e ls  o f  th e s e  e n z y m e s  a re  fa ir ly  c o n s ta n t  a n d  r e p re s e n t  a  s te a d y  

s ta te  in  w h ic h  th e  ra te  o f  re le a s e  f ro m  d a m a g e d  c e lls  in to  th e  p la s m a  is  b a la n c e d  

b y  a n  e q u a l ra te  o f  r e m o v a l  f ro m  th e  p la sm a . I n c re a s e d  p la s m a  le v e ls  o f  th e se



enzymes may indicate tissue damage (Fig. 5.20).

F ig u re  5 .2 0  R e le a s e  o f  e n z y m e s  f ro m  n o rm a l (A ) a n d  d is e a s e d  o r  t r a u m a t iz e d  

(B ) ce lls .

P la s m a  is  th e  f lu id , n o n c e l lu la r  p a r t  o f  b lo o d . L a b o ra to ry  a s s a y s  o f  e n z y m e  

a c t iv i ty  m o s t  o f te n  u se  s e ru m , w h ic h  is  o b ta in e d  b y  c e n tr i fu g a t io n  o f  w h o le  

b lo o d  a f te r  i t  h a s  b e e n  a l lo w e d  to  c o a g u la te .  P la s m a  is  a  p h y s io lo g ic  f lu id , 

w h e re a s  s e ru m  is  p r e p a re d  in  th e  la b o ra to ry .

A. Plasma enzyme levels in disease states
M a n y  d is e a s e s  th a t  c a u s e  t is s u e  d a m a g e  r e s u l t  in  a n  in c re a s e d  r e le a s e  o f  

in t r a c e l lu la r  e n z y m e s  in to  th e  p la sm a . T h e  a c t iv i t ie s  o f  m a n y  o f  th e se  

e n z y m e s  a re  ro u t in e ly  d e te rm in e d  fo r  d ia g n o s t ic  p u rp o s e s  in  d is e a s e s  o f  th e  

h e a r t ,  l iv e r , s k e le ta l  m u s c le ,  a n d  o th e r  t is s u e s .  T h e  le v e l  o f  s p e c if ic  e n z y m e  

a c t iv i ty  in  th e  p la s m a  f r e q u e n t ly  c o r re la te s  w i th  th e  e x te n t  o f  t i s s u e  d a m a g e . 

T h e re fo re ,  d e te rm in in g  th e  d e g re e  o f  e le v a t io n  o f  a  p a r t ic u la r  e n z y m e  

a c t iv i ty  in  th e  p la s m a  is  o f te n  u s e fu l  in  e v a lu a tin g  th e  p ro g n o s is  fo r  th e  

p a tie n t .

B. Plasma enzymes as diagnostic tools
S o m e  e n z y m e s  s h o w  re la t iv e ly  h ig h  a c t iv i ty  in  o n ly  o n e  o r  a  fe w  t is s u e s . 

T h e re fo re ,  th e  p re s e n c e  o f  in c re a s e d  le v e ls  o f  th e s e  e n z y m e s  in  p la s m a  

re f le c ts  d a m a g e  to  th e  c o r re s p o n d in g  t is s u e . F o r  e x a m p le , th e  e n z y m e  

alanine am inotransferase (ALT; s e e  p . 2 5 1 )  is  a b u n d a n t  in  th e  l iv e r . T h e  

a p p e a ra n c e  o f  e le v a te d  le v e ls  o f  A L T  in  p la s m a  s ig n a ls  p o s s ib le  d a m a g e  to



h e p a t ic  t is s u e . [N o te : M e a s u re m e n t  o f  A L T  is  p a r t  o f  th e  l iv e r  fu n c t io n  te s t  

p a n e l .]  In c re a s e s  in  p la s m a  le v e ls  o f  e n z y m e s  w i th  a  w id e  t i s s u e  

d is tr ib u t io n  p ro v id e  a  le s s  s p e c if ic  in d ic a t io n  o f  th e  s i te  o f  c e l lu la r  in ju ry  

a n d  l im its  th e ir  d ia g n o s t ic  v a lu e .

C. Isoenzymes and heart disease
I s o e n z y m e s  (a lso  c a l le d  is o z y m e s )  a re  e n z y m e s  th a t  c a ta ly z e  th e  s a m e  

re a c tio n . H o w e v e r ,  th e y  d o  n o t  n e c e s s a r i ly  h a v e  th e  s a m e  p h y s ic a l  

p ro p e r t ie s  b e c a u s e  o f  g e n e t ic a l ly  d e te rm in e d  d if f e re n c e s  in  a m in o  a c id  

s e q u e n c e . F o r  th is  re a s o n , is o e n z y m e s  m a y  c o n ta in  d if f e r e n t  n u m b e rs  o f  

c h a rg e d  a m in o  a c id s , w h ic h  a l lo w s  e le c tro p h o re s is  ( th e  m o v e m e n t  o f  

c h a rg e d  p a r t ic le s  in  a n  e le c tr ic  f ie ld )  to  s e p a ra te  th e m  (F ig . 5 .2 1 ). D if f e re n t  

o rg a n s  c o m m o n ly  c o n ta in  c h a ra c te r is t ic  p ro p o r t io n s  o f  d if f e re n t  

is o e n z y m e s . T h e  p a t te rn  o f  is o e n z y m e s  fo u n d  in  th e  p la s m a  m a y , th e re fo re ,  

s e rv e  as  a  m e a n s  o f  id e n t ify in g  th e  s ite  o f  t i s s u e  d a m a g e . F o r  e x a m p le , th e  

p la s m a  le v e ls  o f  creatine kinase (CK) a re  c o m m o n ly  d e te rm in e d  in  th e  

d ia g n o s is  o f  m y o c a rd ia l  in f a rc t io n  (M I). T h e y  a re  p a r t ic u la r ly  u s e fu l  w h e n  

th e  e le c tro c a rd io g ra m  (E C G ) is  d i f f ic u l t  to  in te rp r e t  s u c h  a s  w h e n  th e re  

h a v e  b e e n  p re v io u s  e p is o d e s  o f  h e a r t  d is e a se .
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F ig u re  5 .2 1  S u b u n it  c o m p o s i t io n ,  e le c tro p h o re t ic  m o b il i ty ,  a n d  e n z y m e  a c t iv i ty  

o f  creatine kinase (CK) i s o e n z y m e s .

1. I s o e n z y m e  q u a te rn a ry  s tru c tu re : M a n y  is o e n z y m e s  c o n ta in  d if f e re n t  

s u b u n its  in  v a r io u s  c o m b in a t io n s .  F o r  e x a m p le , C K  o c c u rs  a s  th re e  

is o e n z y m e s . E a c h  is o e n z y m e  is  a  d im e r  c o m p o s e d  o f  tw o  p o ly p e p tid e s  

( c a l le d  B  a n d  M  s u b u n its )  a s s o c ia te d  in  o n e  o f  th re e  c o m b in a t io n s :  CK1 
= B B , CK2  = M B , a n d  CK3  = M M . E a c h  C K  i s o e n z y m e  s h o w s  a  

c h a ra c te r is t ic  e le c tro p h o re t ic  m o b i l i ty  (s e e  F ig . 5 .2 1 ). [N o te : V ir tu a l ly  a ll 

C K  in  th e  b r a in  is  th e  B B  is o fo rm , w h e re a s  i t  is  M M  in  s k e le ta l  m u s c le .  

In  c a rd ia c  m u s c le ,  a b o u t  o n e  th i rd  is  M B  w ith  th e  r e s t  a s  M M .]

2. D ia g n o s is  o f  m y o c a rd ia l  in fa rc tio n :  M e a s u re m e n t  o f  b lo o d  le v e ls  o f  

p ro te in s  w ith  c a rd ia c  s p e c if ic i ty  (b io m a rk e rs )  is  u s e d  in  th e  d ia g n o s is  o f  

M I. M y o c a rd ia l  m u s c le  is  th e  o n ly  t i s s u e  th a t  c o n ta in s  > 5 %  o f  th e  to ta l  

C K  a c t iv i ty  a s  th e  CK2  (M B ) is o e n z y m e . A p p e a ra n c e  o f  th is  h y b r id  

is o e n z y m e  in  p la s m a  is  v ir tu a l ly  s p e c if ic  fo r  in fa rc t io n  o f  th e  

m y o c a rd iu m . F o llo w in g  a n  a c u te  M I, CK2  a p p e a rs  in  p la s m a  w ith in  4 - 8  

h o u rs  fo llo w in g  o n s e t  o f  c h e s t  p a in , r e a c h e s  a  p e a k  o f  a c t iv i ty  a t  ~ 2 4  

h o u rs , a n d  re tu rn s  to  b a s e l in e  a f te r  4 8 - 7 2  h o u rs  (F ig . 5 .2 2 ). T ro p o n in s  T  

(T n T )  a n d  I (T n I)  a re  r e g u la to ry  p ro te in s  in v o lv e d  in  m u s c le  

c o n tra c ti l i ty .  C a rd ia c - s p e c if ic  is o fo rm s  (c T n )  a re  r e le a s e d  in to  th e  p la s m a  

in  r e s p o n s e  to  c a rd ia c  d a m a g e . T h e y  a re  h ig h ly  s e n s it iv e  a n d  s p e c if ic  fo r  

d a m a g e  to  c a rd ia c  t is s u e . c T n  a p p e a r  in  p la s m a  w ith in  4 - 6  h o u rs  a f te r  a n  

M I, p e a k  in  2 4 - 3 6  h o u rs , a n d  r e m a in  e le v a te d  fo r  3 - 1 0  d a y s . E le v a te d  

c T n , in  c o m b in a t io n  w i th  th e  c l in ic a l  p r e s e n ta t io n  a n d  c h a ra c te r is t ic  

c h a n g e s  in  th e  E C G , a re  c u r re n t ly  c o n s id e re d  th e  “ g o ld  s ta n d a rd ” in  th e  

d ia g n o s is  o f  a n  M I.



Cardiac troponin

CK- MB

Upper 
reference 
limit

v  I1 1 1 1  i l m u  1 1 1 1 1 1  ■  1 1 1 1 1 1 1 1 1 1 1

4  8

^  Days after onset of acute 
myocardial infarction

Infarction



F ig u re  5 .2 2  A p p e a ra n c e  o f  creatine kinase  i s o z y m e  CK-M B  a n d  c a rd ia c  

t ro p o n in  in  p la s m a  a f te r  a n  m y o c a rd ia l  in fa rc tio n .  [N o te : E i th e r  c a rd ia c  t ro p o n in  

T  o r  I m a y  b e  m e a s u re d .]



X. CHAPTER SUMMARY

E n z y m e s  a re  p ro te in  c a ta ly s ts  th a t  in c re a s e  th e  v e lo c i ty  o f  a  c h e m ic a l  

r e a c t io n  b y  lo w e r in g  th e  e n e rg y  o f  th e  t r a n s i t io n  s ta te  (F ig . 5 .2 3 ). T h e y  a re  

n o t  c o n s u m e d  d u r in g  th e  r e a c tio n . E n z y m e  m o le c u le s  c o n ta in  a  s p e c ia l  c le f t  

c a l le d  th e  a c t iv e  s ite , w h ic h  c o n ta in s  a m in o  a c id  s id e  c h a in s  th a t  p a r t ic ip a te  

in  s u b s t r a te  b in d in g  a n d  c a ta ly s is .  T h e  a c t iv e  s ite  b in d s  th e  s u b s tra te ,  

fo rm in g  a n  e n z y m e - s u b s t r a te  (E S )  c o m p le x . B in d in g  is  th o u g h t  to  c a u s e  a  

c o n fo rm a tio n a l  c h a n g e  in  th e  e n z y m e  ( in d u c e d  f it)  th a t  a l lo w s  c a ta ly s is .  E S  

is  c o n v e r te d  to  e n z y m e  a n d  p ro d u c t .  A n  e n z y m e  a l lo w s  a  r e a c t io n  to  

p ro c e e d  r a p id ly  u n d e r  c o n d i t io n s  p re v a i l in g  in  th e  c e l l  b y  p ro v id in g  an  

a l te rn a te  r e a c t io n  p a th w a y  w ith  a  lo w e r  a c t iv a t io n  e n e rg y  (E a). B e c a u s e  th e  

e n z y m e  d o e s  n o t  c h a n g e  th e  f re e  e n e rg ie s  o f  th e  r e a c ta n ts  o r  p ro d u c ts ,  i t  

d o e s  n o t  c h a n g e  th e  e q u i l ib r iu m  o f  th e  re a c tio n . M o s t  e n z y m e s  s h o w  

M ic h a e l is -M e n te n  k in e tic s ,  a n d  a  p lo t  o f  th e  in i t ia l  r e a c t io n  v e lo c i ty  (v o) 

a g a in s t  s u b s t r a te  c o n c e n tra t io n  ([S ])  h a s  a  h y p e rb o l ic  s h a p e  s im ila r  to  th e  

o x y g e n -d is s o c ia t io n  c u rv e  o f  m y o g lo b in .  A  L in e w e a v e r -B u rk  p lo t  o f  1 /v  

a n d  1 /[S ] a l lo w s  d e te rm in a t io n  o f  V max (m a x im a l  v e lo c i ty )  a n d  K m 

(M ic h a e lis  c o n s ta n t ,  w h ic h  re f le c ts  a f f in i ty  fo r  s u b s tra te ) .  A n y  s u b s ta n c e  

th a t  c a n  d e c re a s e  th e  v e lo c i ty  o f  a n  e n z y m e -c a ta ly z e d  r e a c t io n  is  c a l le d  a n  

in h ib ito r .  T h e  tw o  m o s t  c o m m o n  ty p e s  o f  r e v e r s ib le  in h ib i t io n  a re  

c o m p e ti t iv e  (w h ic h  in c re a s e s  th e  a p p a re n t  K m) a n d  n o n c o m p e ti t iv e  (w h ic h  

d e c re a s e s  th e  a p p a re n t  V max). In  c o n tra s t ,  th e  m u l t i s u b u n i t  a l lo s te r ic  

e n z y m e s  s h o w  a  s ig m o id a l  c u rv e  s im ila r  in  s h a p e  to  th e  o x y g e n -  

d is s o c ia t io n  c u rv e  o f  h e m o g lo b in .  T h e y  ty p ic a l ly  c a ta ly z e  th e  c o m m it te d  

s te p  o f  a  p a th w a y . A llo s te r ic  e n z y m e s  a re  r e g u la te d  b y  m o le c u le s  c a l le d  

e f fe c to rs  th a t  b in d  n o n c o v a le n t ly  a t  a  s i te  o th e r  th a n  th e  a c t iv e  s ite . 

E f fe c to rs  c a n  b e  e i th e r  p o s i t iv e  ( in c re a s e  e n z y m e  a c t iv i ty )  o r  n e g a t iv e  

(d e c re a s e  e n z y m e  a c t iv i ty ) .  A n  a l lo s te r ic  e f f e c to r  c a n  a l te r  th e  a f f in i ty  o f  

th e  e n z y m e  fo r  its  s u b s t r a te  (K 0 5 ), th e  m a x im a l  c a ta ly t ic  a c t iv i ty  o f  th e  

e n z y m e  (V max), o r  b o th . E n z y m e s  c a n  a lso  b e  r e g u la te d  b y  c o v a le n t  

m o d if ic a t io n  a n d  b y  c h a n g e s  in  th e  ra te  o f  s y n th e s is  o r  d e g ra d a tio n . 

E n z y m e s  h a v e  d ia g n o s t ic  a n d  th e ra p e u tic  v a lu e  in  m e d ic in e .



F ig u re  5 .2 3  K e y  c o n c e p t  m a p  fo r  th e  e n z y m e s . S =  s u b s tra te ;  [S ] =  s u b s tra te  

c o n c e n tra t io n ;  P  =  p ro d u c t ;  E  =  e n z y m e ; v o =  in i t ia l  v e lo c ity ;  V max =  m a x im a l  

v e lo c ity ;  K m =  M ic h a e lis  c o n s ta n t;  K 05 =  s u b s tra te  c o n c e n tra t io n  th a t  g iv e s  h a lf  

m a x im a l  v e lo c ity .



Study Questions

Choose th e  O N E  b e s t  a n s w e r .

.1 . In  c a s e s  o f  e th y le n e  g ly c o l  p o is o n in g  a n d  its  c h a ra c te r is t ic  m e ta b o l ic  

a c id o s is ,  t r e a tm e n t  in v o lv e s  c o r r e c t io n  o f  th e  a c id o s is ,  r e m o v a l  o f  a n y  

re m a in in g  e th y le n e  g ly c o l, a n d  a d m in is tr a t io n  o f  a n  in h ib i to r  o f  a lc o h o l 

d e h y d ro g e n a s e  (A D H ), th e  e n z y m e  th a t  o x id iz e s  e th y le n e  g ly c o l to  th e  

o rg a n ic  a c id s  th a t  c a u s e  th e  a c id o s is .  E th a n o l  (g ra in  a lc o h o l)  f r e q u e n t ly  is  

th e  in h ib i to r  g iv e n  to  t r e a t  e th y le n e  g ly c o l p o is o n in g . R e s u lts  o f  

e x p e r im e n ts  u s in g  A D H  w ith  a n d  w i th o u t  e th a n o l  a re  s h o w n  to  th e  r ig h t . 

B a s e d  o n  th e s e  d a ta , w h a t  ty p e  o f  in h ib i t io n  is  c a u s e d  b y  th e  e th a n o l?

Substrate 
Concentration 
with Ethanol

Rate of 
Reaction 
(mol/L/s)

Substrate 
Concentration 

without Ethanol

Rate of 
Reaction 
(mol/L/s)

5 mM 3.0 x 10‘ 7 5 mM 8.0 x 10"7

10 mM 5.0 x 10"7 10 mM 1.2 x 10"6

20 mM 1.0 x 10~6 20 mM 1.8 x 10"6

40 mM 1.6 x 10~6 40 mM 1.9 x 10~6

80 mM 2.0 x 10~6 80 mM 2.0 x 10~6 ,

A . C o m p e ti t iv e

B . F e e d b a c k

C . I r re v e rs ib le

D . N o n c o m p e t i t iv e

C o r r e c t  a n s w e r  = A . A  c o m p e ti t iv e  in h ib i to r  in c re a s e s  th e  a p p a re n t  K m fo r  a  

g iv e n  s u b s tra te .  T h is  m e a n s  th a t,  in  th e  p r e s e n c e  o f  a  c o m p e ti t iv e  in h ib ito r ,  

m o re  s u b s t r a te  is  n e e d e d  to  a c h ie v e  o n e  h a lf  V max. T h e  e f f e c t  o f  a  c o m p e ti t iv e  

in h ib i to r  is  r e v e r s e d  b y  in c re a s in g  s u b s t r a te  c o n c e n tra t io n  ( [S ]) . A t  a  

s u f f ic ie n t ly  h ig h  [S ], th e  r e a c t io n  v e lo c i ty  r e a c h e s  th e  V max o b s e rv e d  in  th e  

a b s e n c e  o f  in h ib ito r .



.2 . A lc o h o l  d e h y d ro g e n a s e  (A D H ) r e q u ire s  o x id iz e d  n ic o t in a m id e  a d e n in e  

d in u c le o t id e  (N A D + ) fo r  c a ta ly t ic  a c tiv i ty . In  th e  r e a c t io n  c a ta ly z e d  b y  

A D H , a n  a lc o h o l  is  o x id iz e d  to  a n  a ld e h y d e  as  N A D +  is  r e d u c e d  to  N A D H  

a n d  d is s o c ia te s  f ro m  th e  e n z y m e . T h e  N A D +  is  f u n c t io n in g  a s  a /an :

A . a p o e n z y m e .

B . c o e n z y m e - c o s u b s tr a te .

C . c o e n z y m e - p r o s th e t ic  g ro u p .

D . c o fa c to r .

E . h e te ro tro p ic  e f fe c to r .

C o r r e c t  a n s w e r  = B . A  C o e n z y m e s - c o s u b s t r a te s  a re  s m a l l  o rg a n ic  m o le c u le s  

th a t  a s s o c ia te  tr a n s ie n t ly  w i th  a n  e n z y m e  a n d  le a v e  th e  e n z y m e  in  a  c h a n g e d  

fo rm . C o e n z y m e - p r o s th e t ic  g ro u p s  a re  s m a l l  o rg a n ic  m o le c u le s  th a t  a s s o c ia te  

p e rm a n e n tly  w ith  a n  e n z y m e  a n d  a re  r e tu rn e d  to  th e ir  o r ig in a l  fo rm  o n  th e  

e n z y m e . C o fa c to r s  a re  m e ta l  io n s . H e te ro tro p ic  e f fe c to rs  a re  n o t  s u b s tra te s .

o r  Q u e s tio n s  5 .3  a n d  5 .4 , u s e  th e  g ra p h  b e lo w  th a t  s h o w s  th e  c h a n g e s  in  f re e  

e n e rg y  w h e n  a  r e a c ta n t  is  c o n v e r te d  to  a  p ro d u c t  in  th e  p re s e n c e  a n d  

a b s e n c e  o f  a n  e n z y m e . S e le c t  th e  le t te r  th a t  b e s t  r e p re s e n ts :

.3 . th e  a c t iv a t io n  e n e rg y  o f  th e  c a ta ly z e d  fo rw a rd  re a c tio n .

.4 . th e  f re e  e n e rg y  o f  th e  re a c tio n .



C o r re c t  a n s w e rs  = B ; D . E n z y m e s  (p ro te in  c a ta ly s ts )  p ro v id e  a n  a l te rn a te  

r e a c t io n  p a th w a y  w ith  a  lo w e r  a c t iv a t io n  e n e rg y . H o w e v e r ,  th e y  d o  n o t  c h a n g e  

th e  f re e  e n e rg y  o f  th e  r e a c ta n t  o r  p ro d u c t .  A  is  th e  a c t iv a t io n  e n e rg y  o f  th e  

u n c a ta ly z e d  re a c tio n . C  is  th e  a c t iv a t io n  e n e rg y  o f  th e  c a ta ly z e d  r e v e rs e  

r e a c tio n .



UNIT II
Bioenergetics and Carbohydrate

Metabolism



Bioenergetics and 
Phosphorylation 6

Oxidative

Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

B io e n e rg e t ic s  d e s c r ib e s  th e  t r a n s fe r  a n d  u t i l iz a t io n  o f  e n e rg y  in  b io lo g ic  

s y s te m s . I t  c o n c e rn s  th e  in i t ia l  a n d  f in a l  e n e rg y  s ta te s  o f  th e  r e a c t io n  

c o m p o n e n ts ,  n o t  th e  r e a c t io n  m e c h a n is m  o r  h o w  m u c h  t im e  i t  ta k e s  fo r  th e  

c h e m ic a l  c h a n g e  to  o c c u r . B io e n e rg e t ic s  m a k e s  u s e  o f  a  f e w  b a s ic  id e a s  f ro m  th e  

f ie ld  o f  th e rm o d y n a m ic s ,  p a r t ic u la r ly  th e  c o n c e p t  o f  f re e  e n e rg y . B e c a u s e  

c h a n g e s  in  f re e  e n e rg y  p ro v id e  a  m e a s u re  o f  th e  e n e rg e t ic  fe a s ib i l i ty  o f  a  

c h e m ic a l  r e a c tio n , th e y  a l lo w  p re d ic t io n  o f  w h e th e r  a  r e a c t io n  o r  p ro c e s s  c a n  

ta k e  p la c e . In  sh o r t, b io e n e rg e t ic s  p re d ic ts  if  a  p ro c e s s  is  p o s s ib le ,  w h e re a s  

k in e tic s  m e a s u re s  th e  r e a c t io n  ra te  (s e e  p . 5 4 ).

II. FREE ENERGY

T h e  d ir e c t io n  a n d  e x te n t  to  w h ic h  a  c h e m ic a l  r e a c t io n  p ro c e e d s  a re  d e te rm in e d  

b y  th e  d e g re e  to  w h ic h  tw o  fa c to rs  c h a n g e  d u r in g  th e  re a c tio n . T h e s e  a re  

e n th a lp y  (A H , a  m e a s u re  o f  th e  c h a n g e  [A ] in  h e a t  c o n te n t  o f  th e  r e a c ta n ts  a n d  

p ro d u c ts )  a n d  e n tro p y  (A S , a  m e a s u re  o f  th e  c h a n g e  in  r a n d o m n e s s  o r  d is o rd e r  o f  

th e  r e a c ta n ts  a n d  p ro d u c ts ) ,  a s  s h o w n  in  F ig u re  6 .1 . N e ith e r  o f  th e se  

th e rm o d y n a m ic  q u a n t i t ie s  b y  i t s e l f  is  s u f f ic ie n t  to  d e te rm in e  w h e th e r  a  c h e m ic a l  

r e a c t io n  w i l l  p ro c e e d  s p o n ta n e o u s ly  in  th e  d ir e c t io n  i t  is  w r it te n . H o w e v e r ,  w h e n  

c o m b in e d  m a th e m a tic a l ly  (s e e  F ig . 6 .1 ), e n th a lp y  a n d  e n tro p y  c a n  b e  u s e d  to  

d e f in e  a  th i rd  q u a n tity ,  f r e e  e n e rg y  (G ), w h ic h  p re d ic ts  th e  d ir e c t io n  in  w h ic h  a



r e a c t io n  w i l l  s p o n ta n e o u s ly  p ro c e e d .



AG: CHANGE IN FREE ENERGY
•  Energy available to do work

•  Approaches zero as reaction 
proceeds to equilibrium

•  Predicts whether a reaction is 
favorable

AH: CHANGE IN ENTHALPY
•  Heat released or absorbed 

during a reaction

•  Does not predict whether a 
reaction is favorable

AG =  AH - T A S  <1—̂
AS: CHANGE IN ENTROPY
•  Measure of randomness

•  Does not predict whether a 
reaction is favorable



F ig u re  6 .1  R e la t io n s h ip  b e tw e e n  c h a n g e s  in  f re e  e n e rg y  (G ), e n th a lp y  (H ), a n d  

e n tro p y  (S ). T  is  th e  a b s o lu te  te m p e ra tu re  in  K e lv in  (K ), w h e re  K  = °C  + 2 7 3 .

III. FREE ENERGY CHANGE

T h e  c h a n g e  in  f re e  e n e rg y  is  r e p re s e n te d  in  tw o  w a y s , A G  a n d  A G 0. T h e  f irs t, 

A G  (w ith o u t  th e  s u p e r s c r ip t  “ 0 ” ), r e p re s e n ts  th e  c h a n g e  in  f re e  e n e rg y  a n d , th u s , 

th e  d ir e c t io n  o f  a  r e a c t io n  a t  a n y  s p e c if ie d  c o n c e n tra t io n  o f  p ro d u c ts  a n d  

r e a c ta n ts .  A G , th e n , is  a  v a r ia b le .  T h is  c o n tra s ts  w i th  th e  s ta n d a rd  f re e  e n e rg y  

c h a n g e , A G 0 (w ith  th e  s u p e r s c r ip t  “ 0 ” ), w h ic h  is  th e  e n e rg y  c h a n g e  w h e n  

re a c ta n ts  a n d  p ro d u c ts  a re  a t  a  c o n c e n tra t io n  o f  1 m o l/l .  [N o te : T h e  

c o n c e n tra t io n  o f  p ro to n s  (H +) is  a s s u m e d  to  b e  1 0 -7  m o l / l  ( th a t  is , p H  = 7). T h is  

m a y  b e  s h o w n  b y  a  p r im e  s ig n  ( ' ) ,  fo r  e x a m p le , A G 0'.]  A lth o u g h  A G 0, a  

c o n s ta n t,  r e p re s e n ts  e n e rg y  c h a n g e s  a t  th e s e  n o n p h y s io lo g ic  c o n c e n tra t io n s  o f  

r e a c ta n ts  a n d  p ro d u c ts ,  i t  is  n o n e th e le s s  u s e fu l  in  c o m p a r in g  th e  e n e rg y  c h a n g e s  

o f  d if f e r e n t  r e a c tio n s .  F u r th e rm o re ,  A G 0 c a n  re a d i ly  b e  d e te rm in e d  f ro m  

m e a s u re m e n t  o f  th e  e q u i l ib r iu m  c o n s ta n t  ( s e e  p . 7 1 ). [N o te : T h is  s e c t io n  o u tl in e s  

th e  u s e s  o f  A G , a n d  A G 0 is  d e s c r ib e d  in  D . b e lo w .]

A. AG and reaction direction
T h e  s ig n  o f  A G  c a n  b e  u s e d  to  p r e d ic t  th e  d ir e c t io n  o f  a  r e a c t io n  a t  c o n s ta n t  

te m p e ra tu re  a n d  p re s s u re .  C o n s id e r  th e  re a c tio n :

A ?± B
1. N e g a tiv e  A G : I f  A G  is  n e g a t iv e , th e n  th e re  is  a  n e t  lo s s  o f  e n e rg y , a n d  th e  

r e a c t io n  g o e s  s p o n ta n e o u s ly  a s  w r i t te n  ( th a t  is , A  is  c o n v e r te d  in to  B ) as 

s h o w n  in  F ig u re  6 .2 A . T h e  r e a c t io n  is  s a id  to  b e  e x e rg o n ic .



A
(Reactant)

B
(Product)

Q J  B _  A



F ig u re  6 .2  C h a n g e  in  f re e  e n e rg y  (A G ) d u r in g  a  re a c tio n . A . T h e  p ro d u c t  h a s  a  

lo w e r  f re e  e n e rg y  (G ) th a n  th e  re a c ta n t .  B . T h e  p ro d u c t  h a s  a  h ig h e r  f re e  e n e rg y  

th a n  th e  re a c ta n t .

2. P o s i t iv e  A G : I f  A G  is  p o s it iv e ,  th e n  th e re  is  a  n e t  g a in  o f  e n e rg y , a n d  th e  

r e a c t io n  d o e s  n o t  g o  s p o n ta n e o u s ly  f ro m  B  to  A  (F ig . 6 .2 B ). E n e rg y  m u s t  

b e  a d d e d  to  th e  s y s te m  to  m a k e  th e  r e a c t io n  g o  f ro m  B  to  A . T h e  r e a c t io n  

is  s a id  to  b e  e n d e rg o n ic .

3. Z e ro  A G : I f  A G  = 0 , th e n  th e  r e a c t io n  is  in  e q u i l ib r iu m . [N o te : W h e n  a  

r e a c t io n  is  p ro c e e d in g  s p o n ta n e o u s ly  ( th a t  is , A G  is  n e g a t iv e ) ,  th e  

r e a c t io n  c o n t in u e s  u n t i l  A G  r e a c h e s  z e ro  a n d  e q u i l ib r iu m  is  e s ta b lis h e d .]

B. AG of the forward and back reactions
T h e  f re e  e n e rg y  o f  th e  fo rw a rd  r e a c t io n  (A  B ) is  e q u a l  in  m a g n itu d e  b u t  

o p p o s ite  in  s ig n  to  th a t  o f  th e  b a c k  r e a c t io n  (B  A ) . F o r  e x a m p le , i f  A G  o f  

th e  fo rw a rd  r e a c t io n  is  - 5  k c a l /m o l,  th e n  th a t  o f  th e  b a c k  r e a c t io n  is  + 5  

k c a l /m o l.  [N o te : A G  c a n  a lso  b e  e x p re s s e d  in  k i lo jo u le s  p e r  m o le  o r  k J /m o l 

(1  k c a l  = 4 .2  k J ) .]

C. AG and reactant and product concentrations
T h e  A G  o f  th e  r e a c t io n  A  B  d e p e n d s  o n  th e  c o n c e n tra t io n  o f  th e  r e a c ta n t  

a n d  p ro d u c t .  A t  c o n s ta n t  te m p e ra tu re  a n d  p re s s u re ,  th e  fo llo w in g  

r e la t io n s h ip  c a n  b e  d e r iv e d :

w h e re  A G 0 is  th e  s ta n d a rd  f re e  e n e rg y  c h a n g e  (s e e  D . b e lo w )  

R  is  th e  g a s  c o n s ta n t  (1 .9 8 7  c a l /m o l  K )

T  is  th e  a b s o lu te  te m p e ra tu re  (K )



[A ] a n d  [B ] a re  th e  a c tu a l  c o n c e n tra t io n s  o f  th e  r e a c ta n t  a n d  p ro d u c t  

ln  r e p re s e n ts  th e  n a tu r a l  lo g a r i th m .

A  r e a c t io n  w ith  a  p o s i t iv e  A G 0 c a n  p ro c e e d  in  th e  fo rw a rd  d ir e c t io n  i f  th e  

ra t io  o f  p ro d u c ts  to  r e a c ta n ts  ( [B ] /[A ] )  is  s u f f ic ie n t ly  s m a l l  ( th a t  is , th e  ra t io  

o f  r e a c ta n ts  to  p ro d u c ts  is  la rg e )  to  m a k e  A G  n e g a t iv e . F o r  e x a m p le , 

c o n s id e r  th e  re a c tio n :

Glucose 6-phosphate fructose 6-phosphate

F ig u re  6 .3 A  s h o w s  r e a c t io n  c o n d i t io n s  in  w h ic h  th e  c o n c e n tra t io n  o f  

re a c ta n t ,  g lu c o s e  6 -p h o s p h a te ,  is  h ig h  c o m p a re d  w ith  th e  c o n c e n tr a t io n  o f  

p ro d u c t ,  f ru c to s e  6 -p h o s p h a te .  T h is  m e a n s  th a t  th e  ra t io  o f  th e  p ro d u c t  to  

r e a c ta n t  is  sm a ll ,  a n d  R T  ln ( [ f ru c to s e  6 -p h o s p h a te ] / [g lu c o s e  6 -p h o s p h a te ] )  

is  la rg e  a n d  n e g a t iv e , c a u s in g  A G  to  b e  n e g a t iv e  d e s p ite  A G 0 b e in g  p o s it iv e .  

T h u s , th e  r e a c t io n  c a n  p ro c e e d  in  th e  fo rw a rd  d ire c tio n .



A Nonequilibrium conditions

®  = 0 .9  mol/l ©  = 0 .0 9  mol/l
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F ig u re  6 .3  F re e  e n e rg y  c h a n g e  (A G ) o f  a  r e a c t io n  d e p e n d s  o n  th e  c o n c e n tra t io n  

o f  r e a c ta n t  a n d  p ro d u c t  . F o r  th e  c o n v e r s io n  o f  g lu c o s e  6 -p h o s p h a te  to  f ru c to s e  

6 -p h o s p h a te ,  A G  is  n e g a t iv e  w h e n  th e  r a t io  o f  r e a c ta n t  to  p ro d u c t  is  la rg e  ( to p , 

p a n e l  A ) , is  p o s i t iv e  u n d e r  s ta n d a rd  c o n d i t io n s  (m id d le , p a n e l  B ), a n d  is  z e ro  a t 

e q u i l ib r iu m  (b o tto m , p a n e l  C ). A G 0 = s ta n d a rd  f re e  e n e rg y  c h a n g e .

D. Standard free energy change
T h e  s ta n d a rd  f re e  e n e rg y  c h a n g e , A G 0, is  so  c a l le d  b e c a u s e  i t  is  e q u a l  to  th e  

f re e  e n e rg y  c h a n g e , A G , u n d e r  s ta n d a rd  c o n d i t io n s  ( th a t  is , w h e n  re a c ta n ts  

a n d  p ro d u c ts  a re  a t  1 m o l / l  c o n c e n tra t io n s ;  F ig . 6 .3 B ). U n d e r  th e s e  

c o n d it io n s ,  th e  n a tu r a l  lo g a r i th m  o f  th e  r a t io  o f  p ro d u c ts  to  r e a c ta n ts  is  z e ro  

( l n l  =  0 ), a n d , th e re fo re ,  th e  e q u a t io n  s h o w n  a t  th e  b o t to m  o f  th e  p re v io u s  

p a g e  b e c o m e s :

1. AGO a n d  re a c t io n  d ire c tio n : U n d e r  s ta n d a rd  c o n d it io n s ,  A G 0 c a n  b e  u s e d  

to  p r e d ic t  th e  d ir e c t io n  a  r e a c t io n  p ro c e e d s  b e c a u s e ,  u n d e r  th e s e  

c o n d it io n s ,  A G 0 is  e q u a l  to  A G . H o w e v e r ,  A G 0 c a n n o t  p r e d ic t  th e  

d ir e c t io n  o f  a  r e a c t io n  u n d e r  p h y s io lo g ic  c o n d i t io n s  b e c a u s e  i t  is  

c o m p o s e d  s o le ly  o f  c o n s ta n ts  (R , T , a n d  K eq [se e  2. b e lo w ] )  a n d  is  n o t, 

th e re fo re ,  a l te re d  b y  c h a n g e s  in  p ro d u c t  o r  s u b s t r a te  c o n c e n tra t io n s .

2. R e la t io n s h ip  b e tw e e n  AGO a n d  K e q : In  a  r e a c t io n  A  ^  B , a  p o in t  o f  

e q u i l ib r iu m  is  r e a c h e d  a t  w h ic h  n o  fu r th e r  n e t  c h e m ic a l  c h a n g e  ta k e s  

p la c e  ( th a t  is , w h e n  A  is  b e in g  c o n v e r te d  to  B  as  f a s t  as  B  is  b e in g  

c o n v e r te d  to  A ) . In  th is  s ta te , th e  r a t io  o f  [B ] to  [A ] is  c o n s ta n t,  

r e g a rd le s s  o f  th e  a c tu a l  c o n c e n tra t io n s  o f  th e  tw o  c o m p o u n d s :

w h e re  K eq is  th e  e q u i l ib r iu m  c o n s ta n t ,  a n d  [A ]eq a n d  [B ]eq a re  th e  

c o n c e n tra t io n s  o f  A  a n d  B  a t  e q u i l ib r iu m . I f  th e  r e a c t io n  A  ^  B  is  

a l lo w e d  to  g o  to  e q u i l ib r iu m  a t  c o n s ta n t  te m p e ra tu re  a n d  p re s s u re ,  th e n ,



a t e q u i l ib r iu m , th e  o v e ra l l  A G  is  z e ro  (F ig . 6 .3 C ). T h e re fo re ,

w h e re  th e  a c tu a l  c o n c e n tra t io n s  o f  A  a n d  B  a re  e q u a l  to  th e  e q u i l ib r iu m  

c o n c e n tra t io n s  o f  r e a c ta n t  a n d  p ro d u c t  ( [A ]eq a n d  [B ]eq), a n d  th e ir  r a t io  is  

e q u a l  to  th e  K eq. T h u s ,

/ ---------------------------------------------------------------------------------------- \

AG° = -R T In Ke((
<____________________________________________________ >

T h is  e q u a t io n  a l lo w s  s o m e  s im p le  p re d ic t io n s :

3. A G 0 s  o f  tw o  c o n s e c u t iv e  re a c tio n s : T h e  A G 0s a re  a d d i t iv e  in  a n y  

s e q u e n c e  o f  c o n s e c u t iv e  r e a c tio n s ,  a s  a re  th e  A G s. F o r  e x a m p le :

Glucose + ATP -*• glucose 6-phosphate + ADP AG° = -4,000 cal/mol
Glucose 6-phosphate - ►  fructose 6-phosphate AG° = +400 cal/mol

Glucose + ATP - ►  fructose 6-phosphate + ADP AG° = -3,600 cal/mol

4 . A G s o f  a  p a th w a y : T h e  a d d i t iv e  p ro p e r ty  o f  A G  is  v e ry  im p o r ta n t  in  

b io c h e m ic a l  p a th w a y s  th ro u g h  w h ic h  s u b s t ra te s  ( re a c ta n ts )  m u s t  p a s s  in  

a  p a r t ic u la r  d ir e c t io n  ( fo r  e x a m p le , A  B  C  D  . . . ) .  A s  lo n g  as

th e  s u m  o f  th e  A G s o f  th e  in d iv id u a l  r e a c t io n s  is  n e g a t iv e , th e  p a th w a y  

c a n  p ro c e e d  a s  w r it te n , e v e n  i f  s o m e  o f  th e  in d iv id u a l  r e a c t io n s  o f  th e  

p a th w a y  h a v e  a  p o s i t iv e  A G . H o w e v e r ,  th e  a c tu a l  ra te s  o f  th e  re a c tio n s  

d e p e n d  o n  th e  lo w e r in g  o f  a c t iv a t io n  e n e rg ie s  (E a) b y  th e  e n z y m e s  th a t  

c a ta ly z e  th e  r e a c t io n s  ( s e e  p . 5 5 ).



IV. ATP: AN ENERGY CARRIER

R e a c tio n s  o r  p ro c e s s e s  th a t  h a v e  a  la rg e  p o s i t iv e  A G , s u c h  a s  m o v in g  io n s  

a g a in s t  a  c o n c e n tr a t io n  g r a d ie n t  a c ro s s  a  c e l l  m e m b ra n e ,  a re  m a d e  p o s s ib le  b y  

c o u p l in g  th e  e n d e rg o n ic  m o v e m e n t  o f  io n s  w ith  a  s e c o n d , s p o n ta n e o u s  p ro c e s s  

w ith  a  la rg e  n e g a t iv e  A G  s u c h  a s  th e  e x e rg o n ic  h y d ro ly s is  o f  A T P  (s e e  p . 8 7 ). 

[N o te : In  th e  a b s e n c e  o f  e n z y m e s , A T P  is  a  s ta b le  m o le c u le  b e c a u s e  its  

h y d ro ly s is  h a s  a  h ig h  E a.] F ig u re  6 .4  s h o w s  a  m e c h a n ic a l  m o d e l  o f  e n e rg y  

c o u p lin g . T h e  s im p le s t  e x a m p le  o f  e n e rg y  c o u p l in g  in  b io lo g ic  r e a c t io n s  o c c u rs  

w h e n  th e  e n e rg y - re q u ir in g  a n d  th e  e n e rg y -y ie ld in g  re a c t io n s  s h a re  a  c o m m o n  

in te rm e d ia te .





F ig u re  6 .4  M e c h a n ic a l  m o d e l  o f  th e  c o u p l in g  o f  f a v o ra b le  a n d  u n fa v o ra b le  

p ro c e s s e s .  A . G e a r  w i th  w e ig h t  a t ta c h e d  s p o n ta n e o u s ly  tu rn s  in  th e  d ir e c t io n  th a t  

a c h ie v e s  th e  lo w e s t  e n e rg y  s ta te . B . T h e  r e v e r s e  m o v e m e n t  is  e n e rg e tic a lly  

u n fa v o ra b le  (n o t  s p o n ta n e o u s ) .  C . T h e  e n e rg e t ic a l ly  f a v o ra b le  m o v e m e n t  c a n  

d r iv e  th e  u n fa v o ra b le  o n e . A G  = c h a n g e  in  f re e  e n e rg y .

A. Common intermediates
T w o  c h e m ic a l  r e a c t io n s  h a v e  a  c o m m o n  in te rm e d ia te  w h e n  th e y  o c c u r  

s e q u e n t ia l ly  in  th a t  th e  p ro d u c t  o f  th e  f i r s t  r e a c t io n  is  a  s u b s t r a te  fo r  th e  

s e c o n d . F o r  e x a m p le , g iv e n  th e  re a c tio n s

A + B — > O + D 

D + X —> Y + Z

D  is  th e  c o m m o n  in te rm e d ia te  a n d  c a n  s e rv e  a s  a  c a r r ie r  o f  c h e m ic a l  e n e rg y  

b e tw e e n  th e  tw o  re a c tio n s .  [N o te : T h e  in te rm e d ia te  m a y  b e  l in k e d  to  an  

e n z y m e .]  M a n y  c o u p le d  r e a c t io n s  u s e  A T P  to  g e n e ra te  a  c o m m o n  

in te rm e d ia te .  T h e s e  r e a c t io n s  m a y  in v o lv e  th e  t r a n s fe r  o f  a  p h o s p h a te  g ro u p  

f ro m  A T P  to  a n o th e r  m o le c u le .  O th e r  re a c t io n s  in v o lv e  th e  t r a n s fe r  o f  

p h o s p h a te  f ro m  a n  e n e rg y - r ic h  in te rm e d ia te  to  a d e n o s in e  d ip h o s p h a te  

(A D P ), fo rm in g  A T P .

B. Energy carried by ATP
A T P  c o n s is ts  o f  a  m o le c u le  o f  a d e n o s in e  ( a d e n in e  + r ib o s e )  to  w h ic h  th re e  

p h o s p h a te  g ro u p s  a re  a t ta c h e d  (F ig . 6 .5 ). R e m o v a l  o f  o n e  p h o s p h a te  

p ro d u c e s  A D P , a n d  r e m o v a l  o f  tw o  p h o s p h a te s  p ro d u c e s  a d e n o s in e  

m o n o p h o s p h a te  (A M P ) . F o r  A T P , th e  A G 0 o f  h y d ro ly s is  is  a p p ro x im a te ly  -  

7 .3  k c a l /m o l  fo r  e a c h  o f  th e  tw o  te rm in a l  p h o s p h a te  g ro u p s . B e c a u s e  o f  th is  

la rg e  n e g a t iv e  A G 0 o f  h y d ro ly s is ,  A T P  is  c a l le d  a  h ig h -e n e rg y  p h o s p h a te  

c o m p o u n d . [N o te : A d e n in e  n u c le o t id e s  a re  in te r c o n v e r te d  (2  A D P  ^  A T P  

+ A M P )  b y  adenylate kinase.]



V. ELECTRON TRANSPORT CHAIN

E n e rg y - r ic h  m o le c u le s ,  s u c h  a s  g lu c o se , a re  m e ta b o l iz e d  b y  a  s e r ie s  o f  o x id a tio n  

r e a c t io n s  u l t im a te ly  y ie ld in g  c a rb o n  d io x id e  a n d  w a te r  (H 2O ), as  s h o w n  in  

F ig u re  6 .6 . T h e  m e ta b o l ic  in te rm e d ia te s  o f  th e s e  r e a c t io n s  d o n a te  e le c tro n s  to  

s p e c if ic  c o e n z y m e s , n ic o t in a m id e  a d e n in e  d in u c le o t id e  (N A D + ) a n d  f la v in  

a d e n in e  d in u c le o t id e  (F A D ), to  fo rm  th e  e n e rg y - r ic h  r e d u c e d  fo rm s , N A D H  a n d



F A D H 2. T h e s e  r e d u c e d  c o e n z y m e s  c a n , in  tu rn , e a c h  d o n a te  a  p a i r  o f  e le c tro n s  

to  a  s p e c ia l iz e d  s e t  o f  e le c tro n  c a r r ie rs , c o l le c t iv e ly  c a l le d  th e  e le c tro n  t r a n s p o r t  

c h a in  (E T C ) , d e s c r ib e d  in  th is  s e c t io n . A s  e le c tro n s  a re  p a s s e d  d o w n  th e  E T C , 

th e y  lo s e  m u c h  o f  th e ir  f re e  e n e rg y . T h is  e n e rg y  is  u s e d  to  m o v e  H+ a c ro s s  th e  

in n e r  m i to c h o n d r ia l  m e m b ra n e ,  c re a tin g  a  H + g ra d ie n t  th a t  d r iv e s  th e  p ro d u c t io n  

o f  A T P  f ro m  A D P  a n d  in o rg a n ic  p h o s p h a te  (P j), d e s c r ib e d  o n  p . 77 . T h e

c o u p l in g  o f  e le c tro n  t r a n s p o r t  w i th  A T P  s y n th e s is  is  c a l le d  o x id a tiv e  

p h o s p h o ry la t io n ,  s o m e t im e s  d e n o te d  as  O X P H O S . I t  p ro c e e d s  c o n t in u o u s ly  in  

a l l  t i s s u e s  th a t  c o n ta in  m ito c h o n d r ia .  [N o te : T h e  f re e  e n e rg y  n o t  t r a p p e d  a s  A T P  

is  u s e d  to  d r iv e  a n c i l la ry  r e a c t io n s  s u c h  as  t r a n s p o r t  o f  c a lc iu m  io n s  in to  

m ito c h o n d r ia  a n d  to  g e n e ra te  h e a t .]



Metabolism

Oxidative phosphorylation



F ig u re  6 .6  T h e  m e ta b o l ic  b re a k d o w n  o f  e n e rg y -y ie ld in g  m o le c u le s .  N A D (H )  = 

n ic o t in a m id e  a d e n in e  d in u c le o t id e ;  F A D ( H 2) = f la v in  a d e n in e  d in u c le o t id e ;  

A D P  = a d e n o s in e  d ip h o s p h a te ;  Pj = in o rg a n ic  p h o s p h a te ;  C O 2 = c a rb o n  d io x id e .

A. Mitochondrial electron transport chain
T h e  E T C  (e x c e p t  fo r  c y to c h ro m e  c, s e e  p . 7 5 ) is  lo c a te d  in  th e  in n e r  

m i to c h o n d r ia l  m e m b ra n e  a n d  is  th e  f in a l  c o m m o n  p a th w a y  b y  w h ic h  

e le c tro n s  d e r iv e d  f ro m  d if f e re n t  fu e ls  o f  th e  b o d y  f lo w  to  o x y g e n  (O 2), 

r e d u c in g  i t  to  H 2O  (se e  F ig . 6 .6 ).

1. M ito c h o n d r ia l  m e m b ra n e s :  T h e  m i to c h o n d r io n  c o n ta in s  a n  o u te r  a n d  a n  

in n e r  m e m b ra n e  s e p a ra te d  b y  th e  in te rm e m b ra n e  sp a c e . A l th o u g h  th e  

o u te r  m e m b ra n e  c o n ta in s  s p e c ia l  c h a n n e ls  ( fo rm e d  b y  th e  p ro te in  p o r in ) , 

m a k in g  i t  f r e e ly  p e rm e a b le  to  m o s t  io n s  a n d  s m a l l  m o le c u le s ,  th e  in n e r  

m e m b ra n e  is  a  s p e c ia l iz e d  s tru c tu re  th a t  is  im p e rm e a b le  to  m o s t  s m a ll  

io n s , in c lu d in g  H +, a n d  s m a l l  m o le c u le s  s u c h  a s  A T P , A D P , p y ru v a te ,  

a n d  o th e r  m e ta b o l i te s  im p o r ta n t  to  m i to c h o n d r ia l  fu n c t io n  (F ig . 6 .7 ). 

S p e c ia l iz e d  c a r r ie r s  o r  t r a n s p o r t  s y s te m s  a re  r e q u ire d  to  m o v e  io n s  o r  

m o le c u le s  a c ro s s  th is  m e m b ra n e .  T h e  in n e r  m i to c h o n d r ia l  m e m b ra n e  is  

u n u s u a l ly  r ic h  in  p ro te in s ,  o v e r  h a l f  o f  w h ic h  a re  d ire c tly  in v o lv e d  in  

o x id a tiv e  p h o s p h o ry la t io n .  I t  a lso  c o n ta in s  c o n v o lu tio n s ,  c a l le d  c r is ta e , 

w h ic h  g re a t ly  in c re a s e  its  s u r fa c e  a re a .



CELL

IN N E R  M E M B R A N E  
Im p erm eab le  to  
m o st sm all ions, 
sm all and large  
m o lecu les

A d en o s in e  tr ip h o sp h a te  
(A TP ) syn th es iz in g  co m p lex

M A TR IX

•  T C A  cyc le  en zym es

•  Fatty  acid  o x id a tio n  en zym es

•  m tD N A , m tR N A

•  M ito ch o n d ria l r ib o so m es



F ig u re  6 .7  S tru c tu re  o f  a  m i to c h o n d r io n  s h o w in g  s c h e m a tic  r e p re s e n ta t io n  o f  th e  

e le c tro n  t r a n s p o r t  c h a in  a n d  th e  A T P  s y n th e s iz in g  c o m p le x  o n  th e  in n e r  

m e m b ra n e .  [N o te : U n lik e  th e  in n e r  m e m b ra n e ,  th e  o u te r  m e m b ra n e  is  h ig h ly  

p e rm e a b le ,  a n d  th e  m il ie u  o f  th e  in te rm e m b ra n e  s p a c e  is  l ik e  th a t  o f  th e  c y to so l .]  

m t = m ito c h o n d r ia l ;  R N A  = r ib o n u c le ic  a c id ; A D P  = a d e n o s in e  d ip h o s p h a te ;  

T C A  = t r ic a rb o x y lic  a c id .

2. M ito c h o n d r ia l  m a tr ix : T h e  g e l- l ik e  s o lu t io n  o f  th e  m a tr ix  ( in te r io r )  o f  

m ito c h o n d r ia  is  a lso  r ic h  in  p ro te in s .  T h e s e  in c lu d e  th e  e n z y m e s  

re s p o n s ib le  fo r  th e  o x id a t io n  o f  p y ru v a te ,  a m in o  a c id s , a n d  fa t ty  a c id s  

(b y  p -o x id a tio n )  as  w e ll  as  th o s e  o f  th e  t r ic a rb o x y lic  a c id  (T C A ) c y c le . 

T h e  s y n th e s is  o f  g lu c o se , u re a , a n d  h e m e  o c c u rs  p a r t ia l ly  in  th e  m a tr ix  o f  

m ito c h o n d r ia .  In  a d d i t io n , th e  m a tr ix  c o n ta in s  N A D +  a n d  F A D  ( th e  

o x id iz e d  fo rm s  o f  th e  tw o  c o e n z y m e s  th a t  a re  re q u ire d  a s  e le c tro n  

a c c e p to rs ) ,  a n d  A D P  a n d  Pj, w h ic h  a re  u s e d  to  p ro d u c e  A T P . [N o te : T h e  

m a tr ix  a lso  c o n ta in s  m i to c h o n d r ia l  d e o x y r ib o n u c le ic  a c id  (m tD N A ), 

r ib o n u c le ic  a c id  (m tR N A ) , a n d  r ib o s o m e s .]

B. Organization
T h e  in n e r  m i to c h o n d r ia l  m e m b ra n e  c o n ta in s  fo u r  s e p a ra te  p ro te in  

c o m p le x e s ,  c a l le d  C o m p le x e s  I, II, I II , a n d  IV  th a t  e a c h  c o n ta in  p a r t  o f  th e  

E T C  (F ig . 6 .8 ). T h e s e  c o m p le x e s  a c c e p t  o r  d o n a te  e le c tro n s  to  th e  re la t iv e ly  

m o b i le  e le c tro n  c a r r ie r  c o e n z y m e  Q  (C o Q )  a n d  c y to c h ro m e  c. E a c h  c a r r ie r  

in  th e  E T C  c a n  r e c e iv e  e le c tro n s  f ro m  a n  e le c tro n  d o n o r  a n d  c a n  

s u b s e q u e n tly  d o n a te  e le c tro n s  to  th e  n e x t  a c c e p to r  in  th e  c h a in . T h e  

e le c tro n s  u l t im a te ly  c o m b in e  w i th  O 2 a n d  H+ to  fo rm  H 2O . T h is  

r e q u i re m e n t  fo r  O 2 m a k e s  th e  e le c tro n  t r a n s p o r t  p ro c e s s  th e  r e s p ir a to ry  

c h a in , w h ic h  a c c o u n ts  fo r  th e  g r e a te s t  p o r t io n  o f  th e  b o d y ’s u s e  o f  O 2.



F ig u re  6 .8  E le c t ro n  t r a n s p o r t  c h a in . E le c t ro n  f lo w  is  s h o w n  b y  m a g e n ta  a r ro w s . 

N A D (H )  =  n ic o t in a m id e  a d e n in e  d in u c le o t id e ;  F M N  = f la v in  m o n o n u c le o t id e ;  

F A D  = f la v in  a d e n in e  d in u c le o t id e ;  F e -S  =  i ro n -s u lfu r ;  C o Q  =  c o e n z y m e  Q ; C u  

=  c o p p e r .

C. Reactions
W ith  th e  e x c e p t io n  o f  C o Q , w h ic h  is  a  l ip id - s o lu b le  q u in o n e , a l l  m e m b e rs  

o f  th e  E T C  a re  p ro te in s .  T h e s e  m a y  fu n c t io n  a s  e n z y m e s  a s  is  th e  c a s e  w ith  

th e  f la v in -c o n ta in in g  dehydrogenases, m a y  c o n ta in  iro n  a s  p a r t  o f  a n  iro n -  

s u lfu r  (F e -S )  c e n te r , m a y  c o n ta in  iro n  a s  p a r t  o f  th e  p o rp h y r in  p ro s th e t ic  

g ro u p  o f  h e m e  a s  in  th e  c y to c h ro m e s ,  o r  m a y  c o n ta in  c o p p e r  (C u )  a s  d o e s  

th e  c y to c h ro m e  a  +  a 3 c o m p le x .

1. N A D H  fo rm a tio n :  N A D +  is  r e d u c e d  to  N A D H  b y  dehydrogenases  th a t  

r e m o v e  tw o  h y d ro g e n  a to m s  f ro m  th e ir  s u b s tra te .  [N o te : F o r  e x a m p le s  o f  

th e s e  re a c tio n s ,  s e e  th e  d is c u s s io n  o f  th e  dehydrogenases  o f  th e  T C A  

c y c le , p . 1 1 2 .]  B o th  e le c tro n s  b u t  o n ly  o n e  H+ ( th a t  is , a  h y d r id e  io n  

[ :H - ]) a re  tr a n s f e r r e d  to  th e  N A D + , fo rm in g  N A D H  p lu s  a  f re e  H+.

2. N A D H  d e h y d ro g e n a s e :  T h e  f re e  H+ p lu s  th e  h y d r id e  io n  c a r r ie d  b y  

N A D H  a re  tr a n s f e r r e d  to  N A D H  dehydrogenase, a  p ro te in  c o m p le x  

(C o m p le x  I)  e m b e d d e d  in  th e  in n e r  m i to c h o n d r ia l  m e m b ra n e .  C o m p le x  I 

h a s  a  t ig h t ly  b o u n d  m o le c u le  o f  f la v in  m o n o n u c le o t id e  (F M N ), a  

c o e n z y m e  s tru c tu ra l ly  r e la te d  to  F A D  (se e  F ig . 2 8 .1 5 , p . 3 8 4 )  th a t  

a c c e p ts  th e  tw o  h y d ro g e n  a to m s  (2  e le c tro n s  +  2 H +), b e c o m in g  F M N H 2. 

N A D H  dehydrogenase  a lso  c o n ta in s  p e p t id e  s u b u n its  w i th  F e -S  c e n te rs  

(F ig . 6 .9 ). A t  C o m p le x  I, e le c tro n s  m o v e  f ro m  N A D H  to  F M N  to  th e  iro n



o f  th e  F e -S  c e n te r s  a n d  th e n  to  C o Q . A s  e le c tro n s  f lo w , th e y  lo s e  e n e rg y . 

T h is  e n e rg y  is  u s e d  to  p u m p  fo u r  H+ a c ro s s  th e  in n e r  m ito c h o n d r ia l  

m e m b ra n e ,  f ro m  th e  m a tr ix  to  th e  in te rm e m b ra n e  sp a c e .

F ig u re  6 .9  I ro n - s u lfu r  (F e -S )  c e n te r  o f  C o m p le x  I. [N o te : C o m p le x e s  II  a n d  III  

a lso  c o n ta in  F e -S  c e n te r s .]  N A D H  = n ic o t in a m id e  a d e n in e  d in u c le o t id e ;  C y s  = 

c y s te in e .



3. S u c c in a te  d e h y d ro g e n a s e :  A t  C o m p le x  II, e le c tro n s  f ro m  th e  succinate  
dehydrogenase-cata lyzed  o x id a t io n  o f  s u c c in a te  to  fu m a ra te  m o v e  f ro m  

th e  c o e n z y m e , F A D H 2, to  a n  F e -S  p ro te in ,  a n d  th e n  to  C o Q . [N o te :

B e c a u s e  n o  e n e rg y  is  lo s t  in  th is  p ro c e s s ,  n o  H + a re  p u m p e d  a t  C o m p le x  

II.]

4 . C o e n z y m e  Q : C o Q  is  a  q u in o n e  d e r iv a t iv e  w i th  a  lo n g , h y d ro p h o b ic  

is o p re n o id  ta il .  I t  is  m a d e  f ro m  a n  in te rm e d ia te  o f  c h o le s te ro l  s y n th e s is  

( s e e  p . 2 2 1 ) . [N o te : I t  is  a lso  c a l le d  u b iq u in o n e  b e c a u s e  i t  is  u b iq u i to u s  in  

b io lo g ic  s y s te m s .]  C o Q  is  a  m o b i le  e le c tro n  c a r r ie r  a n d  c a n  a c c e p t 

e le c tro n s  f ro m  N A D H  dehydrogenase  (C o m p le x  I), f ro m  succinate  
dehydrogenase  (C o m p le x  II)  a n d  f ro m  o th e r  m ito c h o n d r ia l  

dehydrogenases, s u c h  as  glycerol 3-phosphate dehydrogenase  ( s e e  p . 

8 0 )  a n d  acyl CoA dehydrogenases  ( s e e  p . 1 9 2 ). C o Q  tr a n s fe r s  e le c tro n s  

to  C o m p le x  III  ( c y to c h ro m e  b q ) .  T h u s , a  fu n c t io n  o f  C o Q  is  to  l in k  th e  

f la v o p ro te in  dehydrogenases  to  th e  c y to c h ro m e s .

5. C y to c h ro m e s :  T h e  re m a in in g  m e m b e rs  o f  th e  E T C  a re  c y to c h ro m e  

p ro te in s .  E a c h  c o n ta in s  a  h e m e  g ro u p  (a  p o rp h y r in  r in g  p lu s  iro n ) .  U n lik e  

th e  h e m e  g ro u p s  o f  h e m o g lo b in ,  th e  c y to c h ro m e  iro n  is  r e v e rs ib ly  

c o n v e r te d  f ro m  its  f e r r ic  (F e 3+) to  its  f e r ro u s  (F e 2+) fo rm  a s  a  n o rm a l  p a r t  

o f  its  fu n c t io n  as  a n  a c c e p to r  a n d  d o n o r  o f  e le c tro n s . E le c t ro n s  a re  p a s s e d  

a lo n g  th e  c h a in  f ro m  c y to c h ro m e  b q  (C o m p le x  III) , to  c y to c h ro m e  c, 

a n d  th e n  to  c y to c h ro m e s  a  + a 3 ( [C o m p le x  IV ] s e e  F ig . 6 .8 ). A s  e le c tro n s

f lo w , fo u r  H + a re  p u m p e d  a c ro s s  th e  in n e r  m i to c h o n d r ia l  m e m b ra n e  a t 

C o m p le x  III  a n d  tw o  a t  C o m p le x  IV . [N o te : C y to c h ro m e  c  is  lo c a te d  in  

th e  in te rm e m b ra n e  sp a c e , lo o s e ly  a s s o c ia te d  w i th  th e  o u te r  fa c e  o f  th e  

in n e r  m e m b ra n e .  A s  s e e n  w i th  C o Q , c y to c h ro m e  c  is  a  m o b i le  e le c tro n  

c a r r ie r .]

6. C y to c h ro m e  a  + a3 : B e c a u s e  th is  c y to c h ro m e  c o m p le x  (C o m p le x  IV )  is  

th e  o n ly  e le c tro n  c a r r ie r  in  w h ic h  th e  h e m e  iro n  h a s  a n  a v a i la b le  

c o o rd in a t io n  s ite  th a t  c a n  r e a c t  d ire c tly  w i th  O 2, i t  a lso  is  c a l le d  

cytochrom e c oxidase. A t  C o m p le x  IV , th e  t r a n s p o r te d  e le c tro n s , O 2, a n d  

f re e  H + a re  b r o u g h t  to g e th e r ,  a n d  O 2 is  r e d u c e d  to  H 2O  (s e e  F ig . 6 .8 ). 

[N o te : F o u r  e le c tro n s  a re  re q u ire d  to  r e d u c e  o n e  m o le c u le  o f  O 2 to  tw o  

m o le c u le s  o f  H 2O .]  Cytochrom e c oxidase  c o n ta in s  C u  a to m s  th a t  a re  

re q u ire d  fo r  th is  c o m p lic a te d  r e a c t io n  to  o c c u r . E le c t ro n s  m o v e  f ro m  C u A 

to  c y to c h ro m e  a  to  c y to c h ro m e  a 3 ( in  a s s o c ia t io n  w i th  C u B) to  O 2.



7. S ite - s p e c if ic  in h ib ito rs :  In h ib i to r s  o f  s p e c if ic  s i te s  in  th e  E T C  h a v e  b e e n  

id e n t if ie d  a n d  a re  i l lu s tr a te d  in  F ig u re  6 .1 0 . T h e s e  r e s p ir a to ry  in h ib i to rs  

p r e v e n t  th e  p a s s a g e  o f  e le c tro n s  b y  b in d in g  to  a  c o m p o n e n t  o f  th e  c h a in , 

b lo c k in g  th e  o x id a t io n - r e d u c t io n  r e a c tio n . T h e re fo re ,  a l l  e le c tro n  c a r r ie r s  

b e fo re  th e  b lo c k  a re  fu lly  r e d u c e d , w h e re a s  th o s e  lo c a te d  a f te r  th e  b lo c k  

a re  o x id iz e d . [N o te : I n h ib i t io n  o f  th e  E T C  in h ib its  A T P  s y n th e s is  

b e c a u s e  th e s e  p ro c e s s e s  a re  t ig h tly  c o u p le d  (s e e  p . 7 8 ).]



Blocking electron (e_) transfer by 

any one of these inhibitors  
stops electron flow  from  substrate  

to  oxygen ( 0 2) because the reactions  
of the electron transport chain are  

tightly  coupled like m eshed gears.

Substrate
(reduced)

NAD+
©

A m y ta l  
R o te n o n e

CoQ
O

)yto bc-j
Q

A n tim y c in  A

Cytoc
0

3Cytoa+a3ï

O N ”

c o  aH 2S  >  9  i

N a N 3



F ig u re  6 .1 0  S ite - s p e c if ic  in h ib i to r s  o f  e le c tro n  t r a n s p o r t  s h o w n  u s in g  a  

m e c h a n ic a l  m o d e l  fo r  th e  c o u p l in g  o f  o x id a t io n - r e d u c t io n  re a c tio n s .  [N o te : 

N o rm a l  d ir e c t io n  o f  e le c tro n  f lo w  is  i l lu s tr a te d .]  N A D +  = n ic o t in a m id e  a d e n in e  

d in u c le o t id e ;  F M N  = f la v in  m o n o n u c le o t id e ;  C o Q  = c o e n z y m e  Q ; C y to  = 

c y to c h ro m e ; C N -  = c y a n id e ; C O  = c a rb o n  m o n o x id e ;  H 2S = h y d ro g e n  su lf id e ; 

N a N 3 = s o d iu m  a z id e .

L e a k a g e  o f  e le c tro n s  f ro m  th e  E T C  p ro d u c e s  r e a c t iv e  o x y g e n  s p e c ie s  

(R O S ), s u c h  as  s u p e ro x id e  (O 2- -), h y d ro g e n  p e ro x id e  (H 2O 2), a n d  h y d ro x y l  

ra d ic a ls  (O H -). R O S  d a m a g e  D N A  a n d  p ro te in s  a n d  c a u s e  l ip id  

p e ro x id a tio n .  E n z y m e s  s u c h  a s  superoxide dism utase (SOD), catalase, a n d  

glu tath ione peroxidase  a re  c e l lu la r  d e fe n s e s  a g a in s t  R O S  (s e e  p . 1 4 8 ).

D. Free energy release during electron transport
T h e  f re e  e n e rg y  re le a s e d  as  e le c tro n s  a re  t r a n s f e r r e d  a lo n g  th e  E T C  f ro m  a n  

e le c tro n  d o n o r  ( r e d u c in g  a g e n t  o r  r e d u c ta n t)  to  a n  e le c tro n  a c c e p to r  

(o x id iz in g  a g e n t  o r  o x id a n t)  is  u s e d  to  p u m p  H+ a t  C o m p le x e s  I, I II , a n d  IV . 

[N o te : T h e  e le c tro n s  c a n  b e  tr a n s f e r r e d  a s  h y d r id e  io n s  to  N A D + ; as  

h y d ro g e n  a to m s  to  F M N , C o Q , a n d  F A D ; o r  as  e le c tro n s  to  c y to c h ro m e s .]

1. R e d o x  p a irs : O x id a t io n  ( lo s s  o f  e le c tro n s )  o f  o n e  s u b s ta n c e  is  a lw a y s  

a c c o m p a n ie d  b y  r e d u c t io n  (g a in  o f  e le c tro n s )  o f  a  s e c o n d . F o r  e x a m p le , 

F ig u re  6 .1 1  s h o w s  th e  o x id a t io n  o f  N A D H  to  N A D +  b y  N A D H  
dehydrogenase  a t  C o m p le x  I, a c c o m p a n ie d  b y  th e  r e d u c t io n  o f  F M N , th e  

p ro s th e t ic  g ro u p , to  F M N H 2. S u c h  r e d o x  re a c t io n s  c a n  b e  w r i t te n  as  th e  

s u m  o f  tw o  s e p a ra te  h a l f  r e a c tio n s ,  o n e  a n  o x id a t io n  a n d  th e  o th e r  a  

r e d u c t io n  ( s e e  F ig . 6 .1 1 ). N A D +  a n d  N A D H  fo rm  a  r e d o x  p a ir ,  a s  d o  

F M N  a n d  F M N H 2. R e d o x  p a ir s  d if fe r  in  th e ir  te n d e n c y  to  lo s e  e le c tro n s . 

T h is  te n d e n c y  is  a  c h a ra c te r is t ic  o f  a  p a r t ic u la r  r e d o x  p a ir  a n d  c a n  b e  

q u a n t i ta t iv e ly  s p e c if ie d  b y  a  c o n s ta n t ,  E 0 ( th e  s ta n d a rd  r e d u c t io n  

p o te n tia l) ,  w i th  u n its  in  v o lts .



r ------------------------------------------------------------------------------------------------------------------------------------------------------

Overall oxidation-reduction reaction

NADH v
+  H+ \

*  FMN

f

NAD+ *

s._____________________________________

^  f m n h 2
_______________________________________J

r  ^

Component redox reactions

NADH + H+

NAD++ 2 e" + 2 H+

Redox pair 
E0 = -0.32 volt

FMN + 2 e“ + 2 H+

FMNH2

Redox pair 
E0 = -0.22 volt

F ig u re  6 .1 1  O x id a t io n  o f  N A D H  b y  F M N , s e p a ra te d  in to  tw o  c o m p o n e n t  h a l f  

r e a c tio n s .  N A D (H )  = n ic o t in a m id e  a d e n in e  d in u c le o t id e ;  F M N (H 2) = f la v in

m o n o n u c le o t id e ;  e -  =  e le c tro n ; H + = p ro to n ; E 0  = s ta n d a rd  r e d u c t io n  p o te n tia l .

2. S ta n d a rd  r e d u c t io n  p o te n tia l :  T h e  E 0 o f  v a r io u s  r e d o x  p a ir s  c a n  b e  

o rd e re d  f ro m  th e  m o s t  n e g a t iv e  E 0 to  th e  m o s t  p o s it iv e .  T h e  m o re



n e g a t iv e  th e  E 0 o f  a  r e d o x  p a ir ,  th e  g re a te r  th e  te n d e n c y  o f  th e  r e d u c ta n t  

m e m b e r  o f  th a t  p a i r  to  lo s e  e le c tro n s . T h e  m o re  p o s i t iv e  th e  E 0, th e  

g re a te r  th e  te n d e n c y  o f  th e  o x id a n t  m e m b e r  o f  th a t  p a i r  to  a c c e p t  

e le c tro n s . T h e re fo re ,  e le c tro n s  f lo w  f ro m  th e  p a ir  w ith  th e  m o re  n e g a t iv e  

E 0 to  th a t  w i th  th e  m o re  p o s i t iv e  E 0. T h e  E 0 v a lu e s  fo r  s o m e  m e m b e rs  o f  

th e  E T C  a re  s h o w n  in  F ig u re  6 .1 2 . [N o te : T h e  c o m p o n e n ts  o f  th e  c h a in  

a re  a r r a n g e d  in  o rd e r  o f  in c re a s in g ly  p o s i t iv e  E 0 v a lu e s .]



Compounds with a large negative 
E0 (located at top of the table) 
are strong reducing agents, or 
reductants (that is, they have a 
strong tendency to lose electrons).

ll Redox pair Eo

^  N A D +/ N A D H - 0.32

f m n / f m n h 2 - 0 . 2 2

C y t o c h r o m e  c  F e 3+/ F e 2+ + 0 . 2 2

O
CM

""c
m

o<AJ + 0.82

Compounds at the bottom of 
the table are strong oxidizing 
agents, or oxidants (that is, 
they accept electrons).
------------------------------------------------------------------------------------------------4



F ig u re  6 .1 2  S ta n d a rd  r e d u c t io n  p o te n tia ls  (E 0) o f  s o m e  re a c tio n s .  N A D (H )  = 

n ic o t in a m id e  a d e n in e  d in u c le o t id e ;  F M N ( H 2) = f la v in  m o n o n u c le o t id e ;  F e  = 

iro n .

3. R e la t io n s h ip  o f  AGO to  A E 0 : T h e  A G 0 is  r e la te d  d ire c tly  to  th e  

m a g n itu d e  o f  th e  c h a n g e  in  E 0:

AG° = —n F AEq,

w h e re  n  = n u m b e r  o f  e le c tro n s  t r a n s f e r r e d  (1  fo r  a  c y to c h ro m e , 2 fo r  N A D H , 

F A D H 2, a n d  C o Q )

F = F a ra d a y  c o n s ta n t  (2 3 .1  k c a l /v o l t  m o l)

A E 0 = E 0 o f  th e  e le c tro n -a c c e p t in g  p a ir  m in u s  th e  E 0 o f  th e  e le c tro n -  

d o n a t in g  p a ir

A G 0 = c h a n g e  in  th e  s ta n d a rd  f re e  e n e rg y

4 . A G 0  o f  A T P : T h e  A G 0 fo r  th e  p h o s p h o ry la t io n  o f  A D P  to  A T P  is  + 7 .3  

k c a l /m o l.  T h e  t r a n s p o r t  o f  a  p a i r  o f  e le c tro n s  f ro m  N A D H  to  O 2 th ro u g h

th e  E T C  re le a s e s  5 2 .6  k c a l . T h e re fo re ,  m o re  th a n  s u f f ic ie n t  e n e rg y  is  

a v a i la b le  to  p ro d u c e  th re e  A T P  f ro m  th re e  A D P  a n d  th re e  Pj (3  x 7.3 =

2 1 .9  k c a l /m o l) ,  s o m e t im e s  e x p re s s e d  a s  a  P /O  ra t io  (A T P  m a d e  p e r  O  

a to m  re d u c e d )  o f  3 :1 . T h e  re m a in in g  c a lo r ie s  a re  u s e d  fo r  a n c i l la ry  

r e a c t io n s  o r  re le a s e d  as  h e a t . [N o te : T h e  P :O  fo r  F A D H 2 is  2 :1  b e c a u s e  

C o m p le x  I is  b y p a s s e d .]

VI. PHOSPHORYLATION OF ADP TO ATP

T h e  t r a n s fe r  o f  e le c tro n s  d o w n  th e  E T C  is  e n e rg e tic a lly  f a v o re d  b e c a u s e  N A D H  

is  a  s tro n g  e le c tro n  d o n o r  a n d  O 2 is  a n  a v id  e le c tro n  a c c e p to r .  H o w e v e r ,  th e  f lo w  

o f  e le c tro n s  d o e s  n o t  d ire c tly  r e s u l t  in  A T P  s y n th e s is .

A. Chemiosmotic hypothesis
T h e  c h e m io s m o tic  h y p o th e s is  (a lso  k n o w n  as  th e  M itc h e l l  h y p o th e s is )



e x p la in s  h o w  th e  f re e  e n e rg y  g e n e ra te d  b y  th e  t r a n s p o r t  o f  e le c tro n s  b y  th e  

E T C  is  u s e d  to  p ro d u c e  A T P  f ro m  A D P  +  P i .

1. P ro to n  p u m p : E le c t ro n  t r a n s p o r t  is  c o u p le d  to  A D P  p h o s p h o ry la t io n  b y  

th e  p u m p in g  o f  H+ a c ro s s  th e  in n e r  m i to c h o n d r ia l  m e m b ra n e ,  f ro m  th e  

m a tr ix  to  th e  in te rm e m b ra n e  sp a c e , a t  C o m p le x e s  I, I II , a n d  IV . F o r  e a c h  

p a ir  o f  e le c tro n s  tr a n s f e r r e d  f ro m  N A D H  to  O 2, 10  H + a re  p u m p e d . T h is  

c re a te s  a n  e le c tr ic a l  g ra d ie n t  (w ith  m o re  p o s i t iv e  c h a rg e s  o n  th e  c y to s o l ic  

s id e  o f  th e  m e m b ra n e  th a n  o n  th e  m a tr ix  s id e )  a n d  a  p H  (c h e m ic a l)  

g ra d ie n t  ( th e  c y to s o l ic  s id e  o f  th e  m e m b ra n e  is  a t  a  lo w e r  p H  th a n  th e  

m a tr ix  s id e ) , a s  s h o w n  in  F ig u re  6 .1 3 . T h e  e n e rg y  (p ro to n -m o tiv e  fo rc e )  

g e n e ra te d  b y  th e s e  g ra d ie n ts  is  s u f f ic ie n t  to  d r iv e  A T P  sy n th e s is .  T h u s , 

th e  H+ g ra d ie n t  s e rv e s  a s  th e  c o m m o n  in te rm e d ia te  th a t  c o u p le s  

o x id a t io n  to  p h o s p h o ry la t io n .

F ig u re  6 .1 3  E le c t ro n  t r a n s p o r t  c h a in  s h o w n  in  a s s o c ia t io n  w i th  p ro to n  (H +) 

p u m p in g . T e n  H+ a re  p u m p e d  fo r  e a c h  n ic o t in a m id e  a d e n in e  d in u c le o t id e  

(N A D H )  o x id iz e d . [N o te : H+ a re  n o t  p u m p e d  a t  C o m p le x  II .]  e -  =  e le c tro n ; 

C o m p le x  V  =  A T P  synthase.

2. A T P  sy n th a s e : T h e  m u l t i s u b u n i t  e n z y m e  A T P  synthase  ( [C o m p le x  V ] 

F ig . 6 .1 4 ) s y n th e s iz e s  A T P  u s in g  th e  e n e rg y  o f  th e  H+ g ra d ie n t.  I t  

c o n ta in s  a  m e m b ra n e  d o m a in  (F o) th a t  sp a n s  th e  in n e r  m ito c h o n d r ia l



m e m b ra n e  a n d  a n  e x tr a m e m b ra n o u s  d o m a in  ( F 1) th a t  a p p e a rs  a s  a  s p h e re  

th a t  p ro tru d e s  in to  th e  m i to c h o n d r ia l  m a tr ix  ( s e e  F ig . 6 .1 3 ). T h e  

c h e m io s m o tic  h y p o th e s is  p ro p o s e s  th a t  a f te r  H+ h a v e  b e e n  p u m p e d  to  th e  

c y to s o l ic  s id e  o f  th e  in n e r  m i to c h o n d r ia l  m e m b ra n e ,  th e y  r e e n te r  th e  

m a tr ix  b y  p a s s in g  th ro u g h  a  H + c h a n n e l  in  th e  F o d o m a in , d r iv in g  

ro ta t io n  o f  th e  c  r in g  o f  F o a n d , a t  th e  s a m e  tim e , d is s ip a t in g  th e  p H  a n d  

e le c tr ic a l  g ra d ie n ts .  R o ta t io n  in  F o c a u s e s  c o n fo rm a tio n a l  c h a n g e s  in  th e  

th re e  p s u b u n its  o f  F 1 th a t  a l lo w  th e m  to  b in d  A D P  + Pj, p h o s p h o ry la te  

A D P  to  A T P , a n d  r e le a s e  A T P . O n e  c o m p le te  ro ta t io n  o f  th e  c  r in g  

p ro d u c e s  th re e  A T P . [N o te : A T P  synthase  is  a lso  c a l le d  F j/F o-A TPase  

b e c a u s e  th e  e n z y m e  c a n  a lso  c a ta ly z e  th e  h y d ro ly s is  o f  A T P  to  A D P  a n d  

P i.]



F ig u re  6 .1 4  A T P  synthase (F1F o-ATPase). [N o te : T h e  c  r in g  o f  v e r te b ra te s

c o n ta in s  e ig h t  s u b u n its .  O n e  c o m p le te  tu rn  o f  th e  r in g  is  d r iv e n  b y  e ig h t  H+ 

(p ro to n s )  m o v in g  th ro u g h  th e  F o d o m a in . T h e  re s u l t in g  c o n fo rm a tio n a l  c h a n g e s  

in  th e  th re e  P s u b u n its  o f  th e  F 1 d o m a in  a l lo w  p h o s p h o ry la t io n  o f  th re e  

a d e n o s in e  d ip h o s p h a te s  (A D P )  to  th re e  A T P .]  P j = in o rg a n ic  p h o s p h a te .

a. C o u p lin g  in  o x id a t iv e  p h o s p h o ry la t io n :  In  n o rm a l  m ito c h o n d r ia ,  A T P  

s y n th e s is  is  c o u p le d  to  e le c tro n  t r a n s p o r t  th ro u g h  th e  H + g ra d ie n t. 

In c re a s in g  (o r  d e c re a s in g )  o n e  p ro c e s s  h a s  th e  s a m e  e f f e c t  o n  th e



o th e r . F o r  e x a m p le , h y d ro ly s is  o f  A T P  to  A D P  a n d  Pj in  e n e rg y -  

re q u ir in g  re a c t io n s  in c re a s e s  th e  a v a i la b i l i ty  o f  s u b s t ra te s  fo r  A T P  

synthase  a n d , th u s , in c re a s e s  H + f lo w  th ro u g h  th e  e n z y m e . E le c t ro n  

t r a n s p o r t  a n d  H + p u m p in g  b y  th e  E T C  in c re a s e  to  m a in ta in  th e  H+ 

g ra d ie n t  a n d  a l lo w  A T P  s y n th e s is .

b . O lig o m y c in :  T h is  d ru g  b in d s  to  th e  F o (h e n c e  th e  le t te r  “ o ” ) d o m a in  o f

A T P  synthase , c lo s in g  th e  H + c h a n n e l  a n d  p re v e n t in g  r e e n try  o f  H + 

in to  th e  m a tr ix ,  th e re b y  in h ib i t in g  p h o s p h o ry la t io n  o f  A D P  to  A T P . 

B e c a u s e  th e  p H  a n d  e le c tr ic a l  g ra d ie n ts  c a n n o t  b e  d is s ip a te d  in  th e  

p r e s e n c e  o f  th is  p h o s p h o ry la t io n  in h ib ito r ,  e le c tro n  t r a n s p o r t  s to p s  

b e c a u s e  o f  th e  d if f ic u lty  o f  p u m p in g  a n y  m o re  H + a g a in s t  th e  s te e p  

g ra d ie n t.  T h is  d e p e n d e n c y  o f  c e l lu la r  r e s p ir a t io n  o n  th e  a b i l i ty  to  

p h o s p h o ry la te  A D P  to  A T P  is  k n o w n  a s  re s p ir a to ry  c o n tro l  a n d  is  th e  

c o n s e q u e n c e  o f  th e  t ig h t  c o u p l in g  o f  th e s e  p ro c e s s e s .

c. U n c o u p lin g  p ro te in s :  U n c o u p lin g  p ro te in s  (U C P )  o c c u r  in  th e  in n e r  

m i to c h o n d r ia l  m e m b ra n e  o f  m a m m a ls ,  in c lu d in g  h u m a n s . T h e s e  

p ro te in s  fo rm  c h a n n e ls  th a t  a l lo w  H + to  r e e n te r  th e  m i to c h o n d r ia l  

m a tr ix  w i th o u t  e n e rg y  b e in g  c a p tu re d  as  A T P  (F ig . 6 .1 5 ). T h e  e n e rg y  

is  r e le a s e d  as  h e a t , a n d  th e  p ro c e s s  is  c a l le d  n o n s h iv e r in g  

th e rm o g e n e s is .  U C P 1 , a lso  c a l le d  th e rm o g e n in ,  is  r e s p o n s ib le  fo r  h e a t  

p ro d u c t io n  in  th e  m ito c h o n d r ia - r ic h  b r o w n  a d ip o c y te s  o f  m a m m a ls .  

[N o te : C o ld  c a u s e s  c a te c h o la m in e -d e p e n d e n t  a c t iv a t io n  o f  U C P 1  

e x p re s s io n .]  In  b ro w n  fa t, u n l ik e  th e  m o re  a b u n d a n t  w h i te  fa t, ~ 9 0 %  o f  

its  r e s p ir a to ry  e n e rg y  is  u s e d  fo r  th e rm o g e n e s is  in  in fa n ts  in  re s p o n s e  

to  c o ld . T h u s , b ro w n  fa t  is  in v o lv e d  in  e n e rg y  e x p e n d itu re ,  w h e re a s  

w h ite  f a t  is  in v o lv e d  in  e n e rg y  s to ra g e . [N o te : B ro w n  fa t  d e p o ts  h a v e  

r e c e n t ly  b e e n  s h o w n  to  b e  p r e s e n t  in  a d u lts .]



F ig u re  6 .1 5  T ra n s p o r t  o f  p ro to n s  a c ro s s  th e  m i to c h o n d r ia l  m e m b ra n e  b y  a n  

u n c o u p l in g  p ro te in .  A D P  = a d e n o s in e  d ip h o s p h a te ;  e -  = e le c tro n s .

d . S y n th e t ic  u n c o u p le r s :  E le c t ro n  t r a n s p o r t  a n d  p h o s p h o ry la t io n  o f  A D P  

c a n  a lso  b e  u n c o u p le d  b y  c o m p o u n d s  th a t  s h u tt le  H + a c ro s s  th e  in n e r



m ito c h o n d r ia l  m e m b ra n e ,  d is s ip a t in g  th e  g ra d ie n t .  T h e  c la s s ic  

e x a m p le  is  2 ,4 -d in it ro p h e n o l,  a  l ip o p h il ic  H + c a r r ie r  ( io n o p h o re )  th a t  

re a d i ly  d if fu s e s  th ro u g h  th e  m i to c h o n d r ia l  m e m b ra n e  (F ig . 6 .1 6 ). T h is  

u n c o u p le r  c a u s e s  e le c tro n  t r a n s p o r t  to  p ro c e e d  a t  a  r a p id  ra te  w ith o u t  

e s ta b l is h in g  a  H+ g ra d ie n t ,  m u c h  a s  d o  th e  U C P . A g a in , e n e rg y  is  

r e le a s e d  as  h e a t  r a th e r  th a n  b e in g  u s e d  to  s y n th e s iz e  A T P . [N o te : In  

h ig h  d o se s , a s p ir in  a n d  o th e r  s a l ic y la te s  u n c o u p le  o x id a tiv e  

p h o s p h o ry la t io n .  T h is  e x p la in s  th e  f e v e r  th a t  a c c o m p a n ie s  to x ic  

o v e rd o s e s  o f  th e s e  d ru g s .]





F ig u re  6 .1 6  2 ,4 -D im tro p h e n o l  (D N P ) , a  p ro to n  (H +) c a r r ie r ,  s h o w n  in  i ts  r e d u c e d  

(D N P H ) a n d  o x id iz e d  (D N P - ) fo rm s .

B. Membrane transport systems
T h e  in n e r  m i to c h o n d r ia l  m e m b ra n e  is  im p e rm e a b le  to  m o s t  c h a rg e d  o r  

h y d ro p h il ic  s u b s ta n c e s .  H o w e v e r ,  i t  c o n ta in s  n u m e ro u s  t r a n s p o r t  p ro te in s  

th a t  p e rm it  p a s s a g e  o f  c e r ta in  m o le c u le s  f ro m  th e  c y to s o l  to  th e  

m i to c h o n d r ia l  m a tr ix .

1. A T P  a n d  A D P  tra n s p o r t :  T h e  in n e r  m e m b ra n e  r e q u ire s  s p e c ia l iz e d  

c a r r ie r s  to  t r a n s p o r t  A D P  a n d  Pj f ro m  th e  c y to s o l  (w h e re  A T P  is  

h y d ro ly z e d  to  A D P  in  m a n y  e n e rg y - re q u ir in g  re a c tio n s )  in to  

m ito c h o n d r ia ,  w h e re  A T P  c a n  b e  r e s y n th e s iz e d .  A n  a d e n in e  n u c le o t id e  

a n t ip o r te r  im p o r ts  o n e  A D P  f ro m  th e  c y to s o l  in to  th e  m a tr ix ,  w h ile  

e x p o r t in g  o n e  A T P  f ro m  th e  m a tr ix  in to  th e  c y to s o l  (s e e  F ig . 6 .1 3 ). A  

s y m p o r te r  c o tr a n s p o r ts  P i a n d  H + f ro m  th e  c y to s o l  in to  th e  m a tr ix .

2. R e d u c in g  e q u iv a le n t  tr a n sp o r t :  T h e  in n e r  m i to c h o n d r ia l  m e m b ra n e  la c k s  

a n  N A D H  tra n s p o r te r ,  a n d  N A D H  p ro d u c e d  in  th e  c y to s o l  ( fo r  e x a m p le , 

in  g ly c o ly s is ;  s e e  p . 1 0 1 ) c a n n o t  d ire c tly  e n te r  th e  m i to c h o n d r ia l  m a tr ix .  

H o w e v e r ,  r e d u c in g  e q u iv a le n ts  o f  N A D H  a re  t r a n s p o r te d  f ro m  th e  

c y to s o l  in to  th e  m a tr ix  u s in g  s u b s t r a te  s h u ttle s .  In  th e  g ly c e ro l  3- 

p h o s p h a te  s h u tt le  (F ig . 6 .1 7 A ), tw o  e le c tro n s  a re  t r a n s fe r re d  f ro m  N A D H  

to  d ih y d ro x y a c e to n e  p h o s p h a te  b y  c y to s o l ic  glycerol 3-phosphate  
dehydrogenase. T h e  g ly c e ro l  3 -p h o s p h a te  p ro d u c e d  is  o x id iz e d  b y  th e  

m i to c h o n d r ia l  i s o z y m e  as  F A D  is  r e d u c e d  to  F A D H 2. C o Q  o f  th e  E T C  

o x id iz e s  th e  F A D H 2. T h e re fo re ,  th e  g ly c e ro l  3 -p h o s p h a te  s h u tt le  re s u lts  

in  th e  s y n th e s is  o f  tw o  A T P  fo r  e a c h  c y to s o l ic  N A D H  o x id iz e d . T h is  

c o n tra s ts  w i th  th e  m a la te -a s p a r ta te  s h u tt le  (F ig . 6 .1 7 B ), w h ic h  p ro d u c e s  

N A D H  ( ra th e r  th a n  F A D H 2) in  th e  m i to c h o n d r ia l  m a tr ix ,  th e re b y

y ie ld in g  th re e  A T P  fo r  e a c h  c y to s o l ic  N A D H  o x id iz e d  b y  m alate  
dehydrogenase  a s  o x a lo a c e ta te  is  r e d u c e d  to  m a la te .  A  tr a n s p o r t  p ro te in  

m o v e s  m a la te  in to  th e  m i to c h o n d r ia l  m a tr ix .
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F ig u re  6 .1 7  S u b s tra te  s h u tt le s  fo r  th e  t r a n s p o r t  o f  r e d u c in g  e q u iv a le n ts  a c ro s s  th e  

in n e r  m i to c h o n d r ia l  m e m b ra n e .  A . G ly c e ro l  3 -p h o s p h a te  sh u ttle .  B . M a la te 

a s p a r ta te  sh u ttle . D H A P  = d ih y d ro x y a c e to n e  p h o s p h a te ;  N A D (H )  = 

n ic o t in a m id e  a d e n in e  d in u c le o t id e ;  H + = p ro to n ; F A D (H 2) = f la v in  a d e n in e  

d in u c le o t id e ;  C o Q  = c o e n z y m e  Q .

C. Inherited defects in oxidative phosphorylation
T h ir te e n  o f  th e  ~ 9 0  p o ly p e p tid e s  r e q u ire d  fo r  o x id a tiv e  p h o s p h o ry la t io n  a re  

e n c o d e d  b y  m tD N A  a n d  s y n th e s iz e d  in  m ito c h o n d r ia ,  w h e re a s  th e  

re m a in in g  p ro te in s  a re  e n c o d e d  b y  n u c le a r  D N A , s y n th e s iz e d  in  th e  c y to so l ,  

a n d  th e n  t r a n s p o r te d  in to  m ito c h o n d r ia .  D e fe c ts  in  o x id a tiv e  

p h o s p h o ry la t io n  a re  m o re  l ik e ly  a  r e s u l t  o f  a l te ra t io n s  in  m tD N A , w h ic h  h a s  

a  m u ta t io n  r a te  a b o u t  10  t im e s  g re a te r  th a n  th a t  o f  n u c le a r  D N A . T is s u e s  

w ith  th e  g r e a te s t  A T P  re q u i re m e n t  ( fo r  e x a m p le , th e  c e n tra l  n e rv o u s  

s y s te m , s k e le ta l  a n d  h e a r t  m u s c le ,  a n d  th e  l iv e r )  a re  m o s t  a f f e c te d  b y  

d e fe c ts  in  o x id a t iv e  p h o s p h o ry la t io n .  M u ta t io n s  in  m tD N A  a re  re s p o n s ib le  

fo r  s e v e ra l  d is e a s e s ,  in c lu d in g  s o m e  c a s e s  o f  m i to c h o n d r ia l  m y o p a th ie s ,  

a n d  L e b e r  h e re d i ta ry  o p tic  n e u ro p a th y ,  a  d is e a s e  in  w h ic h  b i la te r a l  lo s s  o f  

c e n tra l  v is io n  o c c u rs  a s  a  r e s u l t  o f  n e u ro re t in a l  d e g e n e ra tio n ,  in c lu d in g  

d a m a g e  to  th e  o p tic  n e rv e . [N o te : m tD N A  is  m a te rn a l ly  in h e r i te d  b e c a u s e  

m ito c h o n d r ia  f ro m  th e  s p e rm  c e l l  d o  n o t  e n te r  th e  f e r t i l iz e d  e g g .]

D. Mitochondria and apoptosis
T h e  p ro c e s s  o f  a p o p to s is  (p ro g ra m m e d  c e l l  d e a th )  m a y  b e  in i t ia te d  th ro u g h  

th e  in t r in s ic  (m ito c h o n d r ia l-m e d ia te d )  p a th w a y  b y  th e  fo rm a t io n  o f  p o re s  in  

th e  o u te r  m i to c h o n d r ia l  m e m b ra n e .  T h e s e  p o re s  a l lo w  c y to c h ro m e  c  to  

le a v e  th e  in te rm e m b ra n e  s p a c e  a n d  e n te r  th e  c y to so l .  T h e re ,  c y to c h ro m e  c, 

in  a s s o c ia t io n  w ith  p r o a p o p to t ic  fa c to rs ,  a c t iv a te s  a  f a m ily  o f  p ro te o ly t ic  

e n z y m e s  ( th e  caspases), c a u s in g  c le a v a g e  o f  k e y  p ro te in s  a n d  re s u l t in g  in  

th e  m o rp h o lo g ic  a n d  b io c h e m ic a l  c h a n g e s  c h a ra c te r is t ic  o f  a p o p to s is .



VII. CHAPTER SUMMARY

T h e  c h a n g e  in  f re e  e n e rg y  (A G ) o c c u r r in g  d u r in g  a  r e a c t io n  p re d ic ts  th e  

d ir e c t io n  in  w h ic h  th a t  r e a c t io n  w i l l  s p o n ta n e o u s ly  p ro c e e d . I f  A G  is  

n e g a t iv e  ( th a t  is , th e  p ro d u c t  h a s  a  lo w e r  f re e  e n e rg y  th a n  th e  s u b s tra te ) ,  

th e n  th e  r e a c t io n  is  s p o n ta n e o u s  a s  w r it te n . I f  A G  is  p o s it iv e ,  th e n  th e  

r e a c t io n  is  n o t  s p o n ta n e o u s .  I f  A G  = 0 , th e n  th e  r e a c t io n  is  in  e q u i l ib r iu m . 

T h e  A G  o f  th e  fo rw a rd  r e a c t io n  is  e q u a l  in  m a g n itu d e  b u t  o p p o s i te  in  s ig n  

to  th a t  o f  th e  b a c k  r e a c tio n . T h e  A G  a re  a d d i t iv e  in  a n y  s e q u e n c e  o f  

c o n s e c u t iv e  r e a c tio n s ,  as  a re  th e  s ta n d a rd  f re e  e n e rg y  c h a n g e s  (A G 0). 

T h e re fo re ,  r e a c t io n s  o r  p ro c e s s e s  th a t  h a v e  a  la rg e , p o s i t iv e  A G  a re  m a d e  

p o s s ib le  b y  c o u p l in g  w ith  th o s e  th a t  h a v e  a  la rg e , n e g a t iv e  A G  s u c h  a s  A T P  

h y d ro ly s is .  T h e  r e d u c e d  c o e n z y m e s  n ic o t in a m id e  a d e n in e  d in u c le o t id e  

(N A D H )  a n d  f la v in  a d e n in e  d in u c le o t id e  (F A D H 2) e a c h  d o n a te  a  p a i r  o f  

e le c tro n s  to  a  s p e c ia l iz e d  s e t  o f  e le c tro n  c a r r ie rs ,  c o n s is t in g  o f  f la v in  

m o n o n u c le o t id e  (F M N ), iro n - s u lfu r  c e n te rs ,  c o e n z y m e  Q , a n d  a  s e r ie s  o f  

h e m e -c o n ta in in g  c y to c h ro m e s , c o l le c t iv e ly  c a l le d  th e  e le c tro n  t r a n s p o r t  

c h a in . T h is  p a th w a y  is  p re s e n t  in  th e  in n e r  m i to c h o n d r ia l  m e m b ra n e  

( im p e rm e a b le  to  m o s t  s u b s ta n c e s )  a n d  is  th e  f in a l  c o m m o n  p a th w a y  b y  

w h ic h  e le c tro n s  d e r iv e d  f ro m  d if f e r e n t  fu e ls  o f  th e  b o d y  f lo w  to  o x y g e n  

(O 2), w h ic h  h a s  a  la rg e , p o s i t iv e  r e d u c t io n  p o te n t ia l  (E 0), r e d u c in g  i t  to  

w a te r .  T h e  te rm in a l  c y to c h ro m e , cytochrom e c oxidase, is  th e  o n ly  

c y to c h ro m e  a b le  to  b in d  O 2. E le c t ro n  t r a n s p o r t  r e s u lts  in  th e  p u m p in g  o f

p ro to n s  (H +) a c ro s s  th e  in n e r  m i to c h o n d r ia l  m e m b ra n e  f ro m  th e  m a tr ix  to  

th e  in te rm e m b ra n e  sp a c e , 10  H+ p e r  N A D H  o x id iz e d . T h is  p ro c e s s  c re a te s  

e le c tr ic a l  a n d  p H  g ra d ie n ts  a c ro s s  th e  in n e r  m i to c h o n d r ia l  m e m b ra n e .  A f te r  

H + h a v e  b e e n  t r a n s f e r r e d  to  th e  c y to s o l ic  s id e  o f  th e  m e m b ra n e ,  th e y  

r e e n te r  th e  m a tr ix  b y  p a s s in g  th ro u g h  th e  F o H + c h a n n e l  in  A T P  synthase

(C o m p le x  V ) , d is s ip a t in g  th e  p H  a n d  e le c tr ic a l  g ra d ie n ts  a n d  c a u s in g  

c o n fo rm a tio n a l  c h a n g e s  in  th e  F 1 p s u b u n its  o f  th e  synthase  th a t  r e s u l t  in  

th e  s y n th e s is  o f  A T P  f ro m  A D P  + in o rg a n ic  p h o s p h a te .  E le c t ro n  t r a n s p o r t  

a n d  p h o s p h o ry la t io n  a re  t ig h t ly  c o u p le d  in  o x id a t iv e  p h o s p h o ry la t io n  

( [O X P H O S ]  F ig . 6 .1 8 ). I n h ib i t io n  o f  o n e  p ro c e s s  in h ib its  th e  o th e r . T h e s e  

p ro c e s s e s  c a n  b e  u n c o u p le d  b y  u n c o u p l in g  p ro te in -1  o f  th e  in n e r



m ito c h o n d r ia l  m e m b ra n e  o f  b ro w n  a d ip o c y te s  a n d  b y  s y n th e t ic  c o m p o u n d s  

s u c h  as  2 ,4 -d in i t ro p h e n o l  a n d  a s p ir in ,  a l l  o f  w h ic h  d is s ip a te  th e  H+ 

g ra d ie n t.  In  u n c o u p le d  m ito c h o n d r ia ,  th e  e n e rg y  p ro d u c e d  b y  e le c tro n  

t r a n s p o r t  is  r e le a s e d  a s  h e a t  r a th e r  th a n  b e in g  u s e d  to  s y n th e s iz e  A T P . 

M u ta t io n s  in  m i to c h o n d r ia l  D N A , w h ic h  is  m a te rn a l ly  in h e r i te d , a re  

re s p o n s ib le  fo r  s o m e  c a s e s  o f  m i to c h o n d r ia l  d is e a s e s  s u c h  a s  L e b e r  

h e re d i ta ry  o p tic  n e u ro p a th y . T h e  r e le a s e  o f  c y to c h ro m e  c  in to  th e  

c y to p la s m  a n d  s u b s e q u e n t  a c t iv a t io n  o f  p ro te o ly t ic  caspases  r e s u lts  in  

a p o p to tic  c e l l  d e a th .



F ig u re  6 .1 8  K e y  c o n c e p t  m a p  fo r  o x id a tiv e  p h o s p h o ry la t io n  (O X P H O S ) . [N o te : 

E le c t ro n  ( e - ) f lo w  a n d  A T P  s y n th e s is  a re  s h o w n  a s  s e ts  o f  in te r lo c k in g  g e a rs  to  

e m p h a s iz e  c o u p lin g .]  T C A  =  tr ic a rb o x y lic  a c id ; N A D (H )  =  n ic o tin a m id e  

a d e n in e  d in u c le o t id e ;  F A D (H 2) =  f la v in  a d e n in e  d in u c le o t id e ;  F M N  =  f la v in

m o n o n u c le o t id e ;  A D P  =  a d e n o s in e  d ip h o s p h a te .



Study Questions

Choose th e  O N E  b e s t  a n s w e r .

.1 . 2 ,4 -D in i tro p h e n o l  (D N P ) , a n  u n c o u p le r  o f  o x id a t iv e  p h o s p h o ry la t io n ,  w a s  

u s e d  as  a  w e ig h t- lo s s  a g e n t  in  th e  1 9 3 0 s . R e p o r ts  o f  f a ta l  o v e rd o s e s  le d  to  

its  d is c o n t in u a t io n  in  1 9 3 9 . W h ic h  o f  th e  fo llo w in g  w o u ld  m o s t  l ik e ly  b e  

tru e  c o n c e rn in g  in d iv id u a ls  ta k in g  2 ,4 -D N P ?

A . A T P  le v e ls  in  th e  m ito c h o n d r ia  a re  g re a te r  th a n  n o rm a l.

B . B o d y  te m p e ra tu re  is  e le v a te d  as  a  r e s u l t  o f  h y p e rm e ta b o l is m .

C . C y a n id e  h a s  n o  e f f e c t  o n  e le c tro n  f lo w .

D . T h e  p ro to n  g r a d ie n t  a c ro s s  th e  in n e r  m i to c h o n d r ia l  m e m b ra n e  is  

g re a te r  th a n  n o rm a l.

E . T h e  r a te  o f  e le c tro n  t r a n s p o r t  is  a b n o rm a lly  lo w .

C o r r e c t  a n s w e r  = B . W h e n  p h o s p h o ry la t io n  is  u n c o u p le d  f ro m  e le c tro n  f lo w , a  

d e c re a s e  in  th e  p ro to n  g r a d ie n t  a c ro s s  th e  in n e r  m i to c h o n d r ia l  m e m b ra n e  a n d , 

th e re fo re ,  im p a ire d  A T P  s y n th e s is  a re  e x p e c te d . In  a n  a t te m p t to  c o m p e n s a te  

fo r  th is  d e fe c t  in  e n e rg y  c a p tu re ,  m e ta b o l is m  a n d  e le c tro n  f lo w  to  o x y g e n  a re  

in c re a s e d . T h is  h y p e rm e ta b o l is m  w il l  b e  a c c o m p a n ie d  b y  e le v a te d  b o d y  

te m p e ra tu re  b e c a u s e  th e  e n e rg y  in  fu e ls  is  la rg e ly  w a s te d , a p p e a r in g  a s  h e a t. 

T h e  e le c tro n  t r a n s p o r t  c h a in  w i l l  s t i l l  b e  in h ib i te d  b y  c y a n id e .

.2 . W h ic h  o f  th e  fo llo w in g  h a s  th e  s tro n g e s t  te n d e n c y  to  g a in  e le c tro n s ?

A . C o e n z y m e  Q

B . C y to c h ro m e  c

C . F la v in  a d e n in e  d in u c le o t id e

D . N ic o t in a m id e  a d e n in e  d in u c le o t id e

E . O x y g e n

C o r re c t  a n s w e r  = E . O x y g e n  is  th e  te rm in a l  a c c e p to r  o f  e le c tro n s  in  th e  

e le c tro n  t r a n s p o r t  c h a in  (E T C ). E le c t ro n s  f lo w  d o w n  th e  E T C  to  o x y g e n  

b e c a u s e  i t  h a s  th e  h ig h e s t  (m o s t  p o s it iv e )  r e d u c t io n  p o te n t ia l  (E 0). T h e  o th e r  

c h o ic e s  p re c e d e  o x y g e n  in  th e  E T C  a n d  h a v e  lo w e r  E 0 v a lu e s .



.3 . E x p la in  w h y  a n d  h o w  th e  m a la te -a s p a r ta te  s h u tt le  m o v e s  n ic o t in a m id e  

a d e n in e  d in u c le o t id e  re d u c in g  e q u iv a le n ts  f ro m  th e  c y to s o l  to  th e  

m i to c h o n d r ia l  m a tr ix .

T h e re  is  n o  tr a n s p o r te r  fo r  n ic o t in a m id e  a d e n in e  d in u c le o t id e  (N A D H )  in  th e  

in n e r  m i to c h o n d r ia l  m e m b ra n e .  H o w e v e r ,  c y to p la s m ic  N A D H  c a n  b e  o x id iz e d  

to  N A D +  b y  m a la te  d e h y d ro g e n a s e  a s  o x a lo a c e ta te  (O A A ) is  r e d u c e d  to  

m a la te .  T h e  m a la te  is  t r a n s p o r te d  a c ro s s  th e  in n e r  m e m b ra n e  to  th e  m a tr ix  

w h e re  th e  m i to c h o n d r ia l  is o z y m e  o f  m a la te  d e h y d ro g e n a s e  o x id iz e s  i t  to  O A A  

as  m i to c h o n d r ia l  N A D +  is  r e d u c e d  to  N A D H . T h is  N A D H  c a n  b e  o x id iz e d  b y  

C o m p le x  I o f  th e  e le c tro n  t r a n s p o r t  c h a in , g e n e ra t in g  th re e  A T P  th ro u g h  th e  

c o u p le d  p ro c e s s e s  o f  o x id a t iv e  p h o s p h o ry la t io n .

.4 . C a rb o n  m o n o x id e  (C O ) b in d s  to  a n d  in h ib its  C o m p le x  IV  o f  th e  e le c tro n  

t r a n s p o r t  c h a in . W h a t  e f fe c t,  i f  a n y , s h o u ld  th is  r e s p ir a to ry  in h ib i to r  h a v e  

o n  p h o s p h o ry la t io n  o f  a d e n o s in e  d ip h o s p h a te  (A D P )  to  A T P ?

In h ib i t io n  o f  e le c tro n  t r a n s p o r t  b y  r e s p ir a to ry  in h ib i to rs  s u c h  a s  C O  re s u l ts  in  

a n  in a b i l i ty  to  m a in ta in  th e  p ro to n  (H +) g ra d ie n t.  T h e re fo re ,  p h o s p h o ry la t io n  o f  

A D P  to  A T P  is  in h ib ite d , a s  a re  a n c i l la ry  r e a c t io n s  s u c h  as  c a lc iu m  u p ta k e  b y  

m ito c h o n d r ia ,  b e c a u s e  th e y  a lso  r e q u ire  th e  H + g ra d ie n t.
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Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

C a rb o h y d ra te s  ( s a c c h a r id e s )  a re  th e  m o s t  a b u n d a n t  o rg a n ic  m o le c u le s  in  n a tu re . 

T h e y  h a v e  a  w id e  r a n g e  o f  fu n c t io n s ,  in c lu d in g  p ro v id in g  a  s ig n if ic a n t  f r a c t io n  

o f  th e  d ie ta ry  c a lo r ie s  fo r  m o s t  o rg a n is m s , a c t in g  a s  a  s to ra g e  fo rm  o f  e n e rg y  in  

th e  b o d y , a n d  s e rv in g  a s  c e l l  m e m b ra n e  c o m p o n e n ts  th a t  m e d ia te  s o m e  fo rm s  o f  

in te rc e l lu la r  c o m m u n ic a tio n .  C a rb o h y d ra te s  a lso  s e rv e  a s  a  s t ru c tu ra l  c o m p o n e n t  

o f  m a n y  o rg a n is m s , in c lu d in g  th e  c e l l  w a lls  o f  b a c te r ia ,  th e  e x o s k e le to n  o f  

in s e c ts ,  a n d  th e  f ib ro u s  c e l lu lo s e  o f  p la n ts .  [N o te : T h e  fu l l  s e t  o f  c a rb o h y d ra te s  

p ro d u c e d  b y  a n  o rg a n is m  is  its  g ly c o m e .]  T h e  e m p ir ic  f o rm u la  fo r  m a n y  o f  th e  

s im p le r  c a rb o h y d ra te s  is  (C H 2O )n, w h e re  n  > 3 , h e n c e  th e  n a m e  “ h y d ra te  o f  

c a rb o n .”

II. CLASSIFICATION AND STRUCTURE

M o n o s a c c h a r id e s  ( s im p le  s u g a rs )  c a n  b e  c la s s i f ie d  a c c o rd in g  to  th e  n u m b e r  o f  

c a rb o n  a to m s  th e y  c o n ta in .  E x a m p le s  o f  s o m e  m o n o s a c c h a r id e s  c o m m o n ly  

fo u n d  in  h u m a n s  a re  l i s te d  in  F ig u re  7 .1 . T h e y  c a n  a lso  b e  c la s s i f ie d  b y  th e  ty p e  

o f  c a rb o n y l  g ro u p  th e y  c o n ta in .  C a rb o h y d ra te s  w ith  a n  a ld e h y d e  a s  th e ir  

c a rb o n y l  g ro u p  a re  c a l le d  a ld o se s ,  w h e re a s  th o s e  w ith  a  k e to  a s  th e ir  c a rb o n y l  

g ro u p  a re  c a l le d  k e to s e s  (F ig . 7 .2 ). F o r  e x a m p le , g ly c e ra ld e h y d e  is  a n  a ld o se , 

w h e re a s  d ih y d ro x y a c e to n e  is  a  k e to se . C a rb o h y d ra te s  th a t  h a v e  a  f re e  c a rb o n y l  

g ro u p  h a v e  th e  s u f f ix  -o se . [N o te : K e to s e s  h a v e  a n  a d d i t io n a l  “ u l” in  th e ir  s u f f ix  

s u c h  a s  x y lu lo s e . T h e re  a re  e x c e p tio n s ,  s u c h  a s  f ru c to s e , to  th is  ru le .]  

M o n o s a c c h a r id e s  c a n  b e  l in k e d  b y  g ly c o s id ic  b o n d s  to  c re a te  la rg e r  s tru c tu re s



(F ig . 7 .3 ). D is a c c h a r id e s  c o n ta in  tw o  m o n o s a c c h a r id e  u n its ,  o l ig o s a c c h a r id e s  

c o n ta in  th re e  to  te n  m o n o s a c c h a r id e  u n its ,  a n d  p o ly s a c c h a r id e s  c o n ta in  m o re  

th a n  te n  m o n o s a c c h a r id e  u n its  a n d  c a n  b e  h u n d re d s  o f  s u g a r  u n its  in  le n g th .

GENERIC NAMES

\

EXAMPLES

3  C a r b o n s : t r i o s e s G l y c e r a l d e h y d e

4  C a r b o n s : t e t r o s e s E r y t h r o s e

5  C a r b o n s : p e n t o s e s R i b o s e

6  C a r b o n s : h e x o s e s G l u c o s e

7  C a r b o n s : h e p t o s e s S e d o h e p t u l o s e

9  C a r b o n s :  

________________

n o n o s e s N e u r a m i n i c  a c i d  

_________________________ /

F ig u re  7 .1  E x a m p le s  o f  m o n o s a c c h a r id e s  fo u n d  in  h u m a n s , c la s s i f ie d  a c c o rd in g  

to  th e  n u m b e r  o f  c a rb o n s  th e y  c o n ta in .



F ig u re  7 .2  E x a m p le s  o f  a n  a ld o s e  (A ) a n d  a  k e to s e  (B ) su g a r .



F ig u re  7 .3  A  g ly c o s id ic  b o n d  b e tw e e n  tw o  h e x o s e s  p ro d u c in g  a  d is a c c h a r id e .

A. Isomers and epimers
C o m p o u n d s  th a t  h a v e  th e  s a m e  c h e m ic a l  f o rm u la  b u t  h a v e  d if f e re n t  

s t ru c tu re s  a re  c a l le d  is o m e rs .  F o r  e x a m p le , f ru c to s e , g lu c o se , m a n n o s e , a n d  

g a la c to s e  a re  a l l  is o m e rs  o f  e a c h  o th e r , h a v in g  th e  s a m e  c h e m ic a l  fo rm u la , 

C 6H 12O 6. C a rb o h y d ra te  is o m e rs  th a t  d if fe r  in  c o n f ig u ra t io n  a ro u n d  o n ly  

o n e  s p e c if ic  c a rb o n  a to m  (w ith  th e  e x c e p t io n  o f  th e  c a rb o n y l  c a rb o n , s e e  C . 

1. b e lo w )  a re  d e f in e d  a s  e p im e rs  o f  e a c h  o th e r . F o r  e x a m p le , g lu c o s e  a n d  

g a la c to s e  a re  C -4  e p im e rs  b e c a u s e  th e ir  s tru c tu re s  d if f e r  o n ly  in  th e  p o s i t io n  

o f  th e  - O H  (h y d ro x y l)  g ro u p  a t  c a rb o n  4 . [N o te : T h e  c a rb o n s  in  s u g a rs  a re



n u m b e re d  b e g in n in g  a t  th e  e n d  th a t  c o n ta in s  th e  c a rb o n y l  c a rb o n  ( th a t  is , 

th e  a ld e h y d e  o r  k e to  g ro u p ) ,  a s  s h o w n  in  F ig . 7 .4 .] G lu c o s e  a n d  m a n n o s e  

a re  C -2  e p im e rs .  H o w e v e r ,  b e c a u s e  g a la c to s e  a n d  m a n n o s e  d if fe r  in  th e  

p o s i t io n  o f  - O H  g ro u p s  a t  tw o  c a rb o n s  (c a rb o n s  2 a n d  4 ) , th e y  a re  is o m e rs  

ra th e r  th a n  e p im e rs  (s e e  F ig . 7 .4 ).
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F ig u re  7 .4  C a rb o n -2  (C -2 )  a n d  C -4  e p im e rs  a n d  a n  is o m e r  o f  g lu c o se .

B. Enantiomers
A  s p e c ia l  ty p e  o f  is o m e r is m  is  fo u n d  in  th e  p a ir s  o f  s tru c tu re s  th a t  a re  

m ir ro r  im a g e s  o f  e a c h  o th e r . T h e s e  m ir ro r  im a g e s  a re  c a l le d  e n a n tio m e rs ,  

a n d  th e  tw o  m e m b e rs  o f  th e  p a i r  a re  d e s ig n a te d  a s  a  d- a n d  a n  L- s u g a r  (F ig . 

7 .5 ). T h e  v a s t  m a jo r i ty  o f  th e  s u g a rs  in  h u m a n s  a re  D- is o m e rs .  In  th e  d- 
is o m e r ic  fo rm , th e  - O H  g ro u p  o n  th e  a s y m m e tr ic  c a rb o n  (a  c a rb o n  l in k e d  

to  fo u r  d if f e re n t  a to m s  o r  g ro u p s )  f a r th e s t  f ro m  th e  c a rb o n y l  c a rb o n  is  o n  

th e  r ig h t , w h e re a s  in  th e  L- is o m e r , i t  is  o n  th e  le f t.  M o s t  e n z y m e s  a re  

s p e c if ic  fo r  e i th e r  th e  d o r  th e  l fo rm , b u t  e n z y m e s  k n o w n  a s  isom erases  a re  

a b le  to  in te r c o n v e r t  D- a n d  L- is o m e rs .

F ig u re  7 .5  E n a n tio m e rs  (m ir ro r  im a g e s )  o f  g lu c o se . D e s ig n a t io n  o f  d a n d  l is  b y



c o m p a r is o n  to  a  tr io s e ,  g ly c e ra ld e h y d e . [N o te : T h e  a s y m m e tr ic  c a rb o n s  a re  

s h o w n  in  g re e n .]

C. Monosaccharide cyclization
L e s s  th a n  1 %  o f  e a c h  o f  th e  m o n o s a c c h a r id e s  w i th  f iv e  o r  m o re  c a rb o n s  

e x is ts  in  th e  o p e n -c h a in  (a c y c lic )  fo rm  in  so lu tio n . R a th e r ,  th e y  a re  

p r e d o m in a n t ly  fo u n d  in  a  r in g  (c y c l ic )  fo rm , in  w h ic h  th e  a ld e h y d e  (o r  

k e to )  g ro u p  h a s  r e a c te d  w i th  a  h y d ro x y l  g ro u p  o n  th e  s a m e  s u g a r , m a k in g  

th e  c a rb o n y l c a rb o n  (c a rb o n  1 fo r  a n  a ld o se , c a rb o n  2 fo r  a  k e to se )  

a s y m m e tr ic .  T h is  a s y m m e tr ic  c a rb o n  is  r e f e r r e d  to  a s  th e  a n o m e r ic  c a rb o n .

1. A n o m e rs :  C re a t io n  o f  a n  a n o m e r ic  c a rb o n  ( th e  fo rm e r  c a rb o n y l c a rb o n )  

g e n e ra te s  a  n e w  p a ir  o f  is o m e rs ,  th e  a  a n d  p c o n f ig u ra t io n s  o f  th e  s u g a r  

( fo r  e x a m p le , a - D-g lu c o p y ra n o s e  a n d  p -D-g lu c o p y ra n o s e ) ,  a s  s h o w n  in  

F ig u re  7 .6 , th a t  a re  a n o m e rs  o f  e a c h  o th e r . [N o te : In  th e  a  c o n f ig u ra tio n , 

th e  - O H  g ro u p  o n  th e  a n o m e r ic  c a rb o n  p ro je c ts  to  th e  s a m e  s id e  a s  th e  

r in g  in  a  m o d if ie d  F is c h e r  p ro je c t io n  fo rm u la  (s e e  F ig . 7 .6 A ) a n d  is  tra n s  

to  th e  C H 2O H  g ro u p  in  a  H a w o r th  p ro je c t io n  fo rm u la  (s e e  F ig . 7 .6 B ). 

T h e  a  a n d  p fo rm s  a re  n o t  m ir ro r  im a g e s , a n d  th e y  a re  r e f e r r e d  to  as  

d ia s te re o m e rs .]  E n z y m e s  a re  a b le  to  d is t in g u is h  b e tw e e n  th e s e  tw o  

s tru c tu re s  a n d  u s e  o n e  o r  th e  o th e r  p re fe re n tia l ly .  F o r  e x a m p le , g ly c o g e n  

is  s y n th e s iz e d  f ro m  a - D-g lu c o p y ra n o s e ,  w h e re a s  c e l lu lo s e  is  s y n th e s iz e d  

f ro m  p -D-g lu c o p y ra n o s e .  T h e  c y c l ic  a  a n d  p a n o m e rs  o f  a  s u g a r  in  

s o lu t io n  s p o n ta n e o u s ly  (b u t  s lo w ly )  fo rm  a n  e q u i l ib r iu m  m ix tu re ,  a  

p ro c e s s  k n o w n  a s  m u ta ro ta t io n  (s e e  F ig . 7 .6 ). [N o te : F o r  g lu c o se , th e  a  

fo rm  m a k e s  u p  3 6 %  o f  th e  m ix tu re .]

F ig u re  7 .6  A . T h e  in te r c o n v e r s io n  (m u ta ro ta t io n )  o f  th e  a  a n d  p a n o m e r ic  fo rm s  

o f  g lu c o s e  s h o w n  a s  m o d if ie d  F is c h e r  p ro je c t io n  fo rm u la s .  B . T h e  

in te r c o n v e r s io n  s h o w n  a s  H a w o r th  p ro je c t io n  fo rm u la s .  [N o te : A  s u g a r  w i th  a



s ix -m e m b e re d  r in g  (5  C  + 1 O ) is  te rm e d  a  p y ra n o s e ,  w h e re a s  o n e  w ith  a  f iv e -  

m e m b e re d  r in g  (4  C  + 1 O ) is  a  fu ra n o s e . V ir tu a l ly  a l l  g lu c o s e  in  s o lu t io n  is  in  

th e  p y ra n o s e  fo rm .]

2. R e d u c in g  su g a rs :  I f  th e  h y d ro x y l  g ro u p  o n  th e  a n o m e r ic  c a rb o n  o f  a  

c y c l iz e d  s u g a r  is  n o t  l in k e d  to  a n o th e r  c o m p o u n d  b y  a  g ly c o s id ic  b o n d  

(s e e  E . b e lo w ) ,  th e  r in g  c a n  o p e n . T h e  s u g a r  c a n  a c t  a s  a  re d u c in g  a g e n t 

a n d  is  te rm e d  a  r e d u c in g  su g a r . S u c h  s u g a rs  c a n  r e a c t  w ith  c h ro m o g e n ic  

a g e n ts  ( fo r  e x a m p le , th e  B e n e d ic t  r e a g e n t)  c a u s in g  th e  r e a g e n t  to  b e  

r e d u c e d  a n d  c o lo re d  a s  th e  a ld e h y d e  g ro u p  o f  th e  a c y c lic  s u g a r  is  

o x id iz e d  to  a  c a rb o x y l  g ro u p . A l l  m o n o s a c c h a r id e s ,  b u t  n o t  a ll  

d is a c c h a r id e s ,  a re  r e d u c in g  s u g a rs . [N o te : F ru c to s e ,  a  k e to s e , is  a  

r e d u c in g  s u g a r  b e c a u s e  i t  c a n  b e  is o m e r iz e d  to  a n  a ld o se .]

A  c o lo r im e tr ic  te s t  c a n  d e te c t  a  r e d u c in g  s u g a r  in  u r in e . A  p o s i t iv e  r e s u l t  is  

in d ic a t iv e  o f  a n  u n d e r ly in g  p a th o lo g y  (b e c a u s e  s u g a rs  a re  n o t  n o rm a lly  

p r e s e n t  in  u r in e )  a n d  c a n  b e  fo l lo w e d  u p  b y  m o re  s p e c if ic  te s ts  to  id e n t ify  

th e  re d u c in g  su g a r .

D. Monosaccharide joining
M o n o s a c c h a r id e s  c a n  b e  jo in e d  to  fo rm  d is a c c h a r id e s ,  o l ig o s a c c h a r id e s ,  a n d  

p o ly s a c c h a r id e s .  Im p o r ta n t  d is a c c h a r id e s  in c lu d e  la c to s e  (g a la c to s e  + 

g lu c o se ) ,  s u c ro s e  (g lu c o s e  + f ru c to s e ) ,  a n d  m a lto s e  (g lu c o s e  + g lu c o se ) .  

Im p o r ta n t  p o ly s a c c h a r id e s  in c lu d e  b r a n c h e d  g ly c o g e n  ( f ro m  a n im a l 

s o u rc e s )  a n d  s ta rc h  (p la n t  s o u rc e s )  a n d  u n b ra n c h e d  c e l lu lo s e  (p la n t  

s o u rc e s ) .  E a c h  is  a  p o ly m e r  o f  g lu c o se .

E. Glycosidic bonds
T h e  b o n d s  th a t  l in k  s u g a rs  a re  c a l le d  g ly c o s id ic  b o n d s . T h e y  a re  fo rm e d  b y  

e n z y m e s  k n o w n  as  glycosyltransferases  th a t  u s e  n u c le o t id e  s u g a rs  

(a c t iv a te d  s u g a rs )  s u c h  a s  u r id in e  d ip h o s p h a te  g lu c o s e  as  s u b s tra te s .  

G ly c o s id ic  b o n d s  b e tw e e n  s u g a rs  a re  n a m e d  a c c o rd in g  to  th e  n u m b e rs  o f  

th e  c o n n e c te d  c a rb o n s  a n d  w ith  r e g a rd  to  th e  p o s i t io n  o f  th e  a n o m e r ic  

h y d ro x y l  g ro u p  o f  th e  f i r s t  s u g a r  in v o lv e d  in  th e  b o n d . I f  th is  a n o m e r ic



h y d ro x y l  is  in  th e  a  c o n f ig u ra tio n ,  th e n  th e  l in k a g e  is  a n  a -b o n d .  I f  i t  is  in  

th e  p c o n f ig u ra tio n ,  th e n  th e  l in k a g e  is  a  p -b o n d . L a c to s e , fo r  e x a m p le , is  

s y n th e s iz e d  b y  fo rm in g  a  g ly c o s id ic  b o n d  b e tw e e n  c a rb o n  1 o f  p -g a la c to s e  

a n d  c a rb o n  4  o f  g lu c o s e . T h e re fo re ,  th e  l in k a g e  is  a  p ( 1 ^ 4 )  g ly c o s id ic  

b o n d  (s e e  F ig . 7 .3 ). [N o te : B e c a u s e  th e  a n o m e r ic  e n d  o f  th e  g lu c o s e  r e s id u e  

is  n o t  in v o lv e d  in  th e  g ly c o s id ic  l in k a g e , i t  (a n d , th e re fo re ,  la c to s e )  re m a in s  

a  re d u c in g  su g a r .]

F. Carbohydrate linkage to noncarbohydrates
C a rb o h y d ra te s  c a n  b e  a t ta c h e d  b y  g ly c o s id ic  b o n d s  to  n o n c a rb o h y d ra te  

s tru c tu re s ,  in c lu d in g  p u r in e  a n d  p y r im id in e  b a s e s  ( fo u n d  in  n u c le ic  a c id s ) , 

a ro m a tic  r in g s  ( s u c h  a s  th o s e  fo u n d  in  s te ro id s  a n d  b il iru b in ) ,  p ro te in s  

( fo u n d  in  g ly c o p ro te in s  a n d  p ro te o g ly c a n s ) ,  a n d  l ip id s  ( fo u n d  in  

g ly c o lip id s ) .  I f  th e  g ro u p  o n  th e  n o n c a rb o h y d ra te  m o le c u le  to  w h ic h  th e  

s u g a r  is  a t ta c h e d  is  a n  - N H 2 g ro u p , th e n  th e  b o n d  is  c a l le d  a n  N -g ly c o s id ic  

lin k . I f  th e  g ro u p  is  a n  - O H ,  th e n  th e  b o n d  is  a n  O -g ly c o s id ic  l in k  (F ig . 

7 .7 ). [N o te : A l l  s u g a r - s u g a r  g ly c o s id ic  b o n d s  a re  O - ty p e  l in k a g e s .]





F ig u re  7 .7  E x a m p le s  o f  N - a n d  O -g ly c o s id ic  b o n d s  in  g ly c o p ro te in s .

III. DIETARY CARBOHYDRATE 
DIGESTION

T h e  p r in c ip a l  s i te s  o f  d ie ta ry  c a rb o h y d ra te  d ig e s t io n  a re  th e  m o u th  a n d  in te s t in a l  

lu m e n . T h is  d ig e s t io n  is  r a p id  a n d  is  c a ta ly z e d  b y  e n z y m e s  k n o w n  a s  glycoside  
hydrolases (glycosidases) th a t  h y d ro ly z e  g ly c o s id ic  b o n d s  (F ig . 7 .8 ). B e c a u s e  

l i t t le  m o n o s a c c h a r id e  is  p r e s e n t  in  d ie ts  o f  m ix e d  a n im a l  a n d  p la n t  o r ig in , th e  

e n z y m e s  a re  p r im a r i ly  endoglycosidases  th a t  h y d ro ly z e  p o ly s a c c h a r id e s  a n d  

o lig o s a c c h a r id e s  a n d  disaccharidases  th a t  h y d ro ly z e  tr i-  a n d  d is a c c h a r id e s  in to  

th e ir  r e d u c in g  s u g a r  c o m p o n e n ts .  G lycosidases  a re  u s u a lly  s p e c if ic  fo r  th e  

s tru c tu re  a n d  c o n f ig u ra t io n  o f  th e  g ly c o s y l  r e s id u e  to  b e  r e m o v e d  as  w e l l  a s  fo r  

th e  ty p e  o f  b o n d  to  b e  b ro k e n . T h e  f in a l  p ro d u c ts  o f  c a rb o h y d ra te  d ig e s t io n  a re  

th e  m o n o s a c c h a r id e s  g lu c o se , g a la c to s e , a n d  f ru c to s e  th a t  a re  a b s o rb e d  b y  c e lls  

( e n te ro c y te s )  o f  th e  s m a l l  in te s tin e .



A. Salivary a-amylase
T h e  m a jo r  d ie ta ry  p o ly s a c c h a r id e s  a re  o f  p la n t  (s ta rc h , c o m p o s e d  o f  

a m y lo s e  a n d  a m y lo p e c t in )  a n d  a n im a l  (g ly c o g e n )  o r ig in . D u r in g  

m a s t ic a t io n  (c h e w in g ) ,  salivary a-am ylase  a c ts  b r ie f ly  o n  d ie ta ry  s ta rc h  a n d  

g ly c o g e n , h y d ro ly z in g  r a n d o m  a ( 1 ^ 4 )  b o n d s . [N o te : T h e re  a re  b o th  

a (1 ^ 4 ) -  a n d  fi(1^ 4)-en dog lu cosidases  in  n a tu re ,  b u t  h u m a n s  d o  n o t  

p ro d u c e  th e  la tte r .  T h e re fo re ,  w e  a re  u n a b le  to  d ig e s t  c e l lu lo se , a  

c a rb o h y d ra te  o f  p la n t  o r ig in  c o n ta in in g  p ( 1 ^ 4 )  g ly c o s id ic  b o n d s  b e tw e e n  

g lu c o s e  re s id u e s .]  B e c a u s e  b r a n c h e d  a m y lo p e c t in  a n d  g ly c o g e n  a lso  

c o n ta in  a ( 1 ^ 6 )  b o n d s , w h ic h  a-am ylase  c a n n o t  h y d ro ly z e ,  th e  d ig e s t  

r e s u lt in g  f ro m  its  a c t io n  c o n ta in s  a  m ix tu re  o f  sh o r t ,  b r a n c h e d  a n d  

u n b ra n c h e d  o l ig o s a c c h a r id e s  k n o w n  a s  d e x tr in s  (F ig . 7 .9 ). [N o te : 

D is a c c h a r id e s  a re  a lso  p r e s e n t  a s  th e y , to o , a re  r e s is ta n t  to  am ylase.]



C a rb o h y d ra te  d ig e s t io n  h a l ts  te m p o ra r i ly  in  th e  s to m a c h , b e c a u s e  th e  h ig h  

a c id ity  in a c t iv a te s  salivary a-am ylase.
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F ig u re  7 .9  D ig e s t io n  o f  c a rb o h y d ra te s .  [N o te : I n d ig e s t ib le  c e l lu lo s e  e n te r s  th e  

c o lo n  a n d  is  e x c re te d .]

B. Pancreatic a-amylase
W h e n  th e  a c id ic  s to m a c h  c o n te n ts  r e a c h  th e  s m a l l  in te s t in e , th e y  a re  

n e u tra l iz e d  b y  b ic a rb o n a te  s e c re te d  b y  th e  p a n c re a s ,  a n d  pancreatic a- 
am ylase  c o n t in u e s  th e  p ro c e s s  o f  s ta rc h  d ig e s t io n .

C. Intestinal disaccharidases
T h e  f in a l  d ig e s t iv e  p ro c e s s e s  o c c u r  p r im a r i ly  a t  th e  m u c o s a l  l in in g  o f  th e  

d u o d e n u m  a n d  u p p e r  je ju n u m  a n d  in c lu d e  th e  a c t io n  o f  s e v e ra l  

disaccharidases  ( s e e  F ig . 7 .9 ). F o r  e x a m p le , isom altase  c le a v e s  th e  a (1  6)

b o n d  in  is o m a lto s e ,  a n d  m altase  c le a v e s  th e  a ( 1 ^ 4 )  b o n d  in  m a lto s e  a n d  

m a lto tr io s e ,  e a c h  p ro d u c in g  g lu c o s e . Sucrase  c le a v e s  th e  a (1  2 ) b o n d  in

s u c ro s e , p ro d u c in g  g lu c o s e  a n d  f ru c to s e , a n d  lactase (fi-galactosidase) 
c le a v e s  th e  p ( 1 ^ 4 )  b o n d  in  la c to s e , p ro d u c in g  g a la c to s e  a n d  g lu c o se . 

[N o te : T h e  s u b s t ra te s  fo r  isom altase  a re  b ro a d e r  th a n  its  n a m e  s u g g e s ts ,  a n d  

i t  h y d ro ly z e s  th e  m a jo r i ty  o f  m a lto s e .]  T re h a lo s e , a n  a ( 1  1) d is a c c h a r id e

o f  g lu c o s e  fo u n d  in  m u s h ro o m s  a n d  o th e r  fu n g i, is  c le a v e d  b y  trehalase . 

T h e s e  e n z y m e s  a re  t r a n s m e m b ra n e  p ro te in s  o f  th e  b ru s h  b o rd e r  o n  th e  

lu m in a l  (a p ic a l)  s u r fa c e  o f  th e  e n te ro c y te s .

Sucrase  a n d  isom altase  a re  e n z y m ic  a c t iv i t ie s  o f  a  s in g le  p ro te in  th a t  is  

c le a v e d  in to  tw o  f u n c t io n a l  s u b u n its ,  w h ic h  r e m a in  a s s o c ia te d  in  th e  c e ll 

m e m b ra n e  a n d  fo rm  th e  sucrase-isom altase (SI) c o m p le x . In  c o n tra s t ,  

m altase  is  o n e  o f  tw o  e n z y m ic  a c t iv i t ie s  o f  th e  s in g le  m e m b ra n e  p ro te in  

m altase-glucoam ylase (M GA) th a t  d o e s  n o t  g e t  c le a v e d . I ts  s e c o n d  

e n z y m ic  a c t iv i ty ,  glucoam ylase, c le a v e s  a ( 1 ^ 4 )  g ly c o s id ic  b o n d s  in  

d e x tr in s .

D. Intestinal absorption of monosaccharides



T h e  u p p e r  je ju n u m  a b s o rb s  th e  b u lk  o f  th e  m o n o s a c c h a r id e  p ro d u c ts  o f  

d ig e s t io n . H o w e v e r ,  d if f e r e n t  s u g a rs  h a v e  d if f e r e n t  m e c h a n is m s  o f  

a b s o rp t io n  (F ig . 7 .1 0 ). F o r  e x a m p le , g a la c to s e  a n d  g lu c o s e  a re  ta k e n  in to  

e n te ro c y te s  b y  s e c o n d a ry  a c t iv e  t r a n s p o r t  th a t  r e q u ire s  a  c o n c u r r e n t  u p ta k e  

( s y m p o r t)  o f  s o d iu m  (N a+ ) io n s . T h e  t r a n s p o r t  p ro te in  is  th e  s o d iu m -  

d e p e n d e n t  g lu c o s e  c o t r a n s p o r te r  1 (S G L T -1 ) .  [N o te : S u g a r  t r a n s p o r t  is  

d r iv e n  b y  th e  N a+  g ra d ie n t  c re a te d  b y  th e  N a+-potassium  (K+) A T P ase  th a t  

m o v e s  N a+  o u t  o f  th e  e n te ro c y te  a n d  K+ in  (s e e  F ig . 7 .1 0 ).] F ru c to s e  

a b s o rp t io n  u ti l iz e s  a n  e n e rg y -  a n d  N a + - in d e p e n d e n t m o n o s a c c h a r id e  

t r a n s p o r te r  (G L U T -5 ) .  A l l  th re e  m o n o s a c c h a r id e s  a re  t r a n s p o r te d  f ro m  th e  

e n te ro c y te s  in to  th e  p o r ta l  c i r c u la t io n  b y  y e t  a n o th e r  t r a n s p o r te r ,  G L U T -2 . 

[N o te : S e e  p . 9 7  fo r  a  d is c u s s io n  o f  th e s e  t r a n s p o r te r s .]
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F ig u re  7 .1 0  A b s o rp t io n  b y  e n te ro c y te s  o f  th e  m o n o s a c c h a r id e  p ro d u c ts  o f  

c a rb o h y d ra te  d ig e s t io n . G L U T  = g lu c o s e  tr a n s p o r te r ;  S G L T -1  = s o d iu m  (N a+ )- 

d e p e n d e n t  g lu c o s e  c o tr a n s p o r te r .  K+ = p o ta s s iu m .



E. Abnormal degradation of disaccharides
T h e  o v e ra l l  p ro c e s s  o f  c a rb o h y d ra te  d ig e s t io n  a n d  a b s o rp t io n  is  so  e f f ic ie n t  

in  h e a l th y  in d iv id u a ls  th a t  o rd in a r i ly  a l l  d ig e s t ib le  d ie ta ry  c a rb o h y d ra te  is  

a b s o rb e d  b y  th e  t im e  th e  in g e s te d  m a te r ia l  r e a c h e s  th e  lo w e r  je ju n u m . 

H o w e v e r ,  b e c a u s e  o n ly  m o n o s a c c h a r id e s  a re  a b s o rb e d , a n y  d e f ic ie n c y  

(g e n e t ic  o r  a c q u ire d )  in  a  s p e c if ic  disaccharidase  a c t iv i ty  o f  th e  in te s t in a l  

m u c o s a  c a u s e s  th e  p a s s a g e  o f  u n d ig e s te d  c a rb o h y d ra te  in to  th e  la rg e  

in te s t in e . A s  a  c o n s e q u e n c e  o f  th e  p re s e n c e  o f  th is  o s m o tic a l ly  a c t iv e  

m a te r ia l ,  w a te r  is  d ra w n  f ro m  th e  m u c o s a  in to  th e  la rg e  in te s t in e , c a u s in g  

o s m o tic  d ia r rh e a . T h is  is  r e in fo rc e d  b y  th e  b a c te r ia l  f e rm e n ta t io n  o f  th e  

re m a in in g  c a rb o h y d ra te  to  tw o -  a n d  th r e e - c a rb o n  c o m p o u n d s  (w h ic h  a re  

a lso  o s m o tic a l ly  a c t iv e )  p lu s  la rg e  v o lu m e s  o f  c a rb o n  d io x id e  a n d  h y d ro g e n  

g a s  (H 2), c a u s in g  a b d o m in a l  c ra m p s , d ia r rh e a , a n d  f la tu le n c e .

1. D ig e s t iv e  e n z y m e  d e f ic ie n c ie s :  G e n e t ic  d e f ic ie n c ie s  o f  th e  in d iv id u a l  

disaccharidases  r e s u l t  in  d is a c c h a r id e  in to le ra n c e . A lte r a t io n s  in  

d is a c c h a r id e  d e g ra d a t io n  c a n  a lso  b e  c a u s e d  b y  a  v a r ie ty  o f  in te s t in a l  

d is e a se s ,  m a ln u tr i t io n ,  a n d  d ru g s  th a t  in ju re  th e  m u c o s a  o f  th e  s m a ll  

in te s t in e . F o r  e x a m p le , b ru s h  b o rd e r  e n z y m e s  a re  r a p id ly  lo s t  in  n o rm a l  

in d iv id u a ls  w ith  s e v e re  d ia r rh e a , c a u s in g  a  te m p o ra ry , a c q u ire d  e n z y m e  

d e f ic ie n c y . T h e re fo re ,  p a t ie n ts  s u f fe r in g  o r  re c o v e r in g  f ro m  s u c h  a  

d is o rd e r  c a n n o t  d r in k  o r  e a t  s ig n if ic a n t  a m o u n ts  o f  d a iry  p ro d u c ts  o r  

s u c ro s e  w i th o u t  e x a c e rb a t in g  th e  d ia r rh e a .

2. L a c to s e  in to le ra n c e :  O v e r  6 0 %  o f  th e  w o r ld ’s a d u l ts  a re  la c to s e  in to le r a n t  

(F ig . 7 .1 1 ). T h is  is  p a r t ic u la r ly  m a n if e s te d  in  c e r ta in  p o p u la tio n s .  F o r  

e x a m p le , u p  to  9 0 %  o f  a d u l ts  o f  A f r ic a n  o r  A s ia n  d e s c e n t  a re  lactase  
d e f ic ie n t .  C o n s e q u e n t ly ,  th e y  a re  le s s  a b le  to  m e ta b o l iz e  la c to s e  th a n  a re  

in d iv id u a ls  o f  N o r th e rn  E u ro p e a n  o r ig in . T h e  a g e -d e p e n d e n t  lo s s  o f  

lactase  a c t iv i ty  s ta r t in g  a t  a p p ro x im a te ly  a g e  2 y e a r s  r e p re s e n ts  a  

r e d u c t io n  in  th e  a m o u n t  o f  e n z y m e  p ro d u c e d .  I t  is  th o u g h t  to  b e  c a u s e d  

b y  s m a l l  v a r ia t io n s  in  th e  D N A  s e q u e n c e  o f  a  re g io n  o n  c h ro m o s o m e  2 

th a t  c o n tro ls  e x p re s s io n  o f  th e  g e n e  fo r  lactase, a lso  o n  c h ro m o s o m e  2. 

T re a tm e n t  fo r  th is  d is o rd e r  is  to  r e d u c e  c o n s u m p tio n  o f  m ilk ; e a t  y o g u r ts  

a n d  s o m e  c h e e s e s  (b a c te r ia l  a c t io n  a n d  a g in g  p ro c e s s  d e c re a s e  la c to s e  

c o n te n t)  a s  w e l l  a s  g re e n  v e g e ta b le s ,  s u c h  a s  b ro c c o l i ,  to  e n s u re  a d e q u a te  

c a lc iu m  in ta k e ;  u s e  lactase-treated  p ro d u c ts ;  o r  ta k e  lactase  in  p i l l  fo rm  

p r io r  to  e a tin g . [N o te : B e c a u s e  th e  lo s s  o f  lactase  is  th e  n o rm  fo r  m o s t  o f  

th e  w o r ld ’s a d u lts , u s e  o f  th e  te rm s  a d u l t- ty p e  h y p o la c ta s ia  o r  lactase



n o n p e r s is te n c e  r a th e r  th a n  la c to s e  in to le ra n c e  is  b e c o m in g  m o re  

c o m m o n .]  R a re  c a s e s  o f  c o n g e n i ta l  lactase  d e f ic ie n c y  a re  k n o w n .





F ig u re  7 .1 1  A b n o rm a l  la c to s e  m e ta b o l is m . C O 2 = c a rb o n  d io x id e ; H 2 = 

h y d ro g e n  g a s .

3. C o n g e n i ta l  s u c ra s e - is o m a lta s e  d e f ic ie n c y : T h is  a u to s o m a l- re c e s s iv e  

d is o rd e r  r e s u l ts  in  a n  in to le ra n c e  o f  in g e s te d  s u c ro s e . C o n g e n i ta l  SI  
d e f ic ie n c y  h a s  a  p re v a le n c e  o f  1 :5 ,0 0 0  in  in d iv id u a ls  o f  E u ro p e a n  

d e s c e n t  a n d  a p p e a rs  to  b e  m u c h  m o re  c o m m o n  (u p  to  1 :2 0 ) in  th e  In u i t  

p e o p le  o f  G re e n la n d  a n d  C a n a d a . T re a tm e n t  in c lu d e s  th e  d ie ta ry  

r e s tr ic t io n  o f  s u c ro s e  a n d  e n z y m e  r e p la c e m e n t  th e ra p y .

4 . D ia g n o s is :  I d e n t if ic a t io n  o f  a  s p e c if ic  e n z y m e  d e f ic ie n c y  c a n  b e  o b ta in e d  

b y  p e r fo rm in g  o ra l  to le r a n c e  te s ts  w i th  th e  in d iv id u a l  d is a c c h a r id e s .  

M e a s u re m e n t  o f  H 2 in  th e  b re a th  is  a  r e l ia b le  te s t  fo r  d e te rm in in g  th e  

a m o u n t  o f  in g e s te d  c a rb o h y d ra te  n o t  a b s o rb e d  b y  th e  b o d y , b u t  w h ic h  is  

m e ta b o l iz e d  in s te a d  b y  th e  in te s t in a l  f lo ra  (s e e  F ig . 7 .1 1 ).



IV. CHAPTER SUMMARY

M o n o s a c c h a r id e s  (F ig . 7 .1 2 ) c o n ta in in g  a n  a ld e h y d e  g ro u p  a re  c a l le d  

a ld o se s ,  a n d  th o s e  w i th  a  k e to  g ro u p  a re  c a l le d  k e to s e s .  D is a c c h a r id e s ,  

o lig o s a c c h a r id e s ,  a n d  p o ly s a c c h a r id e s  c o n s is t  o f  m o n o s a c c h a r id e s  l in k e d  

b y  g ly c o s id ic  b o n d s . C o m p o u n d s  w ith  th e  s a m e  c h e m ic a l  fo rm u la  b u t  

d if f e re n t  s tru c tu re s  a re  c a l le d  is o m e rs .  T w o  m o n o s a c c h a r id e  is o m e rs  

d if fe r in g  in  c o n f ig u ra t io n  a ro u n d  o n e  s p e c if ic  c a rb o n  a to m  (n o t th e  

c a rb o n y l  c a rb o n )  a re  d e f in e d  as  e p im e rs .  In  e n a n t io m e rs  (m ir ro r  im a g e s ) ,  

th e  m e m b e rs  o f  th e  s u g a r  p a i r  a re  d e s ig n a te d  a s  d- a n d  L- is o m e rs .  W h e n  th e  

a ld e h y d e  g ro u p  o n  a n  a c y c lic  s u g a r  g e ts  o x id iz e d  a s  a  c h ro m o g e n ic  a g e n t  

g e ts  r e d u c e d , th a t  s u g a r  is  a  r e d u c in g  su g a r . W h e n  a  s u g a r  c y c l iz e s ,  a n  

a n o m e r ic  c a rb o n  is  c re a te d  f ro m  th e  c a rb o n y l  c a rb o n  o f  th e  a ld e h y d e  o r  

k e to  g ro u p . T h e  s u g a r  c a n  h a v e  tw o  c o n f ig u ra tio n s ,  fo rm in g  a  o r  ß 

a n o m e rs .  A  s u g a r  c a n  h a v e  its  a n o m e r ic  c a rb o n  l in k e d  to  a n  - N H 2 o r  a n  -  

O H  g ro u p  o n  a n o th e r  s tru c tu re  th ro u g h  N - a n d  O -g ly c o s id ic  b o n d s , 

r e s p e c t iv e ly . Salivary a-am ylase  in i t ia te s  d ig e s t io n  o f  d ie ta ry  

p o ly s a c c h a r id e s  ( fo r  e x a m p le , s ta rc h  o r  g ly c o g e n ) ,  p ro d u c in g  

o lig o s a c c h a r id e s .  Pancreatic a-am ylase  c o n t in u e s  th e  p ro c e s s .  T h e  f in a l 

d ig e s t iv e  p ro c e s s e s  o c c u r  a t  th e  m u c o s a l  l in in g  o f  th e  s m a l l  in te s t in e . 

S e v e ra l  disaccharidases  ( fo r  e x a m p le , lactase [ß-galactosidase], sucrase, 
isom altase , a n d  m altase ) p ro d u c e  m o n o s a c c h a r id e s  (g lu c o se , g a la c to s e , 

a n d  f ru c to s e ) .  T h e s e  e n z y m e s  a re  t r a n s m e m b ra n e  p ro te in s  o f  th e  lu m in a l  

b ru s h  b o rd e r  o f  in te s t in a l  m u c o s a l  c e l ls  ( e n te ro c y te s ) .  A b s o rp t io n  o f  th e  

m o n o s a c c h a r id e s  r e q u ire s  s p e c if ic  tr a n s p o r te r s .  I f  c a rb o h y d ra te  d e g ra d a t io n  

is  d e f ic ie n t  (a s  a  r e s u l t  o f  h e re d i ty ,  d is e a se , o r  d ru g s  th a t  in ju re  th e  

in te s t in a l  m u c o s a ) ,  u n d ig e s te d  c a rb o h y d ra te  w i l l  p a s s  in to  th e  la rg e  

in te s t in e , w h e re  i t  c a n  c a u s e  o s m o tic  d ia r rh e a . B a c te r ia l  f e rm e n ta t io n  o f  th e  

m a te r ia l  p ro d u c e s  la rg e  v o lu m e s  o f  c a rb o n  d io x id e  a n d  h y d ro g e n  g as , 

c a u s in g  a b d o m in a l  c ra m p s , d ia r rh e a , a n d  f la tu le n c e . L a c to s e  in to le ra n c e , 

p r im a r i ly  c a u s e d  b y  th e  a g e -d e p e n d e n t  lo s s  o f  lactase  (a d u l t- ty p e  

h y p o la c ta s ia ) ,  is  b y  fa r  th e  m o s t  c o m m o n  o f  th e s e  d e f ic ie n c ie s .



F ig u re  7 .1 2  K e y  c o n c e p t  m a p  fo r  th e  c la s s i f ic a t io n  a n d  s tru c tu re  o f  

m o n o s a c c h a r id e s  a n d  th e  d ig e s t io n  o f  d ie ta ry  c a rb o h y d ra te s .

Study Questions

Choose th e  O N E  b e s t  a n s w e r .

.1. W h ic h  o f  th e  fo l lo w in g  s ta te m e n ts  b e s t  d e s c r ib e s  g lu c o se ?

A . I t  is  a  C -4  e p im e r  o f  g a la c to s e .

B . I t  is  a  k e to s e  a n d  u s u a l ly  e x is ts  a s  a  fu ra n o s e  r in g  in  so lu tio n .

C . I t  is  p r o d u c e d  f ro m  d ie ta ry  s ta rc h  b y  th e  a c t io n  o f  a - a m y la s e .

D . I t  is  u t i l iz e d  in  b io lo g ic a l  s y s te m s  o n ly  in  th e  L- is o m e r ic  fo rm .

C o r re c t  a n s w e r  =  A . B e c a u s e  g lu c o se  a n d  g a la c to s e  d if fe r  o n ly  in  

c o n f ig u ra t io n  a ro u n d  c a rb o n  4 , th e y  a re  C -4  e p im e rs  th a t  a re  in te rc o n v e r t ib le



b y  th e  a c t io n  o f  a n  e p im e ra s e . G lu c o s e  is  a n  a ld o s e  s u g a r  th a t  ty p ic a l ly  e x is ts  

as  a  p y ra n o s e  r in g  in  s o lu tio n . F ru c to s e , h o w e v e r ,  is  a  k e to s e  w i th  a  fu ra n o s e  

r in g . a - A m y la s e  d o e s  n o t  p ro d u c e  m o n o s a c c h a r id e s .  T h e  D- is o m e r ic  fo rm  o f  

c a rb o h y d ra te s  is  th e  fo rm  ty p ic a l ly  fo u n d  in  b io lo g ic  s y s te m s , in  c o n t r a s t  to  

a m in o  a c id s  th a t  ty p ic a l ly  a re  fo u n d  in  th e  L- is o m e r ic  fo rm .

.2 . A  y o u n g  m a n  e n te re d  h is  p h y s ic ia n ’s o f f ic e  c o m p la in in g  o f  b lo a t in g  a n d  

d ia r rh e a . H is  e y e s  w e re  s u n k e n , a n d  th e  p h y s ic ia n  n o te d  a d d i t io n a l  s ig n s  o f  

d e h y d ra t io n . T h e  p a t ie n t ’s te m p e ra tu re  w a s  n o rm a l.  H e  e x p la in e d  th a t  th e  

e p is o d e  h a d  o c c u r re d  fo l lo w in g  a  b ir th d a y  p a r ty  a t  w h ic h  h e  h a d  

p a r t ic ip a te d  in  a n  ic e  c r e a m - e a t in g  c o n te s t .  T h e  p a t ie n t  r e p o r te d  p r io r  

e p is o d e s  o f  a  s im ila r  n a tu re  fo llo w in g  in g e s t io n  o f  a  s ig n if ic a n t  a m o u n t  o f  

d a iry  p ro d u c ts .  T h is  c l in ic a l  p ic tu re  is  m o s t  p ro b a b ly  d u e  to  a  d e f ic ie n c y  in  

th e  a c t iv i ty  of:

A . is o m a lta s e .

B . la c ta s e .

C . p a n c re a t ic  a -a m y la s e .

D . s a l iv a ry  a - a m y la s e .

E . su c ra s e .

C o r r e c t  a n s w e r  = B . T h e  p h y s ic a l  s y m p to m s  s u g g e s t  a  d e f ic ie n c y  in  a n  e n z y m e  

re s p o n s ib le  fo r  c a rb o h y d ra te  d e g ra d a tio n . T h e  s y m p to m s  o b s e rv e d  fo llo w in g  

th e  in g e s t io n  o f  d a iry  p ro d u c ts  s u g g e s t  th a t  th e  p a t ie n t  is  d e f ic ie n t  in  la c ta s e  as  

a  r e s u l t  o f  th e  a g e -d e p e n d e n t  r e d u c t io n  in  e x p re s s io n  o f  th e  e n z y m e .

.3 . R o u tin e  e x a m in a t io n  o f  th e  u r in e  o f  a n  a s y m p to m a t ic  p e d ia tr ic  p a t ie n t  

s h o w e d  a  p o s i t iv e  r e a c t io n  w ith  C lin i te s t  (a  c o p p e r  r e d u c t io n  m e th o d  o f  

d e te c tin g  re d u c in g  s u g a rs )  b u t  a  n e g a t iv e  r e a c t io n  w i th  th e  g lu c o s e  o x id a s e  

te s t  fo r  d e te c tin g  g lu c o se . U s in g  th e s e  d a ta , s h o w  o n  th e  c h a r t  b e lo w  w h ic h  

o f  th e  s u g a rs  c o u ld  (Y E S )  o r  c o u ld  n o t  (N O ) b e  p r e s e n t  in  th e  u r in e  o f  th is  

in d iv id u a l .
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E a c h  o f  th e  l i s te d  s u g a rs , e x c e p t  fo r  s u c ro s e  a n d  g lu c o se , c o u ld  b e  p r e s e n t  in  

th e  u r in e  o f  th is  in d iv id u a l .  C lin i te s t  is  a  n o n s p e c if ic  te s t  th a t  p ro d u c e s  a  

c h a n g e  in  c o lo r  if  u r in e  is  p o s i t iv e  fo r  re d u c in g  s u b s ta n c e s  s u c h  a s  re d u c in g  

s u g a rs  ( f ru c to s e , g a la c to s e , g lu c o se , la c to s e , x y lu lo s e ) .  B e c a u s e  s u c ro s e  is  n o t  

a  r e d u c in g  su g a r , i t  is  n o t  d e te c te d  b y  C lin ite s t .  T h e  g lu c o s e  o x id a s e  te s t  w il l  

d e te c t  o n ly  g lu c o s e , a n d  i t  c a n n o t  d e te c t  o th e r  s u g a rs . T h e  n e g a t iv e  g lu c o s e  

o x id a s e  te s t  c o u p le d  w i th  a  p o s i t iv e  r e d u c in g  s u g a r  te s t  m e a n s  th a t  g lu c o s e  

c a n n o t  b e  th e  re d u c in g  s u g a r  in  th e  p a t ie n t ’s u r in e .

.4 . W h y  a re  a - g lu c o s id a s e  in h ib i to rs  th a t  a re  ta k e n  w ith  m e a ls ,  s u c h  as  a c a rb o s e  

a n d  m ig li to l ,  u s e d  in  th e  t r e a tm e n t  o f  d ia b e te s ?  W h a t  e f f e c t  s h o u ld  th e se  

d ru g s  h a v e  o n  th e  d ig e s t io n  o f  la c to s e ?

a - G lu c o s id a s e  in h ib i to r s  s lo w  th e  p r o d u c t io n  o f  g lu c o s e  f ro m  d ie ta ry  

c a rb o h y d ra te s ,  th e re b y  re d u c in g  th e  p o s tp r a n d ia l  r is e  in  b lo o d  g lu c o s e  a n d  

fa c i l i ta t in g  b e t te r  b lo o d  g lu c o s e  c o n tro l  in  d ia b e t ic  p a t ie n ts .  T h e s e  d ru g s  h a v e  

n o  e f f e c t  o n  la c to s e  d ig e s t io n  b e c a u s e  th e  d is a c c h a r id e  la c to s e  c o n ta in s  a  ß- 

g ly c o s id ic  b o n d , n o t  a n  a - g ly c o s id ic  b o n d .
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to Metabolism and

Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. METABOLISM OVERVIEW

In  C h a p te r  5 , in d iv id u a l  e n z y m ic  r e a c t io n s  w e re  a n a ly z e d  in  a n  e f fo r t  to  e x p la in  

th e  m e c h a n is m s  o f  c a ta ly s is .  H o w e v e r ,  in  c e lls ,  th e s e  r e a c t io n s  ra re ly  o c c u r  in  

is o la t io n . In s te a d , th e y  a re  o rg a n iz e d  in to  m u l t is te p  s e q u e n c e s  c a l le d  p a th w a y s , 

s u c h  as  th a t  o f  g ly c o ly s is  (F ig . 8 .1 ). In  a  p a th w a y , th e  p ro d u c t  o f  o n e  r e a c t io n  

s e rv e s  as  th e  s u b s t r a te  o f  th e  s u b s e q u e n t  re a c tio n . M o s t  p a th w a y s  c a n  b e  

c la s s i f ie d  as  e i th e r  c a ta b o lic  (d e g ra d a tiv e )  o r  a n a b o l ic  ( s y n th e t ic ) .  C a ta b o lic  

p a th w a y s  b r e a k  d o w n  c o m p le x  m o le c u le s ,  s u c h  a s  p ro te in s ,  p o ly s a c c h a r id e s ,  a n d  

lip id s , to  a  f e w  s im p le  m o le c u le s  ( fo r  e x a m p le , c a rb o n  d io x id e , a m m o n ia , a n d  

w a te r ) .  A n a b o l ic  p a th w a y s  fo rm  c o m p le x  e n d  p ro d u c ts  f ro m  s im p le  p re c u rs o rs ,  

fo r  e x a m p le , th e  s y n th e s is  o f  th e  p o ly s a c c h a r id e  g ly c o g e n  f ro m  g lu c o se . [N o te : 

P a th w a y s  th a t  r e g e n e ra te  a  c o m p o n e n t  a re  c a l le d  c y c le s .]  D if f e r e n t  p a th w a y s  c a n  

in te r s e c t ,  fo rm in g  a n  in te g ra te d  a n d  p u rp o s e fu l  n e tw o rk  o f  c h e m ic a l  r e a c tio n s .  

M e ta b o lis m  is  th e  s u m  o f  a l l  th e  c h e m ic a l  c h a n g e s  o c c u r r in g  in  a  c e ll, a  t is s u e , 

o r  th e  b o d y . T h e  n e x t  s e v e ra l  c h a p te r s  fo c u s  o n  th e  c e n tra l  m e ta b o l ic  p a th w a y s  

th a t  a re  in v o lv e d  in  s y n th e s iz in g  a n d  d e g ra d in g  c a rb o h y d ra te s ,  l ip id s , a n d  a m in o  

a c id s .
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F ig u re  8 .1  G ly c o ly s is ,  a n  e x a m p le  o f  a  m e ta b o l ic  p a th w a y . [N o te : P y ru v a te  to  

p h o s p h o e n o lp y ru v a te  r e q u ire s  tw o  re a c tio n s .]  C u rv e d  r e a c t io n  a r ro w s  () in d ic a te  

fo rw a rd  a n d  r e v e r s e  r e a c t io n s  th a t  a re  c a ta ly z e d  b y  d if f e r e n t  e n z y m e s . P  = 

p h o s p h a te .

A. Metabolic map
M e ta b o lis m  is  b e s t  u n d e r s to o d  b y  e x a m in in g  its  c o m p o n e n t  p a th w a y s .  E a c h  

p a th w a y  is  c o m p o s e d  o f  m u l t ie n z y m e  s e q u e n c e s ,  a n d  e a c h  e n z y m e , in  tu rn , 

m a y  e x h ib i t  im p o r ta n t  c a ta ly t ic  o r  r e g u la to ry  fe a tu re s .  A  m e ta b o l ic  m a p  

c o n ta in in g  th e  im p o r ta n t  c e n tra l  p a th w a y s  o f  e n e rg y  m e ta b o l is m  is  

p re s e n te d  in  F ig u re  8 .2 . T h is  “b ig  p ic tu r e ” v ie w  o f  m e ta b o l is m  is  u s e fu l  in  

tr a c in g  c o n n e c t io n s  b e tw e e n  p a th w a y s ,  v is u a l iz in g  th e  p u rp o s e fu l  

m o v e m e n t  o f  m e ta b o l ic  in te rm e d ia te s  (m e ta b o l i te s ) ,  a n d  d e p ic tin g  th e  

e f f e c t  o n  th e  f lo w  o f  in te rm e d ia te s  if  a  p a th w a y  is  b lo c k e d  ( fo r  e x a m p le , b y  

a  d ru g  o r  a n  in h e r i te d  d e f ic ie n c y  o f  a n  e n z y m e ) . [N o te : T h e  m e ta b o lo m e  is  

th e  fu ll  c o m p le m e n t  o f  m e ta b o l i te s  in  a n  o rg a n is m .]  T h ro u g h o u t  th e  n e x t  

th re e  u n its  o f  th is  b o o k , e a c h  p a th w a y  u n d e r  d is c u s s io n  w i l l  b e  r e p e a te d ly  

fe a tu re d  a s  p a r t  o f  th e  m a jo r  m e ta b o l ic  m a p  s h o w n  in  F ig u re  8 .2 .



F ig u re  8 .2  Im p o r ta n t  r e a c t io n s  o f  in te rm e d ia ry  m e ta b o l is m . S e v e ra l  im p o r ta n t  

p a th w a y s  to  b e  d is c u s s e d  in  la te r  c h a p te r s  a re  h ig h l ig h te d .  C u rv e d  re a c t io n  

a r ro w s  () in d ic a te  fo rw a rd  a n d  r e v e r s e  r e a c t io n s  th a t  a re  c a ta ly z e d  b y  d if f e re n t  

e n z y m e s . T h e  s tr a ig h t  a r ro w s  () in d ic a te  fo rw a rd  a n d  re v e r s e  r e a c t io n s  th a t  a re  

c a ta ly z e d  b y  th e  s a m e  e n z y m e . B lu e  te x t  =  in te rm e d ia te s  o f  c a rb o h y d ra te  

m e ta b o l is m ; b ro w n  te x t  =  in te rm e d ia te s  o f  l ip id  m e ta b o l is m ; g re e n  te x t  =



in te rm e d ia te s  o f  p ro te in  m e ta b o l is m . U D P  =  u r id in e  d ip h o s p h a te ;  P  =  p h o s p h a te ;  

C o A  =  c o e n z y m e  A ; C O 2 =  c a rb o n  d io x id e ;  H C O 3- =  b ic a rb o n a te ;  N H 3 = 

a m m o n ia .

B. Catabolic pathways
C a ta b o lic  r e a c t io n s  s e rv e  to  c a p tu re  c h e m ic a l  e n e rg y  in  th e  fo rm  o f  A T P  

f ro m  th e  d e g ra d a t io n  o f  e n e rg y - r ic h  fu e l  m o le c u le s .  A T P  g e n e ra t io n  b y  

d e g ra d a t io n  o f  c o m p le x  m o le c u le s  o c c u rs  in  th re e  s ta g e s ,  a s  s h o w n  in  

F ig u re  8 .3 . [N o te : C a ta b o lic  p a th w a y s  a re  ty p ic a l ly  o x id a tiv e  a n d  r e q u ire  

o x id iz e d  c o e n z y m e s  s u c h  a s  n ic o tin a m id e  a d e n in e  d in u c le o t id e  (N A D + ).]  

C a ta b o lis m  a lso  a l lo w s  m o le c u le s  in  th e  d ie t  (o r  n u tr ie n t  m o le c u le s  s to re d  

in  c e lls )  to  b e  c o n v e r te d  in to  b a s ic  b u i ld in g  b lo c k s  n e e d e d  fo r  th e  s y n th e s is  

o f  c o m p le x  m o le c u le s .  C a ta b o lis m , th e n , is  a  c o n v e rg e n t  p ro c e s s  ( th a t  is , a  

w id e  v a r ie ty  o f  m o le c u le s  a re  tr a n s fo rm e d  in to  a  fe w  c o m m o n  e n d  

p ro d u c ts ) .

F ig u re  8 .3  T h re e  s ta g e s  o f  c a ta b o lis m . C o A  = c o e n z y m e  A ; T C A  = tr ic a rb o x y lic  

a c id ; C O 2 =  c a rb o n  d io x id e .

1. H y d ro ly s is  o f  c o m p le x  m o le c u le s :  In  th e  f i r s t  s ta g e , c o m p le x  m o le c u le s  

a re  b ro k e n  d o w n  in to  th e ir  c o m p o n e n t  b u i ld in g  b lo c k s . F o r  e x a m p le , 

p ro te in s  a re  d e g ra d e d  to  a m in o  a c id s , p o ly s a c c h a r id e s  to  

m o n o s a c c h a r id e s ,  a n d  fa ts  ( t r ia c y lg ly c e ro ls )  to  f re e  fa t ty  a c id s  a n d  

g ly c e ro l.

2. C o n v e r s io n  o f  b u i ld in g  b lo c k s  to  s im p le  in te rm e d ia te s :  In  th e  s e c o n d  

s ta g e , th e s e  d iv e rs e  b u i ld in g  b lo c k s  a re  fu r th e r  d e g ra d e d  to  a c e ty l  

c o e n z y m e  A  (C o A )  a n d  a  fe w  o th e r  s im p le  m o le c u le s .  S o m e  e n e rg y  is



c a p tu re d  a s  A T P , b u t  th e  a m o u n t  is  s m a l l  c o m p a re d  w ith  th e  e n e rg y  

p ro d u c e d  d u r in g  th e  th i rd  s ta g e  o f  c a ta b o lis m .

3. O x id a t io n  o f  a c e ty l  c o e n z y m e  A : T h e  t r ic a rb o x y lic  a c id  (T C A ) c y c le  (se e  

p . 1 0 9 ) is  th e  f in a l  c o m m o n  p a th w a y  in  th e  o x id a t io n  o f  fu e l  m o le c u le s  

th a t  p ro d u c e  a c e ty l  C o A . O x id a t io n  o f  a c e ty l  C o A  g e n e ra te s  la rg e  

a m o u n ts  o f  A T P  v ia  o x id a t iv e  p h o s p h o ry la t io n  a s  e le c tro n s  f lo w  f ro m  

N A D H  a n d  f la v in  a d e n in e  d in u c le o t id e  (F A D H 2) to  o x y g e n  ( [O 2] s e e  p . 

73 ).

C. Anabolic pathways
In  c o n t r a s t  to  c a ta b o lis m , a n a b o l is m  is  a  d iv e rg e n t  p ro c e s s  in  w h ic h  a  fe w  

b io s y n th e t ic  p re c u r s o r s  ( s u c h  a s  a m in o  a c id s )  fo rm  a  w id e  v a r ie ty  o f  

p o ly m e r ic ,  o r  c o m p le x , p ro d u c ts  ( s u c h  a s  p ro te in s  [F ig . 8 .4 ]). A n a b o lic  

r e a c t io n s  r e q u i re  e n e rg y  (a re  e n d e rg o n ic ) ,  w h ic h  is  g e n e ra lly  p ro v id e d  b y  

th e  h y d ro ly s is  o f  A T P  to  a d e n o s in e  d ip h o s p h a te  (A D P )  a n d  in o rg a n ic  

p h o s p h a te  (P j). [N o te : C a ta b o lic  r e a c t io n s  g e n e ra te  e n e rg y  (a re  e x e rg o n ic ) .]  

A n a b o lic  r e a c t io n s  o f te n  in v o lv e  c h e m ic a l  r e d u c t io n s  in  w h ic h  th e  re d u c in g  

p o w e r  is  m o s t  f r e q u e n t ly  p ro v id e d  b y  th e  e le c tro n  d o n o r  N A D P H  

(p h o s p h o ry la te d  N A D H , s e e  p . 1 4 7 ).



F ig u re  8 .4  C o m p a r is o n  o f  c a ta b o lic  a n d  a n a b o l ic  p a th w a y s . N A D H  = 

n ic o t in a m id e  a d e n in e  d in u c le o t id e .



II. METABOLISM REGULATION

T h e  p a th w a y s  o f  m e ta b o l is m  m u s t  b e  c o o rd in a te d  so  th a t  th e  p r o d u c t io n  o f  

e n e rg y  o r  th e  s y n th e s is  o f  e n d  p ro d u c ts  m e e ts  th e  n e e d s  o f  th e  c e ll. F u r th e rm o re , 

in d iv id u a l  c e lls  fu n c t io n  as  p a r t  o f  a  c o m m u n ity  o f  in te ra c t in g  t is s u e s ,  n o t  in  

is o la t io n . T h u s , a  s o p h is t ic a te d  c o m m u n ic a t io n  s y s te m  h a s  e v o lv e d  to  c o o rd in a te  

th e  fu n c t io n s  o f  th e  b o d y . R e g u la to ry  s ig n a ls  th a t  in fo rm  a n  in d iv id u a l  c e l l  o f  th e  

m e ta b o l ic  s ta te  o f  th e  b o d y  as  a  w h o le  in c lu d e  h o rm o n e s ,  n e u ro tra n s m it te r s ,  a n d  

th e  a v a i la b i l i ty  o f  n u tr ie n ts .  T h e s e , in  tu rn , in f lu e n c e  s ig n a ls  g e n e ra te d  w ith in  th e  

c e ll  (F ig . 8 .5 ).
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F ig u re  8 .5  S o m e  c o m m o n ly  u s e d  m e c h a n is m s  fo r  t r a n s m is s io n  o f  re g u la to ry  

s ig n a ls  b e tw e e n  c e lls .

A. Intracellular communication
T h e  ra te  o f  a  m e ta b o l ic  p a th w a y  c a n  r e s p o n d  to  r e g u la to ry  s ig n a ls  th a t  a r is e  

f ro m  w ith in  th e  c e ll. F o r  e x a m p le , th e  ra te  m a y  b e  in f lu e n c e d  b y  th e  

a v a i la b i l i ty  o f  s u b s tra te s ,  p ro d u c t  in h ib it io n ,  o r  a l te ra t io n s  in  th e  le v e ls  o f  

a l lo s te r ic  a c t iv a to r s  o r  in h ib ito rs .  T h e s e  in t r a c e l lu la r  s ig n a ls  ty p ic a l ly  e l ic i t  

r a p id  r e s p o n s e s  a n d  a re  im p o r ta n t  fo r  th e  m o m e n t- to -m o m e n t  r e g u la t io n  o f  

m e ta b o lis m .

B. Intercellular communication
T h e  a b i l i ty  to  r e s p o n d  to  in te rc e l lu la r  s ig n a ls  is  e s s e n t ia l  fo r  th e  

d e v e lo p m e n t  a n d  s u rv iv a l  o f  o rg a n is m s . S ig n a l in g  b e tw e e n  c e l ls  p ro v id e s  

fo r  lo n g - ra n g e  in te g ra t io n  o f  m e ta b o l is m  a n d  u s u a lly  r e s u l ts  in  a  re s p o n s e , 

s u c h  as  a  c h a n g e  in  g e n e  e x p re s s io n , th a t  is  s lo w e r  th a n  is  s e e n  w ith  

in t r a c e l lu la r  s ig n a ls .  C o m m u n ic a t io n  b e tw e e n  c e l ls  c a n  b e  m e d ia te d , fo r  

e x a m p le , b y  s u r fa c e - to - s u r fa c e  c o n ta c t  a n d , in  s o m e  tis s u e s ,  b y  fo rm a t io n  

o f  g a p  ju n c t io n s ,  a l lo w in g  d ir e c t  c o m m u n ic a t io n  b e tw e e n  th e  c y to p la s m s  o f  

a d ja c e n t  c e lls .  H o w e v e r ,  fo r  e n e rg y  m e ta b o l is m , th e  m o s t  im p o r ta n t  ro u te  

o f  c o m m u n ic a t io n  is  c h e m ic a l  s ig n a l in g  b e tw e e n  c e l ls  b y  b lo o d -b o rn e  

h o rm o n e s  o r  b y  n e u ro tra n s m it te r s .

C. Second messenger systems
H o rm o n e s  a n d  n e u ro t ra n s m it te r s  c a n  b e  th o u g h t  o f  as  s ig n a ls  a n d  th e ir  

r e c e p to r s  a s  s ig n a l  d e te c to rs .  R e c e p to r s  r e s p o n d  to  a  b o u n d  l ig a n d  b y  

in i t ia t in g  a  s e r ie s  o f  r e a c t io n s  th a t  u l t im a te ly  r e s u l t  in  s p e c if ic  in t r a c e l lu la r  

r e s p o n s e s .  S e c o n d  m e s s e n g e r  m o le c u le s ,  so  n a m e d  b e c a u s e  th e y  in te rv e n e  

b e tw e e n  th e  o r ig in a l  e x tr a c e l lu la r  m e s s e n g e r  ( th e  n e u ro t ra n s m it te r  o r  

h o rm o n e )  a n d  th e  u l t im a te  in t r a c e l lu la r  e f fe c t,  a re  p a r t  o f  th e  c a s c a d e  o f  

e v e n ts  th a t  c o n v e r ts  ( t r a n s d u c e s )  l ig a n d  b in d in g  in to  a  r e s p o n s e . T w o  o f  th e  

m o s t  w id e ly  r e c o g n iz e d  s e c o n d  m e s s e n g e r  s y s te m s  a re  th e



c a lc iu m /p h o s p h a t id y l in o s i to l  s y s te m  (s e e  p . 2 0 5 )  a n d  th e  adenylyl cyclase  
(adenylate cyclase) s y s te m , w h ic h  is  p a r t ic u la r ly  im p o r ta n t  in  re g u la t in g  th e  

p a th w a y s  o f  in te rm e d ia ry  m e ta b o l is m . B o th  in v o lv e  th e  b in d in g  o f  l ig a n d s , 

s u c h  as  e p in e p h r in e  o r  g lu c a g o n , to  s p e c if ic  G  p r o te in - c o u p le d  r e c e p to rs  

(G P C R ) o n  th e  c e l l  (p la sm a )  m e m b ra n e .  G P C R  a re  c h a ra c te r iz e d  b y  a n  

e x tr a c e l lu la r  l ig a n d -b in d in g  d o m a in , s e v e n  t r a n s m e m b ra n e  a  h e l ic e s ,  a n d  

a n  in t r a c e l lu la r  d o m a in  th a t  in te ra c ts  w ith  t r im e r ic  G  p ro te in s  (F ig . 8 .6 ). 

[N o te : In s u lin ,  a n o th e r  k e y  r e g u la to r  o f  m e ta b o l is m , b in d s  a  m e m b ra n e  

ty ro s in e  k in a s e  r e c e p to r  (s e e  p . 3 1 1 )  a n d  n o t  a  G P C R .]



F ig u re  8 .6  S tru c tu re  o f  a  ty p ic a l  G  p r o te in - c o u p le d  re c e p to r  o f  th e  p la s m a  

m e m b ra n e .

D. Adenylyl cyclase
T h e  r e c o g n i t io n  o f  a  c h e m ic a l  s ig n a l  b y  s o m e  G P C R , s u c h  a s  th e  P- a n d  a 2- 

a d re n e rg ic  re c e p to rs ,  tr ig g e r s  e i th e r  a n  in c re a s e  o r  a  d e c re a s e  in  th e  a c t iv i ty  

o f  adenylyl cyclase (AC). T h is  is  a  m e m b ra n e -b o u n d  e n z y m e  th a t  c o n v e r ts



A T P  to  3 ',5 '- a d e n o s in e  m o n o p h o s p h a te  (c y c l ic  A M P , o r  c A M P ). T h e  

c h e m ic a l  s ig n a ls  a re  m o s t  o f te n  h o rm o n e s  o r  n e u ro tra n s m it te r s ,  e a c h  o f  

w h ic h  b in d s  to  a  u n iq u e  ty p e  o f  G P C R . T h e re fo re ,  t i s s u e s  th a t  r e s p o n d  to  

m o re  th a n  o n e  s ig n a l  m u s t  h a v e  s e v e ra l  d if f e re n t  G P C R , e a c h  o f  w h ic h  c a n  

b e  l in k e d  to  AC.

1. G u a n o s in e  t r ip h o s p h a te - d e p e n d e n t  r e g u la to ry  p ro te in s :  T h e  e f f e c t  o f  th e  

a c t iv a te d , o c c u p ie d  G P C R  o n  s e c o n d  m e s s e n g e r  fo rm a t io n  is  in d ire c t ,  

m e d ia te d  b y  s p e c ia l iz e d  t r im e r ic  p ro te in s  ( a ,  p, a n d  y s u b u n its )  o f  th e  c e ll  

m e m b ra n e .  T h e s e  p ro te in s ,  r e f e r r e d  to  a s  G  p ro te in s  b e c a u s e  th e  a  

s u b u n it  b in d s  g u a n o s in e  d i-  o r  t r ip h o s p h a te s  (G D P  o r  G T P ) , fo rm  a  l in k  

in  th e  c h a in  o f  c o m m u n ic a t io n  b e tw e e n  th e  re c e p to r  a n d  AC . In  th e  

in a c t iv e  fo rm  o f  a  G  p ro te in ,  th e  a  s u b u n it  is  b o u n d  to  G D P  (F ig . 8 .7 ). 

L ig a n d  b in d in g  c a u s e s  a  c o n fo rm a tio n a l  c h a n g e  in  th e  re c e p to r ,  

t r ig g e r in g  r e p la c e m e n t  o f  th is  G D P  w ith  G T P . T h e  G T P -b o u n d  fo rm  o f  

th e  a  s u b u n it  d is s o c ia te s  f ro m  th e  pY s u b u n its  a n d  m o v e s  to  AC , a f fe c tin g  

e n z y m e  a c t iv i ty .  M a n y  m o le c u le s  o f  a c t iv e  G a  p ro te in  a re  fo rm e d  b y  o n e  

a c t iv a te d  re c e p to r .  [N o te : T h e  a b i l i ty  o f  a  h o rm o n e  o r  n e u ro t ra n s m it te r  to  

s t im u la te  o r  in h ib i t  A C  d e p e n d s  o n  th e  ty p e  o f  G a  p ro te in  th a t  is  l in k e d  

to  th e  r e c e p to r .  O n e  ty p e , d e s ig n a te d  G s, s t im u la te s  A C  ( s e e  F ig . 8 .7 ), 

w h e re a s  a n o th e r  ty p e , d e s ig n a te d  G j, in h ib its  th e  e n z y m e  (n o t s h o w n ) .]  

T h e  a c t io n s  o f  th e  G a - G T P  c o m p le x  a re  s h o r t- l iv e d  b e c a u s e  G a  h a s  a n  

in h e re n t  G TPase  a c t iv i ty , r e s u l t in g  in  th e  r a p id  h y d ro ly s is  o f  G T P  to  

G D P . T h is  c a u s e s  in a c t iv a t io n  o f  G a ,  i ts  d is s o c ia t io n  f ro m  A C , a n d  its  

r e a s s o c ia t io n  w ith  th e  py d im e r .
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F ig u re  8 .7  T h e  r e c o g n i t io n  o f  c h e m ic a l  s ig n a ls  b y  c e r ta in  m e m b ra n e  r e c e p to rs  

t r ig g e rs  a n  in c re a s e  (o r, le s s  o f te n , a  d e c re a s e )  in  th e  a c t iv i ty  o f  adenylyl cyclase. 
G D P  a n d  G T P  = g u a n o s in e  d i-  a n d  t r ip h o s p h a te s ;  c A M P  = c y c l ic  a d e n o s in e  

m o n o p h o s p h a te .

T o x in s  f ro m  V ib r io  c h o le ra e  (c h o le ra )  a n d  B o rd e te l la  p e r tu s s is  (w h o o p in g  

c o u g h )  c a u s e  in a p p ro p r ia te  a c t iv a t io n  o f  A C  th ro u g h  c o v a le n t  m o d if ic a t io n  

(A D P -r ib o s y la t io n )  o f  d if f e re n t  G  p ro te in s .  W ith  c h o le ra ,  th e  G TPase  
a c t iv i ty  o f  G a s is  in h ib i te d  in  in te s t in a l  c e lls .  W ith  w h o o p in g  c o u g h , G a j is  

in a c t iv a te d  in  r e s p ir a to ry  t r a c t  c e lls .

2. P ro te in  k in a se s :  T h e  n e x t  s te p  in  th e  c A M P  s e c o n d  m e s s e n g e r  s y s te m  is  

th e  a c t iv a t io n  o f  a  fa m ily  o f  e n z y m e s  c a l le d  cA M P -dependent protein  
kinases  s u c h  as  protein  kinase A  (PKA), a s  s h o w n  in  F ig u re  8 .8 . c A M P  

a c t iv a te s  PKA  b y  b in d in g  to  its  tw o  r e g u la to ry  s u b u n its ,  c a u s in g  th e  

re le a s e  o f  its  tw o  c a ta ly t ic a l ly  a c t iv e  s u b u n its .  T h e s e  s u b u n its  t r a n s fe r  

p h o s p h a te  f ro m  A T P  to  s p e c if ic  s e r in e  o r  th re o n in e  re s id u e s  o f  p ro te in  

s u b s tra te s .  T h e  p h o s p h o ry la te d  p ro te in s  m a y  a c t  d ire c tly  o n  th e  c e l l ’s io n  

c h a n n e ls  o r, i f  e n z y m e s , m a y  b e c o m e  a c t iv a te d  o r  in h ib ite d .  [N o te : 

S e v e ra l  ty p e s  o f  protein  kinases  a re  n o t  c A M P  d e p e n d e n t,  fo r  e x a m p le , 

protein  kinase C, d e s c r ib e d  o n  p . 2 0 5 .]
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F ig u re  8 .8  A c tio n s  o f  c y c l ic  a d e n o s in e  m o n o p h o s p h a te  (c A M P ). = p h o s p h a te ;

A D P  = a d e n o s in e  d ip h o s p h a te ;  Pj = in o rg a n ic  p h o s p h a te .

3. P ro te in  p h o s p h a ta s e s :  T h e  p h o s p h a te  g ro u p s  a d d e d  to  p ro te in s  b y  protein  
kinases  a re  r e m o v e d  b y  protein  phosphatases, e n z y m e s  th a t  

h y d ro ly t ic a l ly  c le a v e  p h o s p h a te  e s te rs  (s e e  F ig . 8 .8 ). T h is  in s u re s  th a t  

c h a n g e s  in  p ro te in  a c t iv i ty  in d u c e d  b y  p h o s p h o ry la t io n  a re  n o t  

p e rm a n e n t.

4 . c A M P  h y d ro ly s is :  c A M P  is  r a p id ly  h y d ro ly z e d  to  5 '-A M P  b y  cA M P  
phosphodiesterase  th a t  c le a v e s  th e  c y c l ic  3 ',5 '- p h o s p h o d ie s te r  b o n d . 5 '-  

A M P  is  n o t  a n  in t r a c e l lu la r  s ig n a l in g  m o le c u le .  T h e re fo re ,  th e  e f fe c ts  o f  

n e u ro tra n s m it te r -  o r  h o rm o n e -m e d ia te d  in c re a s e s  o f  c A M P  a re  ra p id ly  

te rm in a te d  i f  th e  e x tr a c e l lu la r  s ig n a l  is  r e m o v e d . [N o te : cA M P  
phosphodiesterase  is  in h ib i te d  b y  c a f fe in e , a  m e th y lx a n th in e  d e r iv a tiv e .]

III. GLYCOLYSIS OVERVIEW

T h e  g ly c o ly t ic  p a th w a y  is  u s e d  b y  a l l  t i s s u e s  fo r  th e  o x id a t io n  o f  g lu c o s e  to  

p ro v id e  e n e rg y  (a s  A T P )  a n d  in te rm e d ia te s  fo r  o th e r  m e ta b o l ic  p a th w a y s . 

G ly c o ly s is  is  a t  th e  h u b  o f  c a rb o h y d ra te  m e ta b o l is m  b e c a u s e  v ir tu a l ly  a l l  s u g a rs , 

w h e th e r  a r is in g  f ro m  th e  d ie t  o r  f ro m  c a ta b o lic  r e a c t io n s  in  th e  b o d y , c a n  

u l t im a te ly  b e  c o n v e r te d  to  g lu c o s e  (F ig . 8 .9 A ). P y ru v a te  is  th e  e n d  p ro d u c t  o f  

g ly c o ly s is  in  c e lls  w i th  m ito c h o n d r ia  a n d  a n  a d e q u a te  s u p p ly  o f  O 2. T h is  s e r ie s  

o f  te n  r e a c t io n s  is  c a l le d  a e ro b ic  g ly c o ly s is  b e c a u s e  O 2 is  r e q u i re d  to  r e o x id iz e  

th e  N A D H  fo rm e d  d u r in g  th e  o x id a t io n  o f  g ly c e ra ld e h y d e  3 -p h o s p h a te  (F ig . 

8 .9 B ). A e ro b ic  g ly c o ly s is  s e ts  th e  s ta g e  fo r  th e  o x id a t iv e  d e c a rb o x y la t io n  o f  

p y ru v a te  to  a c e ty l  C o A , a  m a jo r  fu e l  o f  th e  T C A  c y c le . A lte rn a t iv e ly ,  p y ru v a te  is  

r e d u c e d  to  la c ta te  as  N A D H  is  o x id iz e d  to  N A D +  (F ig . 8 .9 C ). T h is  c o n v e r s io n  o f  

g lu c o s e  to  la c ta te  is  c a l le d  a n a e ro b ic  g ly c o ly s is  b e c a u s e  i t  c a n  o c c u r  w i th o u t  th e  

p a r t ic ip a t io n  o f  O 2. A n a e ro b ic  g ly c o ly s is  a l lo w s  th e  p ro d u c t io n  o f  A T P  in  

t is s u e s  th a t  la c k  m ito c h o n d r ia  ( fo r  e x a m p le , r e d  b lo o d  c e l ls  [R B C ] a n d  p a r ts  o f  

th e  e y e )  o r  in  c e lls  d e p r iv e d  o f  s u f f ic ie n t  O 2 (h y p o x ia ) .



F ig u re  8 .9  A . G ly c o ly s is  s h o w n  a s  o n e  o f  th e  e s s e n tia l  p a th w a y s  o f  e n e rg y  

m e ta b o l is m . B . R e a c tio n s  o f  a e ro b ic  g ly c o ly s is .  C . R e a c t io n s  o f  a n a e ro b ic  

g ly c o ly s is .  N A D (H )  =  n ic o t in a m id e  a d e n in e  d in u c le o t id e ;  P  =  p h o s p h a te .

IV. GLUCOSE TRANSPORT INTO CELLS

G lu c o s e  c a n n o t  d if fu s e  d ir e c t ly  in to  c e lls  b u t  e n te r s  b y  o n e  o f  tw o  tr a n s p o r t  

sy s te m s : a  s o d iu m  (N a+ )- a n d  A T P - in d e p e n d e n t  t r a n s p o r t  s y s te m  o r a  N a+ - a n d  

A T P -d e p e n d e n t  c o t r a n s p o r t  sy s te m .

A. Sodium- and ATP-independent transport system
T h is  p a s s iv e  s y s te m  is  m e d ia te d  b y  a  f a m ily  o f  1 4  g lu c o se  tr a n s p o r te r  

(G L U T )  is o fo rm s  fo u n d  in  c e ll  m e m b ra n e s .  T h e y  a re  d e s ig n a te d  G L U T -1  

to  G L U T -1 4 . T h e s e  m o n o m e r ic  p r o te in  t r a n s p o r te r s  e x is t  in  th e  m e m b ra n e  

in  tw o  c o n fo rm a tio n a l  s ta te s  (F ig . 8 .1 0 ). E x tra c e l lu la r  g lu c o s e  b in d s  to  th e  

tr a n s p o r te r ,  w h ic h  th e n  a l te r s  its  c o n fo rm a tio n ,  tr a n s p o r t in g  g lu c o se  a c ro s s  

th e  c e ll  m e m b ra n e  v ia  f a c i l i ta te d  d if fu s io n . B e c a u s e  G L U T  t r a n s p o r t  o n e  

m o le c u le  a t  a  t im e , th e y  a re  u n ip o r te r s .



F ig u re  8 .1 0  S c h e m a tic  r e p re s e n ta t io n  o f  th e  f a c i l i ta te d  t r a n s p o r t  o f  g lu c o s e  

th ro u g h  a  c e l l  m e m b ra n e .  [N o te : G lu c o s e  t r a n s p o r te r  p ro te in s  a re  m o n o m e r ic  

a n d  c o n ta in  12  t r a n s m e m b ra n e  a  h e l ic e s .]

1. T is s u e  s p e c if ic i ty :  G L U T  d is p la y  a  t i s s u e - s p e c i f ic  p a t te rn  o f  e x p re s s io n .



F o r  e x a m p le , G L U T -3  is  th e  p r im a ry  is o fo rm  in  n e u ro n s . G L U T -1  is  

a b u n d a n t  in  R B C  a n d  th e  b lo o d - b r a in  b a r r ie r  b u t  is  lo w  in  a d u l t  m u s c le ,  

w h e re a s  G L U T -4  is  a b u n d a n t  in  m u s c le  a n d  a d ip o s e  t is s u e . [N o te : T h e  

n u m b e r  o f  G L U T -4  tr a n s p o r te r s  a c t iv e  in  th e s e  t i s s u e s  is  in c r e a s e d  b y  

in s u lin .  (S e e  p . 3 1 1  fo r  a  d is c u s s io n  o f  in s u l in  a n d  g lu c o s e  t r a n s p o r t .) ]  

G L U T -2  is  a b u n d a n t  in  th e  l iv e r , k id n e y s , a n d  p a n c re a t ic  P c e lls .  T h e  

o th e r  G L U T  is o fo rm s  a lso  h a v e  t i s s u e - s p e c i f ic  d is tr ib u tio n s .

2. S p e c ia l iz e d  fu n c t io n s : In  f a c i l i ta te d  d if fu s io n , t r a n s p o r te r -m e d ia te d  

g lu c o s e  m o v e m e n t  is  d o w n  a  c o n c e n tra t io n  g r a d ie n t  ( th a t  is , f ro m  a  h ig h  

c o n c e n tra t io n  to  a  lo w e r  o n e , th e re fo re  re q u ir in g  n o  e n e rg y ) .  F o r  

e x a m p le , G L U T -1 , G L U T -3 , a n d  G L U T -4  a re  p r im a r i ly  in v o lv e d  in  

g lu c o s e  u p ta k e  f ro m  th e  b lo o d . In  c o n tra s t ,  G L U T -2 , in  th e  l iv e r  a n d  

k id n e y s , c a n  e i th e r  t r a n s p o r t  g lu c o s e  in to  th e s e  c e lls  w h e n  b lo o d  g lu c o s e  

le v e ls  a re  h ig h  o r  t r a n s p o r t  g lu c o s e  f ro m  th e s e  c e lls  w h e n  b lo o d  g lu c o s e  

le v e ls  a re  lo w  ( fo r  e x a m p le , d u r in g  fa s tin g ) .  G L U T -5  is  u n u s u a l  in  th a t  i t  

is  th e  p r im a ry  t r a n s p o r te r  fo r  f ru c to s e  (n o t  g lu c o s e )  in  th e  s m a l l  in te s t in e  

a n d  th e  te s te s  (s e e  p . 8 7 ).

B. Sodium- and ATP-dependent cotransport system
T h is  e n e rg y - re q u ir in g  p ro c e s s  t r a n s p o r ts  g lu c o s e  a g a in s t  (u p )  its  

c o n c e n tra t io n  g ra d ie n t  ( th a t  is , f ro m  lo w  e x tra c e l lu la r  c o n c e n tra t io n s  to  

h ig h e r  in t r a c e l lu la r  c o n c e n tra t io n s )  as  N a+  is  t r a n s p o r te d  d o w n  its  

e le c tro c h e m ic a l  g ra d ie n t.  [N o te : T h e  g r a d ie n t  is  c re a te d  b y  th e  Na+- 

potassium  (K+) A T P ase  ( s e e  F ig . 7 .1 0 , p . 8 7 ) .]  B e c a u s e  th is  s e c o n d a ry  

a c t iv e  t r a n s p o r t  p ro c e s s  r e q u ire s  th e  c o n c u r re n t  u p ta k e  ( s y m p o r t)  o f  N a+, 

th e  t r a n s p o r te r  is  a  s o d iu m -d e p e n d e n t  g lu c o s e  c o t r a n s p o r te r  (S G L T ) . T h is  

ty p e  o f  c o t r a n s p o r t  o c c u rs  in  th e  e p i th e l ia l  c e l ls  o f  th e  in te s t in e  ( s e e  p . 8 7 ), 

r e n a l  tu b u le s ,  a n d  c h o ro id  p le x u s . [N o te : T h e  c h o ro id  p le x u s , p a r t  o f  th e  

b lo o d - b r a in  b a r r ie r ,  a lso  c o n ta in s  G L U T -1 .]

V. GLYCOLYSIS REACTIONS

T h e  c o n v e r s io n  o f  g lu c o s e  to  p y ru v a te  o c c u rs  in  tw o  s ta g e s  (F ig . 8 .1 1 ). T h e  f ir s t  

f iv e  r e a c t io n s  o f  g ly c o ly s is  c o r re s p o n d  to  a n  e n e rg y - in v e s tm e n t  p h a s e  in  w h ic h



th e  p h o s p h o ry la te d  fo rm s  o f  in te rm e d ia te s  a re  s y n th e s iz e d  a t  th e  e x p e n s e  o f  

A T P . T h e  s u b s e q u e n t  r e a c t io n s  o f  g ly c o ly s is  c o n s t i tu te  a n  e n e rg y -g e n e ra t io n  

p h a s e  in  w h ic h  a  n e t  o f  tw o  m o le c u le s  o f  A T P  a re  fo rm e d  b y  s u b s t r a te - le v e l  

p h o s p h o ry la t io n  (s e e  p . 1 0 2 ) p e r  g lu c o s e  m o le c u le  m e ta b o l iz e d .
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F ig u re  8 .1 1  T w o  p h a s e s  o f  a e ro b ic  g ly c o ly s is .  N A D (H )  = n ic o t in a m id e  a d e n in e  

d in u c le o t id e ;  A D P  = a d e n o s in e  d ip h o s p h a te .

A. Glucose phosphorylation
P h o s p h o ry la te d  s u g a r  m o le c u le s  d o  n o t  r e a d i ly  p e n e tra te  c e l l  m e m b ra n e s  

b e c a u s e  th e re  a re  n o  s p e c if ic  t r a n s m e m b ra n e  c a r r ie r s  fo r  th e s e  c o m p o u n d s  

a n d  b e c a u s e  th e y  a re  to o  p o la r  to  d if fu s e  th ro u g h  th e  l ip id  c o re  o f  

m e m b ra n e s . T h e re fo re ,  th e  i r r e v e r s ib le  p h o s p h o ry la t io n  o f  g lu c o s e  (F ig . 

8 .1 2 ) e f f e c tiv e ly  tr a p s  th e  s u g a r  as  c y to s o l ic  g lu c o s e  6 -p h o s p h a te  a n d  

c o m m its  i t  to  fu r th e r  m e ta b o l is m  in  th e  c e ll. M a m m a ls  h a v e  fo u r  is o z y m e s  

( I - I V )  o f  th e  e n z y m e  hexokinase  th a t  c a ta ly z e  th e  p h o s p h o ry la t io n  o f  

g lu c o s e  to  g lu c o s e  6 -p h o s p h a te .





F ig u re  8 .1 2  E n e rg y - in v e s tm e n t  p h a se : p h o s p h o ry la t io n  o f  g lu c o se . [N o te : 

K inases  u t i l iz e  A T P  c o m p le x e d  w ith  a  d iv a le n t  m e ta l  io n , m o s t  ty p ic a l ly  

m a g n e s iu m .]  A D P  = a d e n o s in e  d ip h o s p h a te ;  P  = p h o s p h a te .

1. H e x o k in a s e s  I—III: In  m o s t  t is s u e s ,  g lu c o s e  p h o s p h o ry la t io n  is  c a ta ly z e d  

b y  o n e  o f  th e s e  is o z y m e s  o f  hexokinase, w h ic h  is  o n e  o f  th re e  re g u la to ry  

e n z y m e s  o f  g ly c o ly s is  (a lo n g  w ith  phosphofructokinase  a n d  pyruvate  
kinase). T h e y  a re  in h ib i te d  b y  th e  r e a c t io n  p ro d u c t  g lu c o s e  6 -p h o s p h a te ,  

w h ic h  a c c u m u la te s  w h e n  fu r th e r  m e ta b o l is m  o f  th is  h e x o s e  p h o s p h a te  is  

r e d u c e d . H exokinases I - I I I  h a v e  a  lo w  M ic h a e lis  c o n s ta n t  (K m) a n d , 

th e re fo re ,  a  h ig h  a f f in i ty  (s e e  p . 5 9 ) fo r  g lu c o se . T h is  p e rm its  th e  

e f f ic ie n t  p h o s p h o ry la t io n  a n d  s u b s e q u e n t  m e ta b o l is m  o f  g lu c o s e  e v e n  

w h e n  t is s u e  c o n c e n tra t io n s  o f  g lu c o s e  a re  lo w  (F ig . 8 .1 3 ). H o w e v e r ,  

b e c a u s e  th e s e  is o z y m e s  h a v e  a  lo w  m a x im a l  v e lo c i ty  ( [V max] s e e  p . 57 ) 

fo r  g lu c o se , th e y  d o  n o t  s e q u e s te r  ( tra p )  c e l lu la r  p h o s p h a te  in  th e  fo rm  o f  

p h o s p h o ry la te d  g lu c o s e  o r  p h o s p h o ry la te  m o re  g lu c o s e  th a n  th e  c e l l  c a n  

u se . [N o te : T h e s e  is o z y m e s  h a v e  b ro a d  s u b s t r a te  s p e c if ic i ty  a n d  a re  a b le  

to  p h o s p h o ry la te  s e v e ra l  h e x o s e s  in  a d d i t io n  to  g lu c o se .]



F ig u re  8 .1 3  E f f e c t  o f  g lu c o s e  c o n c e n tra t io n  o n  th e  r a te  o f  p h o s p h o ry la t io n  

c a ta ly z e d  b y  hexokinase  a n d  glucokinase. K m = M ic h a e lis  c o n s ta n t;  V max = 

m a x im a l  v e lo c ity .



2. H e x o k in a s e  IV : In  l iv e r  p a r e n c h y m a l  c e lls  a n d  p a n c re a t ic  p c e lls , 

glucokinase  ( th e  hexokinase IV  is o z y m e )  is  th e  p re d o m in a n t  e n z y m e  

re s p o n s ib le  fo r  g lu c o s e  p h o s p h o ry la t io n .  In  p c e lls ,  glucokinase  
fu n c t io n s  as  a  g lu c o s e  s e n s o r , d e te rm in in g  th e  th re s h o ld  fo r  in s u lin  

s e c re t io n  ( s e e  p . 3 0 9 ) . [N o te : H exokinase IV  a lso  s e rv e s  as  a  g lu c o s e  

s e n s o r  in  h y p o th a la m ic  n e u ro n s , p la y in g  a  k e y  ro le  in  th e  a d re n e rg ic  

r e s p o n s e  to  h y p o g ly c e m ia  (s e e  p . 3 1 5 ) .]  In  th e  l iv e r , th e  e n z y m e  

fa c i l i ta te s  g lu c o s e  p h o s p h o ry la t io n  d u r in g  h y p e rg ly c e m ia .  D e s p i te  th e  

p o p u la r  b u t  m is le a d in g  n a m e  glucokinase , th e  s u g a r  s p e c if ic i ty  o f  th e  

e n z y m e  is  s im ila r  to  th a t  o f  o th e r  hexokinase  i s o z y m e s .

a. K in e tic s :  G lucokinase  d if fe r s  f ro m  hexokinases I - I I I  in  s e v e ra l  

im p o r ta n t  p ro p e r t ie s .  F o r  e x a m p le , i t  h a s  a  m u c h  h ig h e r  K m, r e q u ir in g

a  h ig h e r  g lu c o s e  c o n c e n tra t io n  fo r  h a l f - s a tu r a t io n  (s e e  F ig . 8 .1 3 ). 

T h u s , glucokinase  f u n c t io n s  o n ly  w h e n  th e  in t r a c e l lu la r  c o n c e n tra t io n  

o f  g lu c o s e  in  th e  h e p a to c y te  is  e le v a te d  s u c h  a s  d u r in g  th e  b r ie f  p e r io d  

fo llo w in g  c o n s u m p tio n  o f  a  c a r b o h y d ra te - r ic h  m e a l,  w h e n  h ig h  le v e ls  

o f  g lu c o s e  a re  d e l iv e re d  to  th e  l iv e r  v ia  th e  p o r ta l  v e in . G lucokinase  
h a s  a  h ig h  V max, a l lo w in g  th e  l iv e r  to  e f f e c tiv e ly  r e m o v e  th e  f lo o d  o f  

g lu c o s e  d e l iv e re d  b y  th e  p o r ta l  b lo o d . T h is  p re v e n ts  la rg e  a m o u n ts  o f  

g lu c o s e  f ro m  e n te r in g  th e  s y s te m ic  c i r c u la t io n  fo llo w in g  s u c h  a  m e a l, 

th e re b y  m in im iz in g  h y p e rg ly c e m ia  d u r in g  th e  a b s o rp t iv e  p e r io d . 

[N o te : G L U T -2  in s u re s  th a t  b lo o d  g lu c o s e  e q u i l ib ra te s  r a p id ly  a c ro s s  

th e  h e p a to c y te  m e m b ra n e .]

b . R e g u la tio n :  G lucokinase  a c t iv i ty  is  n o t  d ire c tly  in h ib i te d  b y  g lu c o s e  6- 

p h o s p h a te  a s  a re  th e  o th e r  hexokinases. In s te a d , i t  is  in d ir e c t ly  

in h ib i te d  b y  f ru c to s e  6 -p h o s p h a te  (w h ic h  is  in  e q u i l ib r iu m  w ith  

g lu c o s e  6 -p h o s p h a te ,  a  p ro d u c t  o f  glucokinase ) a n d  is  in d ir e c t ly  

s t im u la te d  b y  g lu c o s e  (a  s u b s t r a te  o f  glucokinase). R e g u la t io n  is  

a c h ie v e d  b y  r e v e r s ib le  b in d in g  to  th e  h e p a t ic  p ro te in  g lu c o k in a s e  

r e g u la to ry  p ro te in  (G K R P ) . In  th e  p r e s e n c e  o f  f ru c to s e  6 -p h o s p h a te ,  

glucokinase  b in d s  t ig h tly  to  G K R P  a n d  is  t r a n s lo c a te d  to  th e  n u c le u s ,  

th e re b y  re n d e r in g  th e  e n z y m e  in a c t iv e  (F ig . 8 .1 4 ). W h e n  g lu c o s e  

le v e ls  in  th e  b lo o d  (a n d  a lso  in  th e  h e p a to c y te ,  as  a  r e s u l t  o f  G L U T -2 )  

in c re a s e , glucokinase  is  r e le a s e d  f ro m  G K R P , a n d  th e  e n z y m e  re e n te r s  

th e  c y to s o l  w h e re  i t  p h o s p h o ry la te s  g lu c o s e  to  g lu c o s e  6 -p h o s p h a te .  

[N o te : G K R P  is  a  c o m p e ti t iv e  in h ib i to r  o f  g lu c o s e  u s e  b y  

glucokinase .]



F ig u re  8 .1 4  R e g u la t io n  o f  glucokinase  a c t iv i ty  b y  g lu c o k in a s e  r e g u la to ry  

p ro te in .  G L U T  = g lu c o s e  t r a n s p o r te r .

G lucokinase  fu n c t io n s  a s  a  g lu c o s e  s e n s o r  in  b lo o d  g lu c o s e  h o m e o s ta s is .  

In a c t iv a t in g  m u ta t io n s  o f  glucokinase  a re  th e  c a u s e  o f  a  ra re  fo rm  o f  

d ia b e te s ,  m a tu r i ty  o n s e t  d ia b e te s  o f  th e  y o u n g  ty p e  2 (M O D Y  2) th a t  is  

c h a ra c te r iz e d  b y  im p a ire d  in s u l in  s e c re t io n  a n d  h y p e rg ly c e m ia .



B. Glucose 6-phosphate isomerization
T h e  is o m e r iz a t io n  o f  g lu c o s e  6 -p h o s p h a te  to  f ru c to s e  6 -p h o s p h a te  is  

c a ta ly z e d  b y  phosphoglucose isom erase  (F ig . 8 .1 5 ). T h e  r e a c t io n  is  re a d i ly  

r e v e r s ib le  a n d  is  n o t  a  r a te - l im it in g  o r  r e g u la te d  s te p .
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F ig u re  8 .1 5  A ld o s e -k e to s e  is o m e r iz a t io n  o f  g lu c o s e  6 -p h o s p h a te  to  f ru c to s e  6- 

p h o s p h a te .  P  = p h o s p h a te .

C. Fructose 6-phosphate phosphorylation
T h e  ir r e v e r s ib le  p h o s p h o ry la t io n  r e a c t io n  c a ta ly z e d  b y  

phosphofructokinase-1 (PFK-1) is  th e  m o s t  im p o r ta n t  c o n tro l  p o in t  a n d  th e  

ra te - l im it in g  a n d  c o m m it te d  s te p  o f  g ly c o ly s is  (F ig . 8 .1 6 ). PFK-1  is  

c o n tro l le d  b y  th e  a v a i la b le  c o n c e n tra t io n s  o f  th e  s u b s t ra te s  A T P  a n d  

f ru c to s e  6 -p h o s p h a te  a s  w e l l  a s  b y  o th e r  r e g u la to ry  m o le c u le s .
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F ig u re  8 .1 6  E n e rg y - in v e s tm e n t  p h a s e  (c o n t in u e d ) :  c o n v e r s io n  o f  f ru c to s e  6- 

p h o s p h a te  to  t r io s e  p h o s p h a te s .  P  = p h o s p h a te ;  A M P  a n d  A D P  = a d e n o s in e  

m o n o -  a n d  d ip h o s p h a te s .

1. R e g u la t io n  b y  in t r a c e l lu la r  e n e rg y  le v e ls :  PFK-1  is  in h ib i te d  

a l lo s te r ic a lly  b y  e le v a te d  le v e ls  o f  A T P , w h ic h  a c t  a s  a n  e n e rg y - r ic h  

s ig n a l  in d ic a t in g  a n  a b u n d a n c e  o f  h ig h -e n e rg y  c o m p o u n d s . E le v a te d  

le v e ls  o f  c i tra te , a n  in te rm e d ia te  in  th e  T C A  c y c le  (s e e  p . 1 1 1 ), a lso  

in h ib i t  PFK-1. [N o te : I n h ib i t io n  b y  c i tr a te  fa v o rs  th e  u s e  o f  g lu c o s e  fo r  

g ly c o g e n  s y n th e s is  (s e e  p . 1 2 6 ) .]  C o n v e rs e ly ,  PFK-1  is  a c t iv a te d  

a l lo s te r ic a lly  b y  h ig h  c o n c e n tra t io n s  o f  A M P , w h ic h  s ig n a l  th a t  th e  c e l l ’s 

e n e rg y  s to re s  a re  d e p le te d .

2. R e g u la t io n  b y  f ru c to s e  2 ,6 -b is p h o s p h a te :  F ru c to s e  2 ,6 -b is p h o s p h a te  is  

th e  m o s t  p o te n t  a c t iv a to r  o f  PFK-1  ( s e e  F ig . 8 .1 6 ) a n d  is  a b le  to  a c t iv a te  

th e  e n z y m e  e v e n  w h e n  A T P  le v e ls  a re  h ig h . I t  is  f o rm e d  f ro m  f ru c to s e  6- 

p h o s p h a te  b y  phosphofructokinase-2  (PFK-2). U n lik e  PFK-1, PF K -2  is  

a  b ifu n c t io n a l  p ro te in  th a t  h a s  b o th  th e  kinase  a c t iv i ty  th a t  p ro d u c e s  

f ru c to s e  2 ,6 -b is p h o s p h a te  a n d  th e  phosphatase  a c t iv i ty  th a t  

d e p h o s p h o ry la te s  f ru c to s e  2 ,6 -b is p h o s p h a te  to  f ru c to s e  6 -p h o s p h a te .  In  

th e  l iv e r  is o z y m e , p h o s p h o ry la t io n  o f  P F K -2  in a c t iv a te s  th e  kinase  
d o m a in  a n d  a c t iv a te s  th e  phosphatase  d o m a in  (F ig . 8 .1 7 ). T h e  o p p o s ite  

is  s e e n  in  th e  c a rd ia c  is o z y m e . S k e le ta l  P F K -2  is  n o t  c o v a le n tly  

r e g u la te d . [N o te : F ru c to s e  2 ,6 -b is p h o s p h a te  is  a n  in h ib i to r  o f  fructose  
1,6-bisphosphatase, a n  e n z y m e  o f  g lu c o n e o g e n e s is  (s e e  p . 1 2 1 ). T h e  

r e c ip ro c a l  a c t io n s  o f  f ru c to s e  2 ,6 -b is p h o s p h a te  o n  g ly c o ly s is  (a c tiv a t io n )  

a n d  g lu c o n e o g e n e s is  ( in h ib it io n )  in s u re  th a t  b o th  p a th w a y s  a re  n o t  fu lly  

a c t iv e  a t  th e  s a m e  tim e , p re v e n t in g  a  fu ti le  c y c le  o f  g lu c o s e  o x id a t io n  to  

p y ru v a te  fo l lo w e d  b y  g lu c o s e  r e s y n th e s is  f ro m  p y ru v a te .]



F ig u re  8 .1 7  E f f e c t  o f  e le v a te d  in s u l in  c o n c e n tra t io n  o n  th e  in t r a c e l lu la r  

c o n c e n tra t io n  o f  f ru c to s e  2 ,6 -b is p h o s p h a te  in  th e  l iv e r . PF K -2  = 

phosphofructokinase-2; FB P-2  =  fructose 2,6-bisphosphatase; A M P  a n d  A D P  

=  a d e n o s in e  m o n o -  a n d  d ip h o s p h a te s ;  c A M P  =  c y c l ic  A M P ; =  p h o s p h a te .

a. D u r in g  th e  w e l l - f e d  s ta te : D e c re a s e d  le v e ls  o f  g lu c a g o n  a n d  e le v a te d  

le v e ls  o f  in s u l in  ( s u c h  a s  o c c u r  fo l lo w in g  a  c a rb o h y d ra te - r ic h  m e a l)  

c a u s e  a n  in c re a s e  in  h e p a t ic  f ru c to s e  2 ,6 -b is p h o s -  p h a te  (PFK-2  is  

d e p h o s p h o ry la te d )  a n d , th u s , in  th e  ra te  o f  g ly c o ly s is  (s e e  F ig . 8 .1 7 ). 

T h e re fo re ,  f ru c to s e  2 ,6 -b is p h o s p h a te  a c ts  a s  a n  in t r a c e l lu la r  s ig n a l  o f  

g lu c o s e  a b u n d a n c e .

b . D u r in g  fa s tin g : B y  c o n tra s t ,  th e  e le v a te d  le v e ls  o f  g lu c a g o n  a n d  lo w  

le v e ls  o f  in s u l in  th a t  o c c u r  d u r in g  f a s t in g  (se e  p . 3 2 7 )  c a u s e  a  d e c re a s e  

in  h e p a t ic  f ru c to s e  2 ,6 -b is p h o s p h a te  (PFK-2  is  p h o s p h o ry la te d ) .  T h is  

r e s u lts  in  in h ib i t io n  o f  g ly c o ly s is  a n d  a c t iv a t io n  o f  g lu c o n e o g e n e s is .

D. Fructose 1,6-bisphosphate cleavage
A ldolase  c le a v e s  f ru c to s e  1 ,6 -b is p h o s p h a te  to  d ih y d ro x y a c e to n e  p h o s p h a te  

(D H A P )  a n d  g ly c e ra ld e h y d e  3 -p h o s p h a te  (s e e  F ig . 8 .1 6 ). T h e  r e a c t io n  is  

r e v e r s ib le  a n d  n o t  r e g u la te d . [N o te : A ldolase B, th e  h e p a t ic  is o fo rm , a lso  

c le a v e s  f ru c to s e  1 -p h o s p h a te  a n d  fu n c t io n s  in  d ie ta ry  f ru c to s e  m e ta b o l is m  

(se e  p . 1 3 8 ).]



E. Dihydroxyacetone phosphate isomerization
Triose phosphate isom erase  in te rc o n v e r ts  D H A P  a n d  g ly c e ra ld e h y d e  3- 

p h o s p h a te  ( s e e  F ig . 8 .1 6 ). D H A P  m u s t  b e  is o m e r iz e d  to  g ly c e ra ld e h y d e  3- 

p h o s p h a te  fo r  fu r th e r  m e ta b o l is m  b y  th e  g ly c o ly t ic  p a th w a y . T h is  

i s o m e r iz a t io n  re s u lts  in  th e  n e t  p r o d u c t io n  o f  tw o  m o le c u le s  o f  

g ly c e ra ld e h y d e  3 -p h o s p h a te  f ro m  th e  c le a v a g e  p ro d u c ts  o f  f ru c to s e  1 ,6 - 

b is p h o s p h a te .  [N o te : D H A P  is  u t i l iz e d  in  t r ia c y lg ly c e ro l  s y n th e s is  (s e e  p . 

1 8 8 ).]

F. Glyceraldehyde 3-phosphate oxidation
T h e  c o n v e r s io n  o f  g ly c e ra ld e h y d e  3 -p h o s p h a te  to  1 ,3 -b is p h o s p h o g ly c e ra te  

(1 ,3 -B P G )  b y  glyceraldehyde 3-phosphate dehydrogenase  is  th e  f ir s t  

o x id a t io n - r e d u c t io n  r e a c t io n  o f  g ly c o ly s is  (F ig . 8 .1 8 ). [N o te : B e c a u s e  th e re  

is  a  l im i te d  a m o u n t  o f  N A D +  in  th e  c e ll, th e  N A D H  fo rm e d  b y  th e  

dehydrogenase  r e a c t io n  m u s t  b e  o x id iz e d  fo r  g ly c o ly s is  to  c o n t in u e . T w o  

m a jo r  m e c h a n is m s  fo r  o x id iz in g  N A D H  to  N A D +  a re  th e  r e d u c t io n  o f  

p y ru v a te  to  la c ta te  b y  lactate dehydrogenase (LDH) (a n a e ro b ic ,  s e e  p . 9 6 ) 

a n d  th e  e le c tro n  t r a n s p o r t  c h a in  ( [E T C ] a e ro b ic ,  s e e  p . 7 4 ). B e c a u s e  N A D H  

c a n n o t  c ro s s  th e  in n e r  m i to c h o n d r ia l  m e m b ra n e ,  th e  E T C  r e q u ire s  th e  

m a la te -a s p a r ta te  a n d  g ly c e ro l  3 -p h o s p h a te  s u b s t r a te  s h u tt le s  to  m o v e  

N A D H  re d u c in g  e q u iv a le n ts  in to  th e  m i to c h o n d r ia l  m a tr ix  ( s e e  p . 7 9 ).]
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F ig u re  8 .1 8  E n e rg y -g e n e ra t in g  p h a se : c o n v e r s io n  o f  g ly c e ra ld e h y d e  3 -p h o s p h a te  

to  p y ru v a te .  N A D (H )  = n ic o t in a m id e  a d e n in e  d in u c le o t id e ;  P  = p h o s p h a te ;  Pj = 

in o rg a n ic  p h o s p h a te ;  ~  = h ig h -e n e rg y  b o n d ; A D P  = a d e n o s in e  d ip h o s p h a te .

1. 1 ,3 -B is p h o s p h o g ly c e ra te  s y n th e s is :  T h e  o x id a t io n  o f  th e  a ld e h y d e  g ro u p  

o f  g ly c e ra ld e h y d e  3 -p h o s p h a te  to  a  c a rb o x y l  g ro u p  is  c o u p le d  to  th e  

a t ta c h m e n t  o f  P i to  th e  c a rb o x y l  g ro u p . T h is  p h o s p h a te  g ro u p , l in k e d  to  

c a rb o n  1 o f  th e  1 ,3 -B P G  p ro d u c t  b y  a  h ig h -e n e rg y  b o n d  (s e e  p . 7 3 ), 

c o n s e rv e s  m u c h  o f  th e  f re e  e n e rg y  (s e e  p . 6 9 ) p ro d u c e d  b y  th e  o x id a t io n  

o f  g ly c e ra ld e h y d e  3 -p h o s p h a te .  T h is  h ig h -e n e rg y  p h o s p h a te  d r iv e s  A T P  

s y n th e s is  in  th e  n e x t  r e a c t io n  o f  g ly c o ly s is .

2. A r s e n ic  p o is o n in g : T h e  to x ic i ty  o f  a r s e n ic  is  d u e  p r im a r i ly  to  th e  

in h ib i t io n  b y  t r iv a le n t  a r s e n ic  (a r s e n ite )  o f  e n z y m e s  s u c h  as  th e  pyruvate  
dehydrogenase com plex (PDH C), w h ic h  r e q u ire  l ip o ic  a c id  a s  a  

c o e n z y m e  (s e e  p . 1 1 0 ). H o w e v e r ,  p e n ta v a le n t  a r s e n ic  ( a r s e n a te )  c a n  

p r e v e n t  n e t  A T P  a n d  N A D H  p r o d u c t io n  b y  g ly c o ly s is  w i th o u t  in h ib it in g  

th e  p a th w a y  i ts e lf .  I t  d o e s  so  b y  c o m p e tin g  w ith  P i as  a  s u b s t r a te  fo r  

glyceraldehyde 3-phosphate dehydrogenase, f o rm in g  a  c o m p le x  th a t  

s p o n ta n e o u s ly  h y d ro ly z e s  to  fo rm  3 -p h o s p h o g ly c e ra te  ( s e e  F ig . 8 .1 8 ). B y  

b y p a s s in g  th e  s y n th e s is  o f  a n d  p h o s p h a te  t r a n s f e r  f ro m  1 ,3 -B P G , th e  c e ll  

is  d e p r iv e d  o f  e n e rg y  u s u a lly  o b ta in e d  f ro m  th e  g ly c o ly t ic  p a th w a y . 

[N o te : A r s e n a te  a lso  c o m p e te s  w i th  P i b in d in g  to  th e  F 1 d o m a in  o f  A T P  

synthase  ( s e e  p . 7 8 ), r e s u l t in g  in  fo rm a t io n  o f  A D P -a r s e n a te  th a t  is  

r a p id ly  h y d ro ly z e d .]

3. 2 ,3 -B is p h o s p h o g ly c e ra te  s y n th e s is  in  R B C : S o m e  o f  th e  1 ,3 -B P G  is  

c o n v e r te d  to  2 ,3 -B P G  b y  th e  a c t io n  o f  bisphosphoglycerate m utase  (s e e  

F ig . 8 .1 8 ). 2 ,3 -B P G , w h ic h  is  fo u n d  in  o n ly  tr a c e  a m o u n ts  in  m o s t  c e lls , 

is  p r e s e n t  a t  h ig h  c o n c e n tra t io n  in  R B C  a n d  s e rv e s  to  in c re a s e  O 2 

d e l iv e ry  ( s e e  p . 3 1 ). 2 ,3 -B P G  is  h y d ro ly z e d  b y  a  phosphatase  to  3- 

p h o s p h o g ly c e ra te ,  w h ic h  is  a lso  a n  in te rm e d ia te  in  g ly c o ly s is  (s e e  F ig . 

8 .1 8 ). In  th e  R B C , g ly c o ly s is  is  m o d if ie d  b y  in c lu s io n  o f  th e s e  s h u n t 

re a c tio n s .

G. 3-Phosphoglycerate synthesis and ATP production



W h e n  1 ,3 -B P G  is  c o n v e r te d  to  3 -p h o s p h o g ly c e ra te ,  th e  h ig h -e n e rg y  

p h o s p h a te  g ro u p  o f  1 ,3 -B P G  is  u s e d  to  s y n th e s iz e  A T P  f ro m  A D P  (s e e  F ig . 

8 .1 8 ). T h is  r e a c t io n  is  c a ta ly z e d  b y  phosphoglycerate kinase, w h ic h , u n lik e  

m o s t  o th e r  kinases, is  p h y s io lo g ic a l ly  r e v e rs ib le .  B e c a u s e  tw o  m o le c u le s  o f  

1 ,3 -B P G  a re  fo rm e d  f ro m  e a c h  g lu c o s e  m o le c u le ,  th is  kinase  r e a c t io n  

re p la c e s  th e  tw o  A T P  m o le c u le s  c o n s u m e d  b y  th e  e a r l ie r  f o rm a t io n  o f  

g lu c o s e  6 -p h o s p h a te  a n d  f ru c to s e  1 ,6 -b is p h o s p h a te .  [N o te : T h is  r e a c t io n  is  

a n  e x a m p le  o f  s u b s t r a te - le v e l  p h o s p h o ry la t io n ,  in  w h ic h  th e  e n e rg y  n e e d e d  

fo r  th e  p r o d u c t io n  o f  a  h ig h -e n e rg y  p h o s p h a te  c o m e s  f ro m  a  s u b s t r a te  ra th e r  

th a n  f ro m  th e  E T C  (s e e  J . b e lo w  a n d  p . 1 1 3  fo r  o th e r  e x a m p le s ) .]

H. Phosphate group shift
T h e  s h if t  o f  th e  p h o s p h a te  g ro u p  f ro m  c a rb o n  3 to  c a rb o n  2 o f  

p h o s p h o g ly c e ra te  b y  phosphoglycerate m utase  is  f r e e ly  r e v e rs ib le .

I. 2-Phosphoglycerate dehydration
T h e  d e h y d ra t io n  o f  2 -p h o s p h o g ly c e ra te  b y  enolase  r e d is t r ib u te s  th e  e n e rg y  

w ith in  th e  s u b s tra te ,  fo rm in g  p h o s p h o e n o lp y ru v a te  (P E P ) , w h ic h  c o n ta in s  a  

h ig h -e n e rg y  e n o l  p h o s p h a te  ( s e e  F ig . 8 .1 8 ). T h e  r e a c t io n  is  re v e rs ib le ,  

d e s p ite  th e  h ig h -e n e rg y  n a tu re  o f  th e  p ro d u c t .  [N o te : F lu o r id e  in h ib its  

enolase , a n d  w a te r  f lu o r id a t io n  r e d u c e s  la c ta te  p r o d u c t io n  b y  m o u th  

b a c te r ia ,  d e c re a s in g  d e n ta l  c a r ie s  (s e e  p . 4 0 5 ) .]

J. Pyruvate synthesis and ATP production
T h e  c o n v e r s io n  o f  P E P  to  p y ru v a te ,  c a ta ly z e d  b y  pyruvate kinase (PK), is  

th e  th i rd  i r r e v e r s ib le  r e a c t io n  o f  g ly c o ly s is .  T h e  h ig h -e n e rg y  e n o l  p h o s p h a te  

in  P E P  is  u s e d  to  s y n th e s iz e  A T P  f ro m  A D P  a n d  is  a n o th e r  e x a m p le  o f  

s u b s t r a te - le v e l  p h o s p h o ry la t io n  (s e e  F ig . 8 .1 8 ).

1. F e e d fo rw a rd  re g u la tio n :  P K  is  a c t iv a te d  b y  f ru c to s e  1 ,6 -b is p h o s p h a te ,  th e  

p ro d u c t  o f  th e  PFK-1  r e a c tio n . T h is  f e e d fo rw a rd  ( in s te a d  o f  th e  m o re  

u s u a l  f e e d b a c k )  r e g u la t io n  h a s  th e  e f f e c t  o f  l in k in g  th e  tw o  kinase  
a c tiv it ie s :  in c r e a s e d  PFK-1  a c t iv i ty  r e s u lts  in  e le v a te d  le v e ls  o f  f ru c to s e  

1 ,6 -b is p h o s p h a te ,  w h ic h  a c t iv a te s  PK. [N o te : P K  is  in h ib i te d  b y  A T P .]



2. C o v a le n t  r e g u la t io n  in  th e  liv e r : P h o s p h o ry la t io n  b y  cA M P-dependent 
PKA  le a d s  to  in a c t iv a t io n  o f  th e  h e p a t ic  is o z y m e  o f  P K  (F ig . 8 .1 9 ). 

W h e n  b lo o d  g lu c o s e  le v e ls  a re  lo w , e le v a te d  g lu c a g o n  in c re a s e s  th e  

in t r a c e l lu la r  le v e l  o f  c A M P , w h ic h  c a u s e s  th e  p h o s p h o ry la t io n  a n d  

in a c t iv a t io n  o f  P K  in  th e  l iv e r  o n ly . T h e re fo re ,  P E P  is  u n a b le  to  c o n t in u e  

in  g ly c o ly s is  a n d , in s te a d , e n te r s  th e  g lu c o n e o g e n e s is  p a th w a y . T h is  

p a r t ly  e x p la in s  th e  o b s e rv e d  in h ib i t io n  o f  h e p a t ic  g ly c o ly s is  a n d  

s t im u la t io n  o f  g lu c o n e o g e n e s is  b y  g lu c a g o n . D e p h o s p h o ry la t io n  o f  P K  

b y  a  phosphatase  r e s u lts  in  r e a c t iv a t io n  o f  th e  e n z y m e .
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F ig u re  8 .1 9  C o v a le n t  m o d if ic a t io n  o f  h e p a t ic  pyruvate kinase  r e s u l ts  in  

in a c t iv a t io n  o f  th e  e n z y m e . c A M P  = c y c l ic  a d e n o s in e  m o n o p h o s p h a te ;  P E P  = 

p h o s p h o e n o lp y ru v a te ;  = p h o s p h a te ;  P P j = p y ro p h o s p h a te ;  A D P  = a d e n o s in e  

d ip h o s p h a te .

3. P y ru v a te  k in a s e  d e f ic ie n c y : B e c a u s e  m a tu re  R B C  la c k  m ito c h o n d r ia ,  

th e y  a re  c o m p le te ly  d e p e n d e n t  o n  g ly c o ly s is  fo r  A T P  p ro d u c t io n .  A T P  is 

r e q u ire d  to  m e e t  th e  m e ta b o l ic  n e e d s  o f  R B C  a n d  to  fu e l  th e  io n  p u m p s  

n e c e s s a ry  fo r  th e  m a in te n a n c e  o f  th e  f le x ib le ,  b ic o n c a v e  s h a p e  th a t  

a l lo w s  th e m  to  s q u e e z e  th ro u g h  n a r ro w  c a p i l la r ie s .  T h e  a n e m ia  o b s e rv e d  

in  g ly c o ly t ic  e n z y m e  d e f ic ie n c ie s  is  a  c o n s e q u e n c e  o f  th e  r e d u c e d  r a te  o f  

g ly c o ly s is ,  le a d in g  to  d e c re a s e d  A T P  p r o d u c t io n  b y  s u b s t r a te - le v e l  

p h o s p h o ry la t io n .  T h e  re s u l t in g  a l te ra t io n s  in  th e  R B C  m e m b ra n e  le a d  to  

c h a n g e s  in  c e l l  s h a p e  a n d , u l t im a te ly ,  to  p h a g o c y to s is  b y  c e lls  o f  th e  

m o n o n u c le a r  p h a g o c y te  s y s te m , p a r t ic u la r ly  s p le n ic  m a c ro p h a g e s .  T h e  

p re m a tu re  d e a th  a n d  ly s is  o f  R B C  re s u l t  in  m ild - to - s e v e re  

n o n s p h e ro c y tic  h e m o ly t ic  a n e m ia , w ith  th e  s e v e re  fo rm  re q u ir in g  re g u la r  

tr a n s fu s io n s . A m o n g  p a t ie n ts  w i th  ra re  g e n e t ic  d e fe c ts  o f  g ly c o ly tic  

e n z y m e s , th e  m a jo r i ty  h a s  a  d e f ic ie n c y  in  PK. [N o te : L iv e r  P K  is  

e n c o d e d  b y  th e  s a m e  g e n e  as  th e  R B C  is o z y m e . H o w e v e r ,  l iv e r  c e lls  

s h o w  n o  e f fe c t  b e c a u s e  th e y  c a n  s y n th e s iz e  m o re  P K  a n d  c a n  a lso  

g e n e ra te  A T P  b y  o x id a t iv e  p h o s p h o ry la t io n .]  S e v e r i ty  d e p e n d s  b o th  o n  

th e  d e g re e  o f  e n z y m e  d e f ic ie n c y  (g e n e ra lly  5 % - 3 5 %  o f  n o rm a l  le v e ls )  

a n d  o n  th e  e x te n t  to  w h ic h  R B C  c o m p e n s a te  b y  s y n th e s iz in g  in c re a s e d  

le v e ls  o f  2 ,3 -B P G  (s e e  p . 3 1 ). A lm o s t  a l l  in d iv id u a ls  w ith  P K  d e f ic ie n c y  

h a v e  a  m u ta n t  e n z y m e  th a t  s h o w s  a l te re d  k in e t ic s  o r  d e c re a s e d  s ta b i l i ty  

(F ig . 8 .2 0 ). I n d iv id u a ls  h e te ro z y g o u s  fo r  P K  d e f ic ie n c y  h a v e  r e s is ta n c e  

to  th e  m o s t  s e v e re  fo rm s  o f  m a la r ia .
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F ig u re  8 .2 0  A lte ra t io n s  o b s e rv e d  w ith  v a r io u s  m u ta n t  fo rm s  o f  pyruvate kinase. 
K m = M ic h a e lis  c o n s ta n t;  V max = m a x im a l  v e lo c ity ;  A D P  = a d e n o s in e  

d ip h o s p h a te .

T h e  t is s u e - s p e c if ic  e x p re s s io n  o f  P K  in  R B C  a n d  th e  l iv e r  r e s u lts  f ro m  th e  

u s e  o f  d if f e r e n t  s ta r t  s i te s  in  tr a n s c r ip t io n  ( s e e  p . 4 7 3 )  o f  th e  g e n e  th a t  

e n c o d e s  th e  e n z y m e .

K. Pyruvate reduction to lactate
L a c ta te ,  fo rm e d  f ro m  p y ru v a te  b y  LDH , is  th e  f in a l  p ro d u c t  o f  a n a e ro b ic  

g ly c o ly s is  in  e u k a ry o t ic  c e l ls  (F ig . 8 .2 1 ). R e d u c t io n  to  la c ta te  is  th e  m a jo r  

fa te  fo r  p y ru v a te  in  t i s s u e s  th a t  a re  p o o r ly  v a s c u la r iz e d  ( fo r  e x a m p le , th e  

le n s  a n d  c o rn e a  o f  th e  e y e  a n d  th e  k id n e y  m e d u lla )  o r  in  R B C  th a t  la c k  

m ito c h o n d r ia .



F ig u re  8 .2 1  I n te rc o n v e r s io n  o f  p y ru v a te  a n d  la c ta te  b y  lactate dehydrogenase  
(LDH ). N A D (H )  = n ic o t in a m id e  a d e n in e  d in u c le o t id e .

1. L a c ta te  fo rm a t io n  in  m u s c le :  In  e x e rc is in g  s k e le ta l  m u s c le ,  N A D H  

p ro d u c t io n  (b y  glyceraldehyde 3-phosphate dehydrogenase  a n d  b y  th e

th re e  N A D + -lin k e d  dehydrogenases  o f  th e  T C A  c y c le , s e e  p . 1 1 3 ) 

e x c e e d s  th e  o x id a tiv e  c a p a c ity  o f  th e  E T C . T h is  r e s u lts  in  a n  e le v a te d  

N A D H /N A D +  ra tio , f a v o r in g  r e d u c t io n  o f  p y ru v a te  to  la c ta te  b y  LDH . 
T h e re fo re ,  d u r in g  in te n s e  e x e rc is e ,  la c ta te  a c c u m u la te s  in  m u s c le ,  

c a u s in g  a  d ro p  in  th e  in t r a c e l lu la r  p H , p o te n t ia l ly  r e s u l t in g  in  c ra m p s . 

M u c h  o f  th is  la c ta te  e v e n tu a l ly  d if fu s e s  in to  th e  b lo o d s tr e a m  a n d  c a n  b e  

u s e d  b y  th e  l iv e r  to  m a k e  g lu c o s e  (se e  p . 1 1 8 ).



2. L a c ta te  u ti l iz a t io n :  T h e  d ir e c t io n  o f  th e  L D H  r e a c t io n  d e p e n d s  o n  th e  

r e la t iv e  in t r a c e l lu la r  c o n c e n tra t io n s  o f  p y ru v a te  a n d  la c ta te  a n d  o n  th e  

ra t io  o f  N A D H /N A D + . F o r  e x a m p le , in  th e  l iv e r  a n d  h e a r t ,  th is  r a t io  is  

lo w e r  th a n  in  e x e rc is in g  m u s c le .  C o n s e q u e n t ly ,  th e  l iv e r  a n d  h e a r t  

o x id iz e  la c ta te  (o b ta in e d  f ro m  th e  b lo o d )  to  p y ru v a te .  In  th e  liv e r , 

p y ru v a te  is  e i th e r  c o n v e r te d  to  g lu c o s e  b y  g lu c o n e o g e n e s is  o r  c o n v e r te d  

to  a c e ty l  C o A  th a t  is  o x id iz e d  in  th e  T C A  c y c le . H e a r t  m u s c le  

e x c lu s iv e ly  o x id iz e s  la c ta te  to  c a rb o n  d io x id e  a n d  w a te r  v ia  th e  T C A  

c y c le .

3. L a c t ic  a c id o s is :  E le v a te d  c o n c e n tra t io n s  o f  la c ta te  in  th e  p la s m a , te rm e d  

la c tic  a c id o s is  (a  ty p e  o f  m e ta b o l ic  a c id o s is ) ,  o c c u r  w h e n  th e re  is  a  

c o l la p s e  o f  th e  c i r c u la to ry  sy s te m , s u c h  as  w i th  m y o c a rd ia l  in fa rc tio n , 

p u lm o n a ry  e m b o lis m , a n d  u n c o n t ro l le d  h e m o r rh a g e ,  o r  w h e n  a n  

in d iv id u a l  is  in  s h o c k . T h e  f a i lu re  to  b r in g  a d e q u a te  a m o u n ts  o f  O 2 to  th e  

t is s u e s  r e s u lts  in  im p a ire d  o x id a tiv e  p h o s p h o ry la t io n  a n d  d e c re a s e d  A T P  

s y n th e s is .  T o  s u rv iv e , th e  c e lls  r e ly  o n  a n a e ro b ic  g ly c o ly s is  fo r  

g e n e ra t in g  A T P , p ro d u c in g  la c tic  a c id  as  th e  e n d  p ro d u c t .  [N o te : 

P ro d u c t io n  o f  e v e n  m e a g e r  a m o u n ts  o f  A T P  m a y  b e  l i f e s a v in g  d u r in g  th e  

p e r io d  r e q u i re d  to  r e e s ta b l is h  a d e q u a te  b lo o d  f lo w  to  th e  t is s u e s .]  T h e  

a d d i t io n a l  O 2 r e q u ire d  to  r e c o v e r  f ro m  a  p e r io d  w h e n  O 2 a v a i la b i l i ty  h a s  

b e e n  in a d e q u a te  is  te rm e d  th e  O 2 d e b t. [N o te : T h e  O 2 d e b t  is  o f te n  

re la te d  to  p a t ie n t  m o rb id i ty  o r  m o r ta l i ty .  In  m a n y  c l in ic a l  s i tu a tio n s ,  

m e a s u r in g  th e  b lo o d  le v e ls  o f  la c t ic  a c id  a l lo w s  th e  ra p id , e a r ly  d e te c tio n  

o f  O 2 d e b t  in  p a t ie n ts  a n d  th e  m o n i to r in g  o f  th e ir  r e c o v e ry .]

L. Energy yield from glycolysis
D e s p ite  th e  p ro d u c t io n  o f  s o m e  A T P  b y  s u b s t r a te - le v e l  p h o s p h o ry la t io n  

d u r in g  g ly c o ly s is ,  th e  e n d  p ro d u c t ,  p y ru v a te  o r  la c ta te ,  s t i l l  c o n ta in s  m o s t  o f  

th e  e n e rg y  o r ig in a l ly  c o n ta in e d  in  g lu c o se . T h e  T C A  c y c le  is  r e q u ire d  to  

re le a s e  th a t  e n e rg y  c o m p le te ly  ( s e e  p . 1 0 9 ).

1. A n a e ro b ic  g ly c o ly s is :  A  n e t  o f  tw o  m o le c u le s  o f  A T P  a re  g e n e ra te d  fo r  

e a c h  m o le c u le  o f  g lu c o s e  c o n v e r te d  to  tw o  m o le c u le s  o f  la c ta te  (F ig . 

8 .2 2 ). T h e re  is  n o  n e t  p r o d u c t io n  o r  c o n s u m p tio n  o f  N A D H .





F ig u re  8 .2 2  S u m m a ry  o f  a n a e ro b ic  g ly c o ly s is .  R e a c tio n s  in v o lv in g  th e  

p ro d u c t io n  o r  c o n s u m p tio n  o f  A T P  o r  n ic o t in a m id e  a d e n in e  d in u c le o t id e  

(N A D H )  a re  in d ic a te d . T h e  th re e  i r r e v e r s ib le  r e a c t io n s  o f  g ly c o ly s is  a re  s h o w n  

w ith  th ic k  a r ro w s . D H A P  = d ih y d ro x y a c e to n e  p h o s p h a te ;  A D P  = a d e n o s in e  

d ip h o s p h a te ;  P  = p h o s p h a te .

2. A e ro b ic  g ly c o ly s is :  T h e  g e n e ra t io n  o f  A T P  is  th e  s a m e  a s  in  a n a e ro b ic  

g ly c o ly s is  ( th a t  is , a  n e t  g a in  o f  tw o  A T P  p e r  m o le c u le  o f  g lu c o se ) .  T w o  

m o le c u le s  o f  N A D H  a re  a lso  p ro d u c e d  p e r  m o le c u le  o f  g lu c o se . O n g o in g  

a e ro b ic  g ly c o ly s is  r e q u ire s  th e  o x id a t io n  o f  m o s t  o f  th is  N A D H  b y  th e  

E T C , p ro d u c in g  th re e  A T P  fo r  e a c h  N A D H  m o le c u le  e n te r in g  th e  c h a in  

( s e e  p . 7 7 ). [N o te : N A D H  c a n n o t  c ro s s  th e  in n e r  m i to c h o n d r ia l  

m e m b ra n e ,  a n d  s u b s t r a te  s h u tt le s  a re  r e q u ire d  (s e e  p . 7 9 ).]

VI. HORMONAL REGULATION

R e g u la t io n  o f  th e  a c t iv i ty  o f  th e  i r r e v e r s ib le  g ly c o ly t ic  e n z y m e s  b y  a l lo s te r ic  

a c t iv a t io n / in h ib i t io n  o r  c o v a le n t  p h o s p h o ry la t io n /d e p h o s p h o ry la t io n  is  s h o r t  

te rm  ( th a t  is , th e  e f fe c ts  o c c u r  o v e r  m in u te s  o r  h o u rs ) .  S u p e r im p o s e d  o n  th e se  

e f fe c ts  o n  th e  a c t iv i ty  o f  p r e e x is t in g  e n z y m e  m o le c u le s  a re  th e  lo n g - te rm  

h o rm o n a l  e f fe c ts  o n  th e  n u m b e r  o f  n e w  e n z y m e  m o le c u le s .  T h e s e  h o rm o n a l  

e f fe c ts  c a n  r e s u l t  in  10 - to  2 0 - fo ld  in c re a s e s  in  e n z y m e  s y n th e s is  th a t  ty p ic a l ly  

o c c u r  o v e r  h o u rs  to  d a y s . R e g u la r  c o n s u m p tio n  o f  m e a ls  r ic h  in  c a rb o h y d ra te  o r  

a d m in is tr a t io n  o f  in s u l in  in i t ia te s  a n  in c re a s e  in  th e  a m o u n t  o f  glucokinase, 
PFK-1, a n d  P K  in  th e  l iv e r  (F ig . 8 .2 3 ). T h e  c h a n g e  re f le c ts  a n  in c re a s e  in  g e n e  

tr a n s c r ip tio n ,  r e s u l t in g  in  in c re a s e d  e n z y m e  s y n th e s is .  In c re a s e d  a v a i la b i l i ty  o f  

th e s e  th re e  e n z y m e s  fa v o rs  th e  c o n v e r s io n  o f  g lu c o s e  to  p y ru v a te ,  a  

c h a ra c te r is t ic  o f  th e  a b s o rp t iv e  s ta te  ( s e e  p . 3 2 1 ) . [N o te : T h e  t r a n s c r ip t io n a l  

e f fe c ts  o f  in s u l in  a n d  c a rb o h y d ra te  ( s p e c if ic a l ly  g lu c o s e )  a re  m e d ia te d  b y  th e  

tr a n s c r ip t io n  fa c to rs  s te ro l  r e g u la to ry  e le m e n t - b in d in g  p r o te in - l c  a n d  

c a rb o h y d ra te  r e s p o n s e  e le m e n t - b in d in g  p ro te in ,  r e s p e c t iv e ly .  T h e s e  fa c to rs  a lso  

r e g u la te  tr a n s c r ip t io n  o f  g e n e s  in v o lv e d  in  fa t ty  a c id  s y n th e s is  (s e e  p . 1 8 4 ).]  

C o n v e rs e ly , g e n e  e x p re s s io n  o f  th e  th re e  e n z y m e s  is  d e c re a s e d  w h e n  p la s m a  

g lu c a g o n  is  h ig h  a n d  in s u l in  is  lo w  ( fo r  e x a m p le , a s  s e e n  in  fa s t in g  o r  d ia b e te s ) .
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F ig u re  8 .2 3  E f f e c t  o f  in s u l in  a n d  g lu c a g o n  o n  th e  e x p re s s io n  o f  k e y  e n z y m e s  o f  

g ly c o ly s is  in  th e  l iv e r . P  = p h o s p h a te .

VII. ALTERNATE FATES OF PYRUVATE

P y ru v a te  c a n  b e  m e ta b o l iz e d  to  p ro d u c ts  o th e r  th a n  la c ta te .

A. Oxidative decarboxylation to acetyl CoA
O x id a t iv e  d e c a rb o x y la t io n  o f  p y ru v a te  b y  th e  P D H C  is  a n  im p o r ta n t  

p a th w a y  in  t i s s u e s  w i th  a  h ig h  o x id a tiv e  c a p a c ity  s u c h  a s  c a rd ia c  m u s c le  

(F ig . 8 .2 4 ). P D H C  i r r e v e r s ib ly  c o n v e r ts  p y ru v a te ,  th e  e n d  p ro d u c t  o f  

a e ro b ic  g ly c o ly s is ,  in to  a c e ty l  C o A , a  T C A  c y c le  s u b s t r a te  (s e e  p . 1 0 9 ) a n d  

th e  c a rb o n  s o u rc e  fo r  fa t ty  a c id  s y n th e s is  (s e e  p . 1 8 3 ).
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F ig u re  8 .2 4  S u m m a ry  o f  th e  m e ta b o l ic  fa te s  o f  p y ru v a te .  T P P  = th ia m in e  

p y ro p h o s p h a te .  T C A  = t r ic a rb o x y lic  a c id ; N A D (H )  = n ic o t in a m id e  a d e n in e  

d in u c le o t id e ;  C o A  = c o e n z y m e  A ; C O 2 = c a rb o n  d io x id e .

B. Carboxylation to oxaloacetate
C a rb o x y la t io n  o f  p y ru v a te  to  o x a lo a c e ta te  b y  pyruvate carboxylase  is  a  

b io t in -d e p e n d e n t  r e a c t io n  (s e e  F ig . 8 .2 4 ). T h is  ir r e v e r s ib le  r e a c t io n  is  

im p o r ta n t  b e c a u s e  i t  r e p le n is h e s  th e  T C A  c y c le  in te rm e d ia te  a n d  p ro v id e s  

s u b s t r a te  fo r  g lu c o n e o g e n e s is  (s e e  p . 1 1 8 ).

C. Reduction to ethanol (microorganisms)
T h e  re d u c t io n  o f  p y ru v a te  to  e th a n o l  o c c u rs  b y  th e  tw o  re a c tio n s  

s u m m a r iz e d  in  F ig u re  8 .2 4 . T h e  d e c a rb o x y la t io n  o f  p y ru v a te  to  

a c e ta ld e h y d e  b y  th ia m in e - re q u ir in g  pyruvate decarboxylase  o c c u r s  in  y e a s t  

a n d  c e r ta in  o th e r  m ic ro o rg a n is m s  b u t  n o t  in  h u m a n s .



VIII. CHAPTER SUMMARY

M o s t p a th w a y s  c a n  b e  c la s s i f ie d  as  e i th e r  c a ta b o lic  (d e g ra d e  c o m p le x  

m o le c u le s  to  a  fe w  s im p le  p ro d u c ts  w ith  A T P  p ro d u c t io n )  o r  a n a b o l ic  

( s y n th e s iz e  c o m p le x  e n d  p ro d u c ts  f ro m  s im p le  p re c u r s o r s  w i th  A T P  

h y d ro ly s is ) .  T h e  r a te  o f  a  m e ta b o l ic  p a th w a y  c a n  r e s p o n d  to  re g u la to ry  

s ig n a ls  s u c h  a s  in t r a c e l lu la r  a l lo s te r ic  a c t iv a to rs  o r  in h ib ito rs .  In te rc e l lu la r  

s ig n a l in g  p ro v id e s  fo r  th e  in te g ra t io n  o f  m e ta b o l is m . T h e  p r im a ry  ro u te  o f  

th is  c o m m u n ic a t io n  is  c h e m ic a l  s ig n a l in g  ( fo r  e x a m p le , b y  h o rm o n e s  o r  

n e u ro tra n s m it te r s ) .  S e c o n d  m e s s e n g e r  m o le c u le s  t r a n s d u c e  a  c h e m ic a l  

s ig n a l  (h o rm o n e  o r  n e u ro t ra n s m it te r  b in d in g )  to  a p p ro p r ia te  in t r a c e l lu la r  

r e s p o n d e rs .  A denylyl cyclase (AC) is  a  c e l l  m e m b ra n e  e n z y m e  th a t  

s y n th e s iz e s  c y c l ic  a d e n o s in e  m o n o p h o s p h a te  (cAM P) in  r e s p o n s e  to  

c h e m ic a l  s ig n a ls , s u c h  a s  th e  h o rm o n e s  g lu c a g o n  a n d  e p in e p h r in e . 

F o l lo w in g  b in d in g  o f  a  h o rm o n e  to  its  c e l l - s u r fa c e  G  p r o te in - c o u p le d  

re c e p to r ,  a  g u a n o s in e  t r ip h o s p h a te - d e p e n d e n t  r e g u la to ry  p ro te in  (G  

p ro te in )  is  a c t iv a te d  th a t,  in  tu rn , a c t iv a te s  A C . T h e  c A M P  p ro d u c e d  

a c t iv a te s  protein  kinase A , w h ic h  p h o s p h o ry la te s  a  v a r ie ty  o f  e n z y m e s , 

c a u s in g  th e ir  a c t iv a t io n  o r  d e a c tiv a tio n . P h o s p h o ry la t io n  is  r e v e r s e d  b y  

phosphatases. A e ro b ic  g ly c o ly s is ,  in  w h ic h  p y ru v a te  is  th e  e n d  p ro d u c t ,  

o c c u rs  in  c e lls  w ith  m ito c h o n d r ia  a n d  a n  a d e q u a te  s u p p ly  o f  o x y g e n  ( [O 2], 

F ig . 8 .2 5 ). A n a e ro b ic  g ly c o ly s is ,  in  w h ic h  la c tic  a c id  is  th e  e n d  p ro d u c t ,  

o c c u rs  in  c e l ls  th a t  la c k  m ito c h o n d r ia  a n d  in  c e lls  d e p r iv e d  o f  s u f f ic ie n t  O 2. 

G lu c o s e  is  p a s s iv e ly  tr a n s p o r te d  a c ro s s  m e m b ra n e s  b y  1 o f  1 4  g lu c o s e  

t r a n s p o r te r  (G L U T )  is o fo rm s . G L U T -1  is  a b u n d a n t  in  R B C  a n d  th e  b ra in , 

G L U T -4  (w h ic h  is  in s u l in  d e p e n d e n t)  in  m u s c le  a n d  a d ip o s e  t is s u e , a n d  

G L U T -2  in  th e  liv e r , k id n e y s , a n d  p a n c re a t ic  ß c e lls .  T h e  o x id a t io n  o f  

g lu c o s e  to  p y ru v a te  (g ly c o ly s is ,  s e e  F ig . 8 .2 5 ) o c c u rs  th ro u g h  a n  e n e rg y -  

in v e s tm e n t  p h a s e  in  w h ic h  p h o s p h o ry la te d  in te rm e d ia te s  a re  s y n th e s iz e d  a t 

th e  e x p e n s e  o f  A T P  a n d  a n  e n e rg y -g e n e ra t io n  p h a s e  in  w h ic h  A T P  is  

p ro d u c e d  b y  s u b s t r a te - le v e l  p h o s p h o ry la t io n .  In  th e  e n e rg y - in v e s tm e n t  

p h a s e , g lu c o s e  is  p h o s p h o ry la te d  b y  hexokinase  ( fo u n d  in  m o s t  t i s s u e s )  o r  

glucokinase  (a  hexokinase  f o u n d  in  l iv e r  c e l ls  a n d  p a n c re a t ic  ß c e lls ) .  

H exokinase  h a s  a  h ig h  a f f in i ty  ( lo w  K m) a n d  a  lo w  m a x im a l  v e lo c i ty



(V max) fo r  g lu c o s e  a n d  is  in h ib i te d  b y  g lu c o s e  6 -p h o s p h a te .  G lucokinase  

h a s  a  h ig h  K m a n d  a  h ig h  V max fo r  g lu c o se . I t  is  r e g u la te d  in d ir e c t ly  b y  

f ru c to s e  6 -p h o s p h a te  ( in h ib its )  a n d  g lu c o s e  (a c t iv a te s )  v ia  g lu c o k in a s e  

r e g u la to ry  p ro te in .  G lu c o s e  6 -p h o s p h a te  is  i s o m e r iz e d  to  f ru c to s e  6- 

p h o s p h a te ,  w h ic h  is  p h o s p h o ry la te d  to  f ru c to s e  1 ,6 -b is p h o s p h a te  b y  

phosphofructokinase-1 (PFK-1). T h is  e n z y m e  is  a l lo s te r ic a l ly  in h ib i te d  b y  

A T P  a n d  c i t r a te  a n d  a c t iv a te d  b y  A M P . F ru c to s e  2 ,6 -b is p h o s p h a te ,  w h o s e  

s y n th e s is  b y  b ifu n c t io n a l  phosphofructokinase-2  (PFK-2) is  in c re a s e d  in  

th e  l iv e r  b y  in s u l in  a n d  d e c re a s e d  b y  g lu c a g o n , is  th e  m o s t  p o te n t  a l lo s te r ic  

a c t iv a to r  o f  PFK-1. A  to ta l  o f  tw o  A T P  a re  u s e d  d u r in g  th is  p h a s e  o f  

g ly c o ly s is .  F ru c to s e  1 ,6 -b is p h o s p h a te  is  c le a v e d  to  fo rm  tw o  tr io s e s  th a t  a re  

fu r th e r  m e ta b o l iz e d  b y  th e  g ly c o ly t ic  p a th w a y , fo rm in g  p y ru v a te .  D u r in g  

th is  p h a s e , fo u r  A T P  a n d  tw o  n ic o t in a m id e  a d e n in e  d in u c le o t id e  (N A D H ) 

a re  p ro d u c e d  p e r  g lu c o s e  m o le c u le .  T h e  f in a l  s te p  in  p y ru v a te  s y n th e s is  

f ro m  p h o s p h o e n o lp y ru v a te  is  c a ta ly z e d  b y  pyruvate kinase (PK). T h is  

e n z y m e  is  a l lo s te r ic a l ly  a c t iv a te d  b y  f ru c to s e  1 ,6 -b is p h o s p h a te ,  a n d  th e  

h e p a t ic  is o z y m e  is  in h ib i te d  c o v a le n t ly  b y  g lu c a g o n  v ia  th e  c A M P  

p a th w a y . P K  d e f ic ie n c y  a c c o u n ts  fo r  th e  m a jo r i ty  o f  a l l  in h e r i te d  d e fe c ts  in  

g ly c o ly t ic  e n z y m e s . E f fe c ts  a re  r e s tr ic te d  to  R B C  a n d  p r e s e n t  a s  m ild - to -  

s e v e re  c h ro n ic ,  n o n s p h e ro c y tic  h e m o ly t ic  a n e m ia . G ly c o ly t ic  g e n e  

t r a n s c r ip t io n  is  e n h a n c e d  b y  in s u l in  a n d  g lu c o se . In  a n a e ro b ic  g ly c o ly s is ,  

N A D H  is  r e o x id iz e d  to  N A D +  b y  th e  r e d u c t io n  o f  p y ru v a te  to  la c ta te  v ia  

lactate dehydrogenase. T h is  o c c u rs  in  c e l ls  s u c h  a s  R B C  th a t  la c k  

m ito c h o n d r ia  a n d  in  t i s s u e s  s u c h  as  e x e rc is in g  m u s c le ,  w h e re  p r o d u c t io n  o f  

N A D H  e x c e e d s  th e  o x id a t iv e  c a p a c ity  o f  th e  re s p ir a to ry  c h a in . E le v a te d  

c o n c e n tra t io n s  o f  la c ta te  in  th e  p la s m a  ( la c tic  a c id o s is )  o c c u r  w ith  

c irc u la to ry  s y s te m  c o l la p s e  o r  s h o c k . P y ru v a te  a lso  c a n  b e  1) o x id a tiv e ly  

d e c a rb o x y la te d  to  a c e ty l  C o A  b y  pyruvate dehydrogenase, 2 ) c a rb o x y la te d  

to  o x a lo a c e ta te  (a  T C A  c y c le  in te rm e d ia te )  b y  pyruvate carboxylase, o r  3) 

r e d u c e d  to  e th a n o l  b y  m ic ro b ia l  pyruvate decarboxylase.
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F ig u re  8 .2 5  K e y  c o n c e p t  m a p  fo r  g ly c o ly s is .  N A D (H )  =  n ic o t in a m id e  a d e n in e  

d in u c le o t id e ;  c A M P  =  c y c l ic  a d e n o s in e  m o n o p h o s p h a te ;  C o A  =  c o e n z y m e  A ; 

T C A  =  t r ic a rb o x y lic  a c id ; C O 2 =  c a rb o n  d io x id e .



Study Questions

Choose th e  O N E  b e s t  a n s w e r .

.1 . W h ic h  o f  th e  fo llo w in g  b e s t  d e s c r ib e s  th e  a c t iv i ty  le v e l  a n d  p h o s p h o ry la t io n  

s ta te  o f  th e  l i s te d  h e p a t ic  e n z y m e s  in  a n  in d iv id u a l  w h o  c o n s u m e d  a  

c a rb o h y d ra te - r ic h  m e a l a b o u t  a n  h o u r  a g o ?  P F K -1  = p h o s p h o f ru c to k in a s e -  

1; P F K -2  = p h o s p h o f ru c to k in a s e -2 ;  P  = p h o s p h o ry la te d .

Choice PFK - 1 PFK - 2 Pyruvate Kinase

A c t iv ity ® A c t iv ity ® A c t iv ity ®

A . L o w N o L o w N o L o w N o

B. H ig h Y es L o w Y es L o w Y es

C . H ig h N o H ig h N o H ig h N o

l D -
H ig h Y es H ig h Y es H ig h Y es  j

C o r re c t  a n s w e r  = C . Im m e d ia te ly  fo llo w in g  a  m e a l,  b lo o d  g lu c o s e  le v e ls  a n d  

h e p a t ic  u p ta k e  o f  g lu c o s e  in c re a s e . T h e  g lu c o s e  is  p h o s p h o ry la te d  to  g lu c o s e  

6 -p h o s p h a te  a n d  u s e d  in  g ly c o ly s is .  In  r e s p o n s e  to  th e  r is e  in  b lo o d  g lu c o se , 

th e  in s u l in /g lu c a g o n  ra t io  in c re a s e s .  A s  a  re s u lt ,  th e  k in a s e  d o m a in  o f  P F K -2  is  

d e p h o s p h o ry la te d  a n d  a c tiv e . I ts  p ro d u c t ,  f ru c to s e  2 ,6 -b is p h o s p h a te ,  

a l lo s te r ic a l ly  a c t iv a te s  P F K -1 . (P F K -1  is  n o t  c o v a le n t ly  re g u la te d .)  A c tiv e  

P F K -1  p ro d u c e s  f ru c to s e  1 ,6 -b is p h o s p h a te  th a t  is  a  f e e d fo rw a rd  a c t iv a to r  o f  

p y ru v a te  k in a se . H e p a tic  p y ru v a te  k in a s e  is  c o v a le n tly  r e g u la te d , a n d  th e  r is e  

in  in s u l in  fa v o rs  d e p h o s p h o ry la t io n  a n d  a c t iv a t io n .

.2 . W h ic h  o f  th e  fo llo w in g  s ta te m e n ts  is  t ru e  fo r  a n a b o l ic  p a th w a y s  o n ly ?

A . T h e ir  i r r e v e r s ib le  (n o n e q u i l ib r iu m )  r e a c t io n s  a re  re g u la te d .

B . T h e y  a re  c a l le d  c y c le s  i f  th e y  r e g e n e ra te  a n  in te rm e d ia te .

C . T h e y  a re  c o n v e rg e n t  a n d  g e n e ra te  a  fe w  s im p le  p ro d u c ts .

D . T h e y  a re  s y n th e t ic  a n d  r e q u ire  e n e rg y .

E . T h e y  ty p ic a l ly  r e q u ire  o x id iz e d  c o e n z y m e s .



C o r re c t  a n s w e r  = D . A n a b o l ic  p ro c e s s e s  a re  s y n th e t ic  a n d  e n e rg y  r e q u ir in g  

(e n d e rg o n ic ) .  S ta te m e n ts  A  a n d  B  a p p ly  to  b o th  a n a b o l ic  a n d  c a ta b o lic  

p ro c e s s e s ,  w h e re a s  C  a n d  E  a p p ly  o n ly  to  c a ta b o lic  p ro c e s s e s .

.3 . C o m p a re d  w ith  th e  re s t in g  s ta te , v ig o ro u s ly  c o n tra c t in g  s k e le ta l  m u s c le  

sh o w s :

A . d e c re a s e d  A M P /A T P  ra tio .

B . d e c re a s e d  le v e ls  o f  f ru c to s e  2 ,6 -b is p h o s p h a te .

C . d e c re a s e d  N A D H /N A D +  ra tio .

D . in c re a s e d  o x y g e n  a v a i la b i l i ty .

E . in c r e a s e d  r e d u c t io n  o f  p y ru v a te  to  la c ta te .

C o r r e c t  a n s w e r  = E . V ig o ro u s ly  c o n tra c t in g  s k e le ta l  m u s c le  s h o w s  a n  in c re a s e  

in  th e  r e d u c t io n  o f  p y ru v a te  to  la c ta te  c o m p a re d  w ith  re s t in g  m u s c le .  T h e  

le v e ls  o f  r e d u c e d  n ic o t in a m id e  a d e n in e  d in u c le o t id e  (N A D H )  in c re a s e  a n d  

e x c e e d  th e  o x id a t iv e  c a p a c ity  o f  th e  e le c tro n  t r a n s p o r t  c h a in . C o n s e q u e n t ly ,  th e  

le v e ls  o f  a d e n o s in e  m o n o p h o s p h a te  (A M P )  in c re a s e . T h e  c o n c e n tra t io n  o f  

f ru c to s e  2 ,6 -b is p h o s p h a te  is  n o t  a  k e y  re g u la to ry  fa c to r  in  s k e le ta l  m u s c le .

.4 . G lu c o s e  u p ta k e  b y :

A . b r a in  c e l ls  is  th ro u g h  e n e rg y - re q u ir in g  (a c t iv e )  tra n sp o r t .

B . in te s t in a l  m u c o s a l  c e l ls  r e q u ire s  in s u lin .

C . l iv e r  c e lls  is  th ro u g h  fa c i l i ta te d  d if fu s io n  in v o lv in g  a  g lu c o s e  

tra n s p o r te r .

D . m o s t  c e lls  is  th ro u g h  s im p le  d if fu s io n  u p  a  c o n c e n tra t io n  g ra d ie n t.

C o r r e c t  a n s w e r  = C . G lu c o s e  u p ta k e  in  th e  l iv e r , b ra in ,  m u s c le ,  a n d  a d ip o s e  

t i s s u e  is  d o w n  a  c o n c e n tra t io n  g ra d ie n t,  a n d  th e  d if fu s io n  is  f a c i l i ta te d  b y  

t i s s u e - s p e c if ic  g lu c o s e  t r a n s p o r te r s  (G L U T ) . In  a d ip o s e  a n d  m u s c le  tis s u e s ,  

in s u l in  is  r e q u ire d  fo r  g lu c o s e  u p ta k e . M o v in g  g lu c o s e  a g a in s t  a  c o n c e n tra t io n  

g ra d ie n t  r e q u ire s  e n e rg y  a n d  is  s e e n  w ith  th e  s o d iu m -d e p e n d e n t  g lu c o s e  

c o tr a n s p o r te r  1 (S G L T 1 )  o f  in te s t in a l  m u c o s a l  c e lls .

.5 . G iv e n  th a t  th e  K m o f  g lu c o k in a s e  fo r  g lu c o s e  is  10  m M , w h e re a s  th a t  o f  

h e x o k in a s e  is  0 .1  m M , w h ic h  is o z y m e  w il l  m o re  c lo s e ly  a p p ro a c h  V max a t



th e  n o rm a l  b lo o d  g lu c o s e  c o n c e n tra t io n  o f  5 m M ?

C o r re c t  a n s w e r  = H e x o k in a s e . K m (M ic h a e lis  c o n s ta n t)  is  th a t  s u b s tra te  

c o n c e n tra t io n  th a t  g iv e s  o n e  h a lf  V max (m a x im a l  v e lo c ity ) .  W h e n  b lo o d  

g lu c o s e  c o n c e n tr a t io n  is  5 m M , h e x o k in a s e  (K m = 0 .1  m M ) w il l  b e  s a tu ra te d , 

b u t  g lu c o k in a s e  (K m = 10  m M ) w il l  n o t.

.6 . In  p a t ie n ts  w ith  w h o o p in g  c o u g h , G a j is  in h ib ite d . H o w  d o e s  th is  le a d  to  a  

r is e  in  c y c l ic  a d e n o s in e  m o n o p h o s p h a te  (c A M P )?

G  p ro te in s  o f  th e  G a j ty p e  in h ib i t  a d e n y ly l  c y c la s e  (A C ) w h e n  th e ir  a s s o c ia te d  

G  p r o te in - c o u p le d  re c e p to r  is  b o u n d  b y  l ig a n d . I f  G a j is  in h ib i te d  b y  p e r tu s s is  

to x in , A C  p ro d u c t io n  o f  c A M P  is  in a p p ro p r ia te ly  a c t iv a te d .
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Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. CYCLE OVERVIEW

T h e  t r ic a rb o x y lic  a c id  c y c le  ( [T C A  c y c le ]  a lso  c a l le d  th e  c i tr ic  a c id  c y c le , o r  th e  

K re b s  c y c le )  p la y s  s e v e ra l  ro le s  in  m e ta b o l is m . I t  is  th e  f in a l  p a th w a y  w h e re  th e  

o x id a tiv e  c a ta b o li s m  o f  c a rb o h y d ra te s ,  a m in o  a c id s , a n d  fa t ty  a c id s  c o n v e rg e , 

th e ir  c a rb o n  s k e le to n s  b e in g  c o n v e r te d  to  c a rb o n  d io x id e  (C O 2), a s  s h o w n  in  

F ig u re  9 .1 . T h is  o x id a t io n  p ro v id e s  e n e rg y  fo r  th e  p r o d u c t io n  o f  th e  m a jo r i ty  o f  

A T P  in  m o s t  a n im a ls ,  in c lu d in g  h u m a n s . B e c a u s e  th e  T C A  c y c le  o c c u rs  to ta l ly  

in  m ito c h o n d r ia ,  i t  is  in  c lo s e  p ro x im ity  to  th e  e le c tro n  t r a n s p o r t  c h a in  ( [E T C ] 

s e e  p . 73 ), w h ic h  o x id iz e s  th e  r e d u c e d  c o e n z y m e s  n ic o t in a m id e  a d e n in e  

d in u c le o t id e  (N A D H )  a n d  f la v in  a d e n in e  d in u c le o t id e  (F A D H 2) p ro d u c e d  b y  th e  

c y c le . T h e  T C A  c y c le  is  a n  a e ro b ic  p a th w a y , b e c a u s e  o x y g e n  (O 2) is  r e q u ire d  as  

th e  f in a l  e le c tro n  a c c e p to r .  R e a c tio n s  s u c h  a s  th e  c a ta b o lis m  o f  s o m e  a m in o  

a c id s  g e n e ra te  in te rm e d ia te s  o f  th e  c y c le  a n d  a re  c a l le d  a n a p le ro tic  ( f ro m  th e  

G re e k  fo r  “ f i l l in g  u p ” ) re a c tio n s .  T h e  T C A  c y c le  a lso  p ro v id e s  in te rm e d ia te s  fo r  

a  n u m b e r  o f  im p o r ta n t  a n a b o l ic  r e a c tio n s ,  s u c h  as  g lu c o s e  fo rm a t io n  f ro m  th e  

c a rb o n  s k e le to n s  o f  s o m e  a m in o  a c id s  a n d  th e  s y n th e s is  o f  s o m e  a m in o  a c id s  

( s e e  p . 2 6 7 )  a n d  h e m e  (s e e  p . 2 7 8 ) . T h e re fo re ,  th is  c y c le  s h o u ld  n o t  b e  v ie w e d  as  

a  c lo s e d  s y s te m  b u t,  in s te a d , as  a n  o p e n  o n e  w i th  c o m p o u n d s  e n te r in g  a n d  

le a v in g  a s  re q u ire d .
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F ig u re  9 .1  T h e  t r ic a rb o x y lic  a c id  c y c le  s h o w n  as  a  p a r t  o f  th e  e s s e n t ia l  p a th w a y s  

o f  e n e rg y  m e ta b o l is m . [N o te : S e e  F ig . 8 .2 , p . 9 2  fo r  a  m o re  d e ta i le d  m a p  o f  

m e ta b o l is m .]  C O 2 = c a rb o n  d io x id e ; C o A  = c o e n z y m e  A .

II. CYCLE REACTIONS

In  th e  T C A  c y c le , o x a lo a c e ta te  (O A A ) is  f i r s t  c o n d e n s e d  w ith  a n  a c e ty l  g ro u p  

f ro m  a c e ty l  c o e n z y m e  A  (C o A )  a n d  th e n  is  r e g e n e ra te d  as  th e  c y c le  is  c o m p le te d  

( s e e  F ig . 9 .1 ). T w o  c a rb o n s  e n te r  th e  c y c le  as  a c e ty l  C o A  a n d  tw o  le a v e  as  C O 2. 

T h e re fo re ,  th e  e n try  o f  o n e  a c e ty l  C o A  in to  o n e  ro u n d  o f  th e  T C A  c y c le  d o e s  n o t  

le a d  to  th e  n e t  p r o d u c t io n  o r  c o n s u m p tio n  o f  in te rm e d ia te s .

A. Acetyl CoA production
T h e  m a jo r  s o u rc e  o f  a c e ty l  C o A  fo r  th e  T C A  c y c le  is  th e  o x id a tiv e  

d e c a rb o x y la t io n  o f  p y ru v a te  b y  th e  m u l t ie n z y m e  pyruvate dehydrogenase  
com plex (PD H  com plex, o r  PD H C). H o w e v e r ,  th e  P D H C  (d e s c r ib e d  

b e lo w )  is  n o t  a  c o m p o n e n t  o f  th e  T C A  c y c le . P y ru v a te ,  th e  e n d  p ro d u c t  o f  

a e ro b ic  g ly c o ly s is ,  is  t r a n s p o r te d  f ro m  th e  c y to s o l  in to  th e  m i to c h o n d r ia l  

m a tr ix  b y  th e  p y ru v a te  m i to c h o n d r ia l  c a r r ie r  o f  th e  in n e r  m ito c h o n d r ia l  

m e m b ra n e .  In  th e  m a tr ix ,  th e  P D H C  c o n v e r ts  p y ru v a te  to  a c e ty l  C o A . 

[N o te : F a tty  a c id  o x id a t io n  is  a n o th e r  s o u rc e  o f  a c e ty l  C o A  (s e e  p . 1 9 2 ).]

1. P D H C  c o m p o n e n t  e n z y m e s : T h e  P D H C  is  a  p ro te in  a g g re g a te  o f  

m u l t ip le  c o p ie s  o f  th re e  e n z y m e s , pyruvate decarboxylase  ( [E 1 ]  

s o m e t im e s  c a l le d  pyruvate dehydrogenase), dihydrolipoyl transacetylase  
(E 2 ) ,  a n d  dihydrolipoyl dehydrogenase  (E 3 ) .  E a c h  c a ta ly z e s  a  p a r t  o f  th e  

o v e ra l l  r e a c t io n  (F ig . 9 .2 ). T h e ir  p h y s ic a l  a s s o c ia t io n  l in k s  th e  re a c tio n s  

in  p ro p e r  s e q u e n c e  w i th o u t  th e  re le a s e  o f  in te rm e d ia te s .  In  a d d i t io n  to  th e  

e n z y m e s  p a r t ic ip a t in g  in  th e  c o n v e r s io n  o f  p y ru v a te  to  a c e ty l  C o A , th e  

P D H C  a lso  c o n ta in s  tw o  r e g u la to ry  e n z y m e s , pyruvate dehydrogenase  
kinase (PD H  kinase) a n d  pyruvate dehydrogenase phosphatase (PD H  
ph osphatase ).



F ig u re  9 .2  M e c h a n is m  o f  a c t io n  o f  th e  e n z y m e s  (E )  o f  th e  pyruvate  
dehydrogenase com plex. [N o te : A ll  th e  c o e n z y m e s  o f  th e  c o m p le x , e x c e p t  fo r  

l ip o ic  a c id , a re  d e r iv e d  f ro m  v ita m in s .  T P P  is  f ro m  th ia m in e ,  F A D  f ro m  

r ib o f la v in ,  N A D  f ro m  n ia c in , a n d  C o A  f ro m  p a n to th e n ic  a c id .]  C O 2 =  c a rb o n

d io x id e ; T P P  =  th ia m in e  p y ro p h o s p h a te ;  L =  l ip o ic  a c id ; C o A  =  c o e n z y m e  A ; 

F A D (H 2) a n d  N A D (H )  =  f la v in  a n d  n ic o t in a m id e  a d e n in e  d in u c le o t id e s ;  ~  =

h ig h -e n e rg y  b o n d .

2. C o e n z y m e s : T h e  P D H C  c o n ta in s  f iv e  c o e n z y m e s  th a t  a c t  a s  c a r r ie r s  o r 

o x id a n ts  fo r  th e  in te rm e d ia te s  o f  th e  re a c t io n s  s h o w n  in  F ig u re  9 .2 . E1 
re q u ire s  th ia m in e  p y ro p h o s p h a te  (T P P ) , E2  r e q u ire s  l ip o ic  a c id  a n d  C o A , 

a n d  E 3  r e q u ire s  F A D  a n d  N A D + . [N o te : T P P , l ip o ic  a c id , a n d  F A D  a re  

t ig h t ly  b o u n d  to  th e  e n z y m e s  a n d  fu n c t io n  a s  c o e n z y m e s - p r o s th e t ic  

g ro u p s  ( s e e  p . 5 4 ).]

D e f ic ie n c ie s  o f  th ia m in e  o r  n ia c in  c a n  c a u s e  s e r io u s  c e n tra l  n e rv o u s  s y s te m  

p ro b le m s . T h is  is  b e c a u s e  b r a in  c e lls  a re  u n a b le  to  p ro d u c e  s u f f ic ie n t  A T P  

(v ia  th e  T C A  c y c le )  if  th e  P D H C  is  in a c tiv e . W e rn ic k e -K o rs a k o f f ,  a n  

e n c e p h a lo p a th y -p s y c h o s is  s y n d ro m e  d u e  to  th ia m in e  d e f ic ie n c y , m a y  b e  

s e e n  w i th  a lc o h o l  a b u s e  (s e e  p . 3 8 3 ) .

3. R e g u la tio n :  C o v a le n t  m o d if ic a t io n s  b y  th e  tw o  re g u la to ry  e n z y m e s  o f  th e  

P D H C  a l te rn a te ly  a c t iv a te  a n d  in a c tiv a te  E1. P D H  kinase  
p h o s p h o ry la te s  a n d  in a c t iv a te s  E1, w h e re a s  P D H  phosphatase  
d e p h o s p h o ry la te s  a n d  a c t iv a te s  E1 (F ig . 9 .3 ). T h e  kinase  i t s e lf  is



a l lo s te r ic a lly  a c t iv a te d  b y  A T P , a c e ty l  C o A , a n d  N A D H . T h e re fo re ,  in  

th e  p r e s e n c e  o f  th e s e  h ig h -e n e rg y  p ro d u c ts ,  th e  P D H C  is  tu rn e d  o ff. 

[N o te : I t  is  a c tu a lly  th e  r is e  in  th e  A T P /A D P  ( a d e n o s in e  d ip h o s p h a te ) ,  

N A D H /N A D + , o r  a c e ty l  C o A /C o A  ra t io s  th a t  a f fe c ts  e n z y m ic  a c t iv i ty .]  

P y ru v a te  is  a  p o te n t  in h ib i to r  o f  P D H  kinase. T h e re fo re ,  i f  p y ru v a te  

c o n c e n tra t io n s  a re  e le v a te d , E1 w i l l  b e  m a x im a lly  a c tiv e . C a lc iu m  (C a 2+) 

is  a  s tro n g  a c t iv a to r  o f  P D H  phosphatase, s t im u la t in g  E1 a c t iv i ty .  T h is  

is  p a r t ic u la r ly  im p o r ta n t  in  s k e le ta l  m u s c le ,  w h e re  C a 2+ r e le a s e  d u r in g  

c o n tra c t io n  s t im u la te s  th e  P D H C  a n d , th u s , e n e rg y  p ro d u c t io n .  [N o te : 

A lth o u g h  c o v a le n t  r e g u la t io n  b y  th e  kinase  a n d  phosphatase  is  p r im a ry , 

th e  P D H C  is  a lso  s u b je c t  to  p ro d u c t  (N A D H  a n d  a c e ty l  C o A )  in h ib it io n .]



F ig u re  9 .3  R e g u la t io n  o f  pyruvate dehydrogenase  (P D H ) com plex. = p h o s p h a te  

[ d e n o te s  p ro d u c t  in h ib it io n .]

4 . D e f ic ie n c y : A  d e f ic ie n c y  o f  th e  a  s u b u n its  o f  th e  te tr a m e r ic  E1 
c o m p o n e n t  o f  th e  PD H C, a l th o u g h  v e ry  ra re , is  th e  m o s t  c o m m o n  

b io c h e m ic a l  c a u s e  o f  c o n g e n i ta l  la c t ic  a c id o s is .  T h e  d e f ic ie n c y  r e s u lts  in  

a  d e c re a s e d  a b i l i ty  to  c o n v e r t  p y ru v a te  to  a c e ty l  C o A , c a u s in g  p y ru v a te  

to  b e  s h u n te d  to  la c ta te  v ia  lactate dehydrogenase  ( s e e  p . 1 0 3 ). T h is  

c re a te s  p a r t ic u la r  p ro b le m s  fo r  th e  b ra in ,  w h ic h  re l ie s  o n  th e  T C A  c y c le



fo r  m o s t  o f  its  e n e rg y  a n d  is  p a r t ic u la r ly  s e n s i t iv e  to  a c id o s is .  S y m p to m s  

a re  v a r ia b le  a n d  in c lu d e  n e u ro d e g e n e ra t io n ,  m u s c le  s p a s tic i ty ,  a n d , in  th e  

n e o n a ta l -o n s e t  fo rm , e a r ly  d e a th . T h e  g e n e  fo r  th e  a  s u b u n it  is  X  lin k e d , 

a n d  b e c a u s e  b o th  m a le s  a n d  fe m a le s  m a y  b e  a f fe c te d , th e  d e f ic ie n c y  is  

c la s s i f ie d  a s  X - l in k e d  d o m in a n t.  A lth o u g h  th e re  is  n o  p ro v e n  t r e a tm e n t  

fo r  P D H C  d e f ic ie n c y , d ie ta ry  r e s tr ic t io n  o f  c a rb o h y d ra te  a n d  

s u p p le m e n ta t io n  w i th  th ia m in e  m a y  r e d u c e  s y m p to m s  in  s e le c t  p a t ie n ts .

L e ig h  s y n d ro m e  ( s u b a c u te  n e c ro t iz in g  e n c e p h a lo m y e lo p a th y )  is  a  ra re , 

p ro g re s s iv e ,  n e u ro d e g e n e ra t iv e  d is o rd e r  c a u s e d  b y  d e fe c ts  in  m i to c h o n d r ia l  

A T P  p ro d u c t io n ,  p r im a r i ly  a s  a  r e s u l t  o f  m u ta t io n s  in  g e n e s  th a t  e n c o d e  

p ro te in s  o f  th e  PD H C, th e  E T C , o r  A T P  synthase. B o th  n u c le a r  a n d  

m i to c h o n d r ia l  D N A  c a n  b e  a f fe c te d .

5. A rs e n ic  p o is o n in g : A s  p re v io u s ly  d e s c r ib e d  (s e e  p . 1 0 1 ), p e n ta v a le n t  

a r s e n ic  ( a r s e n a te )  c a n  in te r f e re  w i th  g ly c o ly s is  a t  th e  glyceraldehyde 3- 
phosphate  s te p , th e re b y  d e c re a s in g  A T P  p ro d u c t io n .  H o w e v e r ,  a r s e n ic  

p o is o n in g  is  d u e  p r im a r i ly  to  in h ib i t io n  o f  e n z y m e  c o m p le x e s  th a t  r e q u ire  

l ip o ic  a c id  a s  a  c o e n z y m e , in c lu d in g  PD H , a-ketoglutarate  
dehydrogenase  ( s e e  E . b e lo w ) ,  a n d  branched-chain a-keto  acid  
dehydrogenase  ( s e e  p . 2 6 6 ) . A rs e n i te  ( th e  t r iv a le n t  fo rm  o f  a r s e n ic )  

fo rm s  a  s ta b le  c o m p le x  w ith  th e  th io l  ( - S H )  g ro u p s  o f  l ip o ic  a c id , 

m a k in g  th a t  c o m p o u n d  u n a v a i la b le  to  s e rv e  a s  a  c o e n z y m e . W h e n  i t  

b in d s  to  l ip o ic  a c id  in  th e  PD H C, p y ru v a te  (a n d , c o n s e q u e n tly ,  la c ta te )  

a c c u m u la te s .  A s  w ith  P D H C  d e f ic ie n c y , th is  p a r t ic u la r ly  a f fe c ts  th e  

b ra in ,  c a u s in g  n e u ro lo g ic  d is tu rb a n c e s  a n d  d e a th .

B. Citrate synthesis
T h e  ir r e v e r s ib le  c o n d e n s a t io n  o f  a c e ty l  C o A  a n d  O A A  to  fo rm  c i tra te  (a  

t r ic a rb o x y lic  a c id )  is  c a ta ly z e d  b y  citrate syn thase , th e  in i t ia t in g  e n z y m e  o f  

th e  T C A  c y c le  (F ig . 9 .4 ). T h is  a ld o l  c o n d e n s a t io n  h a s  a  h ig h ly  n e g a t iv e  

c h a n g e  in  s ta n d a rd  f re e  e n e rg y  ( [A G 0] se e  p . 7 0 ), w h ic h  s tro n g ly  fa v o rs  

c i tr a te  fo rm a tio n . T h e  e n z y m e  is  in h ib i te d  b y  c i tr a te  (p ro d u c t  in h ib it io n ) .  

S u b s tra te  a v a i la b i l i ty  is  a n o th e r  m e a n s  o f  r e g u la t io n  fo r  citrate synthase. 
T h e  b in d in g  o f  O A A  g re a t ly  in c re a s e s  th e  e n z y m e ’s a f f in i ty  fo r  a c e ty l  C o A . 

[N o te : C itra te , in  a d d i t io n  to  b e in g  a n  in te rm e d ia te  in  th e  T C A  c y c le , is  a



s o u rc e  o f  a c e ty l  C o A  fo r  th e  c y to s o l ic  s y n th e s is  o f  f a t ty  a c id s  (s e e  p . 1 8 3 ) 

a n d  c h o le s te ro l  ( s e e  p . 2 2 0 ) . C it r a te  a lso  in h ib its  phosphofructokinase-1  
(PFK-1), th e  ra te - l im it in g  e n z y m e  o f  g ly c o ly s is  (s e e  p . 9 9 ) , a n d  a c tiv a te s  

acetyl CoA carboxylase  ( th e  r a te - l im it in g  e n z y m e  o f  fa t ty  a c id  s y n th e s is ,  

s e e  p . 1 8 3 ).]
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F ig u re  9 .4  F o rm a t io n  o f  a - k e to g lu ta r a te  f ro m  a c e ty l  c o e n z y m e  A  (C o A )  a n d  

o x a lo a c e ta te .  N A D (H )  = n ic o t in a m id e  a d e n in e  d in u c le o t id e ;  C O 2 = c a rb o n  

d io x id e .

C. Citrate isomerization
C itra te  is  is o m e r iz e d  to  is o c i t r a te  th ro u g h  h y d ro x y l  g ro u p  m ig ra t io n  

c a ta ly z e d  b y  aconitase (aconitate hydratase), a n  ir o n - s u lfu r  p ro te in  (se e  

F ig . 9 .4 ). [N o te : A conitase  is  in h ib i te d  b y  f lu o ro a c e ta te ,  a  p la n t  to x in  th a t  is  

u s e d  as  a  p e s tic id e . F lu o ro a c e ta te  is  c o n v e r te d  to  f lu o ro a c e ty l  C o A  th a t  

c o n d e n s e s  w i th  O A A  to  fo rm  f lu o ro c i tra te ,  a  p o te n t  in h ib i to r  o f  aconitase.]

D. Oxidative decarboxylation of isocitrate
Isocitrate dehydrogenase  c a ta ly z e s  th e  i r r e v e r s ib le  o x id a tiv e  

d e c a rb o x y la t io n  o f  i s o c i t r a te  to  a -k e to g lu ta r a te ,  y ie ld in g  th e  f i r s t  o f  th re e  

N A D H  m o le c u le s  p ro d u c e d  b y  th e  c y c le  a n d  th e  f i r s t  r e le a s e  o f  C O 2 (se e  

F ig . 9 .4 ). T h is  is  o n e  o f  th e  r a te - l im it in g  s te p s  o f  th e  T C A  c y c le . T h e  

e n z y m e  is  a l lo s te r ic a l ly  a c t iv a te d  b y  A D P  (a  lo w -e n e rg y  s ig n a l)  a n d  C a 2+ 

a n d  is  in h ib i te d  b y  A T P  a n d  N A D H , le v e ls  o f  w h ic h  a re  e le v a te d  w h e n  th e  

c e ll  h a s  a b u n d a n t  e n e rg y  s to re s .

E. Oxidative decarboxylation of a-ketoglutarate
T h e  ir r e v e r s ib le  c o n v e r s io n  o f  a - k e to g lu ta r a te  to  s u c c in y l  C o A  is  c a ta ly z e d  

b y  th e  a-ketoglu tarate dehydrogenase com plex, a  p ro te in  a g g re g a te  o f  

m u l t ip le  c o p ie s  o f  th re e  e n z y m e s  (F ig . 9 .5 ). T h e  m e c h a n is m  o f  th is  

o x id a tiv e  d e c a rb o x y la t io n  is  v e ry  s im ila r  to  th a t  u s e d  fo r  th e  c o n v e r s io n  o f  

p y ru v a te  to  a c e ty l  C o A  b y  th e  PD H C. T h e  r e a c t io n  re le a s e s  th e  s e c o n d  C O 2 

a n d  p ro d u c e s  th e  s e c o n d  N A D H  o f  th e  c y c le . T h e  c o e n z y m e s  r e q u i re d  a re  

T P P , l ip o ic  a c id , F A D , N A D + , a n d  C o A . E a c h  fu n c t io n s  a s  p a r t  o f  th e  

c a ta ly t ic  m e c h a n is m  in  a  w a y  a n a lo g o u s  to  th a t  d e s c r ib e d  fo r  th e  P D H C  

( s e e  p . 1 1 0 ). T h e  la rg e  n e g a t iv e  A G 0 o f  th e  r e a c t io n  f a v o rs  fo rm a t io n  o f  

s u c c in y l  C o A , a  h ig h -e n e rg y  th io e s te r  s im ila r  to  a c e ty l  C o A . T h e  a- 

ketoglutarate dehydrogenase com plex  is  in h ib i te d  b y  its  p ro d u c ts ,  N A D H



a n d  s u c c in y l  C o A , a n d  a c t iv a te d  b y  C a 2+. H o w e v e r ,  i t  is  n o t  r e g u la te d  b y  

p h o s p h o ry la t io n /d e p h o s p h o ry la t io n  r e a c t io n s  a s  d e s c r ib e d  fo r  th e  PD H C. 
[N o te : a -K e to g lu ta r a te  is  a lso  p ro d u c e d  b y  th e  o x id a tiv e  d e a m in a t io n  (se e  

p . 2 5 2 )  a n d  t r a n s a m in a t io n  o f  th e  a m in o  a c id  g lu ta m a te  (s e e  p . 2 5 0 ) .]





F ig u re  9 .5  F o rm a t io n  o f  m a la te  f ro m  a -k e to g lu ta r a te .  F A D (H 2) a n d  N A D (H )  = 

f la v in  a n d  n ic o t in a m id e  a d e n in e  d in u c le o t id e s ;  G D P  a n d  G T P  = g u a n o s in e  d i-  

a n d  tr ip h o s p h a te s ;  ~  = h ig h -e n e rg y  b o n d ; C o A  = c o e n z y m e  A .

F. Succinyl coenzyme A cleavage
Succinate th iokinase  (a lso  c a l le d  succinyl CoA synthetase, n a m e d  fo r  th e  

r e v e r s e  r e a c t io n )  c le a v e s  th e  h ig h -e n e rg y  th io e s te r  b o n d  o f  s u c c in y l  C o A  

(s e e  F ig . 9 .5 ). T h is  r e a c t io n  is  c o u p le d  to  p h o s p h o ry la t io n  o f  g u a n o s in e  

d ip h o s p h a te  (G D P )  to  g u a n o s in e  tr ip h o s p h a te  (G T P ) . G T P  a n d  A T P  a re  

e n e rg e tic a lly  in te r c o n v e r t ib le  b y  th e  nucleoside diphosphate kinase  
re a c tio n :

T h e  g e n e ra t io n  o f  G T P  b y  succinate th iokinase  is  a n o th e r  e x a m p le  o f  

s u b s t r a te - le v e l  p h o s p h o ry la t io n  ( s e e  p . 1 0 2 ). [N o te : S u c c in y l C o A  is  a lso  

p ro d u c e d  f ro m  p ro p io n y l  C o A  d e r iv e d  f ro m  th e  m e ta b o l is m  o f  fa t ty  a c id s  

w ith  a n  o d d  n u m b e r  o f  c a rb o n  a to m s  (s e e  p . 1 9 3 ) a n d  f ro m  th e  m e ta b o l is m  

o f  s e v e ra l  a m in o  a c id s  (s e e  p p . 2 6 5 - 2 6 6 ) .  I t  c a n  b e  c o n v e r te d  to  p y ru v a te  

fo r  g lu c o n e o g e n e s is  ( s e e  p . 1 1 8 ) o r  u s e d  in  h e m e  s y n th e s is  (s e e  p . 2 7 8 ) .]

G. Succinate oxidation
S u c c in a te  is  o x id iz e d  to  fu m a ra te  b y  succinate dehydrogenase, a s  its  

c o e n z y m e  F A D  is  r e d u c e d  to  F A D H 2 (s e e  F ig . 9 .5 ). Succinate  

dehydrogenase  is  th e  o n ly  e n z y m e  o f  th e  T C A  c y c le  th a t  is  e m b e d d e d  in  

th e  in n e r  m i to c h o n d r ia l  m e m b ra n e .  A s  su c h , i t  fu n c t io n s  a s  C o m p le x  II  o f  

th e  E T C  (s e e  p . 7 5 ). [N o te : F A D , r a th e r  th a n  N A D + , is  th e  e le c tro n  a c c e p to r  

b e c a u s e  th e  r e d u c in g  p o w e r  o f  s u c c in a te  is  n o t  s u f f ic ie n t  to  r e d u c e  N A D + .]

H. Fumarate hydration
F u m a ra te  is  h y d ra te d  to  m a la te  in  a  f re e ly  r e v e r s ib le  r e a c t io n  c a ta ly z e d  b y  

fum arase (fum arate hydratase, s e e  F ig . 9 .5 ). [N o te : F u m a ra te  is  a lso



p ro d u c e d  b y  th e  u re a  c y c le  ( s e e  p . 2 5 5 ) , in  p u r in e  s y n th e s is  ( s e e  F ig . 2 2 .7  

o n  p . 2 9 4 ) , a n d  d u r in g  c a ta b o lis m  o f  th e  a m in o  a c id s  p h e n y la la n in e  a n d  

ty ro s in e  (s e e  p . 2 6 3 ) .]

I. Malate oxidation
M a la te  is  o x id iz e d  to  O A A  b y  m alate dehydrogenase  (F ig . 9 .6 ). T h is  

r e a c t io n  p ro d u c e s  th e  th i rd  a n d  f in a l  N A D H  o f  th e  c y c le . T h e  A G 0 o f  th e  

r e a c t io n  is  p o s it iv e ,  b u t  th e  r e a c t io n  is  d r iv e n  in  th e  d ir e c t io n  o f  O A A  b y  

th e  h ig h ly  e x e rg o n ic  citrate synthase  r e a c tio n . [N o te : O A A  is  a lso  

p ro d u c e d  b y  th e  t r a n s a m in a t io n  o f  th e  a m in o  a c id  a s p a r t ic  a c id  (s e e  p . 

2 5 0 ) .]



F ig u re  9 .6  F o rm a t io n  ( re g e n e ra tio n )  o f  o x a lo a c e ta te  f ro m  m a la te .  N A D (H )  = 

n ic o t in a m id e  a d e n in e  d in u c le o t id e .

III. ENERGY PRODUCED BY THE CYCLE

F o u r  p a ir s  o f  e le c tro n s  a re  t r a n s f e r r e d  d u r in g  o n e  tu rn  o f  th e  T C A  c y c le : th re e  

p a ir s  r e d u c in g  th re e  N A D +  to  N A D H  a n d  o n e  p a ir  r e d u c in g  F A D  to  F A D H 2.

O x id a t io n  o f  o n e  N A D H  b y  th e  E T C  le a d s  to  fo rm a t io n  o f  th re e  A T P , w h e re a s  

o x id a t io n  o f  F A D H 2 p ro d u c e s  tw o  A T P  (s e e  p . 7 7 ). T h e  to ta l  y ie ld  o f  A T P  f ro m



th e  o x id a t io n  o f  o n e  a c e ty l  C o A  is  s h o w n  in  F ig u re  9 .7 . F ig u re  9 .8  s u m m a r iz e s  

th e  r e a c t io n s  o f  th e  T C A  c y c le . [N o te : T h e  c y c le  d o e s  n o t  in v o lv e  th e  n e t  

c o n s u m p tio n  o r  p r o d u c t io n  o f  in te rm e d ia te s .  T w o  c a rb o n s  e n te r in g  a s  a c e ty l  

C o A  a re  b a la n c e d  b y  tw o  C O 2 e x i tin g .]

Energy-producing
reaction

>

Number of ATP 
produced

3  N A D H -------- * 3  N A D +

F A D H 2 -------- > F A D

G D P  +  P | -------- * G T P

_____________________________

9

2

1

1 2  A T P /a c e ty l  C o A  

o x id iz e d

_________________________ é

F ig u re  9 .7  N u m b e r  o f  A T P  m o le c u le s  p ro d u c e d  f ro m  th e  o x id a t io n  o f  o n e  

m o le c u le  o f  a c e ty l  c o e n z y m e  A  (C o A )  u s in g  b o th  s u b s t r a te - le v e l  a n d  o x id a tiv e  

p h o s p h o ry la t io n .  N A D (H )  a n d  F A D ( H 2) = n ic o t in a m id e  a n d  f la v in  a d e n in e

d in u c le o t id e s ;  G D P  a n d  G T P  = g u a n o s in e  d i-  a n d  tr ip h o s p h a te s ;  Pj = in o rg a n ic  

p h o s p h a te .



Two molecules of 
C02 are released.

Two carbon 
atoms enter /^~Z_A  A ce ty l CoA  
the cycle.

Four reduced coenzyme 
molecules produced per 
acetyl CoA are oxidized 
to CO,

Acetyl CoA
Citrate 

synthase

Oxaloacetate Citrate

Malate

NADH
ATP K

Fumarate

NADH
Succinyl CoA

Succinate

Isocitrate
Isocitrate \  l  .  _ _
dehydro- ^ D P
genäse ^  ' Ca2'

a-Ketoglutarate

4
)  a-Keto- 
J  glutarate 
dehydrogenase 
y ' comp/ex

Succinyl CoA

Ca2+



F ig u re  9 .8  A . P ro d u c t io n  o f  r e d u c e d  c o e n z y m e s , A T P , a n d  c a rb o n  d io x id e  (C O 2) 

in  th e  t r ic a rb o x y lic  a c id  c y c le . [N o te : G u a n o s in e  t r ip h o s p h a te  (G T P )  a n d  A T P  

a re  in te r c o n v e r te d  b y  nucleoside diphosphate kinase.] B . In h ib i to r s  a n d  

a c t iv a to rs  o f  th e  c y c le .

IV. CYCLE REGULATION

In  c o n t r a s t  to  g ly c o ly s is ,  w h ic h  is  r e g u la te d  p r im a r i ly  b y  PFK-1, th e  T C A  c y c le  

is  c o n tro l le d  b y  th e  r e g u la t io n  o f  s e v e ra l  e n z y m e s  (s e e  F ig . 9 .8 ). T h e  m o s t  

im p o r ta n t  o f  th e s e  r e g u la te d  e n z y m e s  a re  th o s e  th a t  c a ta ly z e  r e a c t io n s  w ith  

h ig h ly  n e g a t iv e  A G 0: citrate synthase, isocitrate dehydrogenase, a n d  th e  a- 
ketoglutarate dehydrogenase com plex. R e d u c in g  e q u iv a le n ts  n e e d e d  fo r  

o x id a tiv e  p h o s p h o ry la t io n  a re  g e n e ra te d  b y  th e  P D H C  a n d  th e  T C A  c y c le , a n d  

b o th  p ro c e s s e s  a re  u p re g u la te d  in  r e s p o n s e  to  a  d e c re a s e  in  th e  A T P /A D P  ra tio .



V. CHAPTER SUMMARY

P y ru v a te  is  o x id a t iv e ly  d e c a rb o x y la te d  b y  th e  pyruvate dehydrogenase  
com plex (PDH C), p ro d u c in g  a c e ty l  c o e n z y m e  A  (C o A ) , w h ic h  is  th e  m a jo r  

fu e l  fo r  th e  t r ic a rb o x y lic  a c id  (T C A ) c y c le  (F ig . 9 .9 ). T h e  m u l t ie n z y m e  

P D H C  r e q u ire s  f iv e  c o e n z y m e s : th ia m in e  p y ro p h o s p h a te ,  l ip o ic  a c id , 

f la v in  a d e n in e  d in u c le o t id e  (F A D ), n ic o t in a m id e  a d e n in e  d in u c le o t id e  

(N A D + ), a n d  C o A . T h e  P D H C  is  r e g u la te d  b y  c o v a le n t  m o d if ic a t io n  o f  E1 
(pyruvate decarboxylase)  b y  P D H  kinase  a n d  P D H  phosphatase: 
P h o s p h o ry la t io n  in h ib i ts  E1. P D H  kinase  is  a l lo s te r ic a lly  a c t iv a te d  b y  

A T P , a c e ty l  C o A , a n d  N A D H  a n d  in h ib i te d  b y  p y ru v a te .  T h e  phosphatase  

is  a c t iv a te d  b y  c a lc iu m  (C a 2+). E1 d e f ic ie n c y  is  th e  m o s t  c o m m o n  

b io c h e m ic a l  c a u s e  o f  c o n g e n i ta l  la c t ic  a c id o s is .  T h e  b r a in  is  p a r t ic u la r ly  

a f f e c te d  in  th is  X - l in k e d  d o m in a n t  d is o rd e r .  A r s e n ic  p o is o n in g  c a u s e s  

in a c t iv a t io n  o f  th e  P D H C  b y  b in d in g  to  l ip o ic  a c id . In  th e  T C A  c y c le , 

c i tr a te  is  s y n th e s iz e d  f ro m  o x a lo a c e ta te  (O A A ) a n d  a c e ty l  C o A  b y  citrate  
syn thase , w h ic h  is  in h ib i te d  b y  p ro d u c t .  C it r a te  is  i s o m e r iz e d  to  is o c i tr a te  

b y  aconitase (aconitate hydratase). I s o c it r a te  is  o x id a t iv e ly  d e c a rb o x y la te d  

b y  isocitrate dehydrogenase  to  a -k e to g lu ta r a te ,  p ro d u c in g  c a rb o n  d io x id e  

(C O 2) a n d  N A D H . T h e  e n z y m e  is  in h ib i te d  b y  A T P  a n d  N A D H  a n d

a c t iv a te d  b y  a d e n o s in e  d ip h o s p h a te  (A D P )  a n d  C a 2+. a -K e to g lu ta r a te  is  

o x id a tiv e ly  d e c a rb o x y la te d  to  s u c c in y l  C o A  b y  th e  a-ketoglutarate  
dehydrogenase com plex , p ro d u c in g  C O 2 a n d  N A D H . T h e  e n z y m e  is  v e ry  

s im ila r  to  th e  P D H C  a n d  u s e s  th e  s a m e  c o e n z y m e s . T h e  a-ketoglutarate  

dehydrogenase com plex  is  a c t iv a te d  b y  C a 2+ a n d  in h ib i te d  b y  N A D H  a n d  

s u c c in y l  C o A  b u t  is  n o t  c o v a le n t ly  r e g u la te d . S u c c in y l C o A  is  c le a v e d  b y  

succinate th iokinase  (a lso  c a l le d  succinyl CoA synthetase), p ro d u c in g  

s u c c in a te  a n d  g u a n o s in e  t r ip h o s p h a te  (G T P ) . T h is  is  a n  e x a m p le  o f  

s u b s t r a te - le v e l  p h o s p h o ry la t io n .  S u c c in a te  is  o x id iz e d  to  fu m a ra te  b y  

succinate dehydrogenase , p ro d u c in g  F A D H 2. F u m a ra te  is  h y d ra te d  to  

m a la te  b y  fum arase (fum arate hydratase), a n d  m a la te  is  o x id iz e d  to  O A A  

b y  m alate dehydrogenase, p ro d u c in g  N A D H . T h re e  N A D H  a n d  o n e  

F A D H 2 a re  p ro d u c e d  b y  o n e  ro u n d  o f  th e  T C A  c y c le . T h e  g e n e ra t io n  o f  

a c e ty l  C o A  b y  th e  o x id a t io n  o f  p y ru v a te  v ia  th e  P D H C  a lso  p ro d u c e s  a n



N A D H . O x id a t io n  o f  th e  N A D H  a n d  F A D H 2 b y  th e  E T C  y ie ld s  1 4  A T P . 

T h e  te rm in a l  p h o s p h a te  o f  th e  G T P  p ro d u c e d  b y  s u b s t r a te - le v e l  

p h o s p h o ry la t io n  in  th e  T C A  c y c le  c a n  b e  t r a n s f e r r e d  to  A D P  b y  nucleoside  
diphosphate kinase, y ie ld in g  a n o th e r  A T P . T h e re fo re ,  a  to ta l  o f  15  A T P  

a re  p ro d u c e d  f ro m  th e  c o m p le te  m i to c h o n d r ia l  o x id a t io n  o f  p y ru v a te  to  

C O 2.



F ig u re  9 .9  K e y  c o n c e p t  m a p  fo r  th e  t r ic a rb o x y lic  a c id  (T C A ) c y c le . P D H C  = 
pyruvate dehydrogenase complex; C o A  = c o e n z y m e  A ; C O 2 = c a rb o n  d io x id e ; 

N A D (H )  = n ic o t in a m id e  a d e n in e  d in u c le o t id e ;  F A D (H 2) = f la v in  a d e n in e

d in u c le o t id e ;  G D P  a n d  G T P  = g u a n o s in e  d i-  a n d  tr ip h o s p h a te s ;  A D P  = 

a d e n o s in e  d ip h o s p h a te ;  P i = in o rg a n ic  p h o s p h a te .



Study Questions

Choose th e  O N E  b e s t  a n s w e r .

.1 . T h e  c o n v e r s io n  o f  p y ru v a te  to  a c e ty l  c o e n z y m e  A  a n d  c a rb o n  d io x id e :

A . in v o lv e s  th e  p a r t ic ip a t io n  o f  l ip o ic  a c id .

B . is  a c t iv a te d  w h e n  p y ru v a te  d e c a rb o x y la s e  o f  th e  p y ru v a te  

d e h y d ro g e n a s e  c o m p le x  (P D H C )  is  p h o s p h o ry la te d  b y  P D H  k in a s e  in  

th e  p r e s e n c e  o f  A T P .

C . is  re v e rs ib le .

D . o c c u rs  in  th e  c y to so l .

E . r e q u ire s  th e  c o e n z y m e  b io t in .

C o r r e c t  a n s w e r  = A . L ip o ic  a c id  is  a n  in te rm e d ia te  a c c e p to r  o f  th e  a c e ty l  g ro u p  

fo rm e d  in  th e  re a c tio n . [N o te : L ip o ic  a c id  l in k e d  to  a  ly s in e  r e s id u e  in  E 2  

fu n c t io n s  a s  a  “ s w in g in g  a r m ” th a t  a l lo w s  in te ra c t io n  w ith  E 1  a n d  E 3 .]  T h e  

P D H C  c a ta ly z e s  a n  i r r e v e r s ib le  r e a c t io n  th a t  is  in h ib i te d  w h e n  th e  

d e c a rb o x y la s e  c o m p o n e n t  (E 1 )  is  p h o s p h o ry la te d .  T h e  P D H C  is  lo c a te d  in  th e  

m i to c h o n d r ia l  m a tr ix .  B io t in  is  u t i l iz e d  b y  c a rb o x y la s e s ,  n o t  d e c a rb o x y la s e s .

.2 . W h ic h  o n e  o f  th e  fo l lo w in g  c o n d i t io n s  d e c re a s e s  th e  o x id a t io n  o f  a c e ty l  

c o e n z y m e  A  b y  th e  c i tr ic  a c id  c y c le ?

A . A  h ig h  a v a i la b i l i ty  o f  c a lc iu m

B . A  h ig h  a c e ty l  C o A /C o A  ra t io

C . A  lo w  A T P /A D P  ra t io

D . A  lo w  N A D + /N A D H  ra t io

C o r r e c t  a n s w e r  = D . A  lo w  N A D + /N A D H  (o x id iz e d  to  r e d u c e d  n ic o t in a m id e  

a d e n in e  d in u c le o t id e )  ra t io  l im its  th e  ra te s  o f  th e  N A D + -re q u ir in g  

d e h y d ro g e n a s e s .  H ig h  a v a i la b i l i ty  o f  c a lc iu m  a n d  s u b s t r a te  (a c e ty l  c o e n z y m e  

A )  a n d  a  lo w  A T P /A D P  (a d e n o s in e  tr i-  to  d ip h o s p h a te )  r a t io  s t im u la te  th e  

c y c le .

.3 . T h e  fo llo w in g  is  th e  s u m  o f  th re e  s te p s  in  th e  c i tr ic  a c id  c y c le .

A  + B  + F A D  + H 2O  C  + F A D H 2 + N A D H



C h o o s e  th e  le t te re d  a n s w e r  th a t  c o r re s p o n d s  to  th e  m is s in g  “A ,” “ B ,” a n d  

“ C ” in  th e  e q u a tio n .

R e a c ta n t  A R e a c ta n t B P ro d u c t  C

A . S u c c in y l C o A G D P S u c c in a te

B. S u c c in a te N A D + O x a lo a c e ta te

C . F u m a ra te N A D + O x a lo a c e ta te

D. S u c c in a te N A D + M a la te

E . F u m a ra te G T P M a la te

C o r re c t  a n s w e r  = B . S u c c in a te  + N A D +  + F A D  + H 2O  o x a lo a c e ta te  +

N A D H  + F A D H 2.

.4 . A  1 -m o n th -o ld  m a le  s h o w s  n e u ro lo g ic  p ro b le m s  a n d  la c t ic  a c id o s is .  E n z y m e  

a s s a y  fo r  p y ru v a te  d e h y d ro g e n a s e  c o m p le x  (P D H C )  a c t iv i ty  o n  e x tra c ts  o f  

c u l tu re d  s k in  f ib ro b la s ts  s h o w e d  5 %  o f  n o rm a l  a c t iv i ty  w i th  a  lo w  

c o n c e n tra t io n  o f  th ia m in e  p y ro p h o s p h a te  (T P P )  b u t  8 0 %  o f  n o rm a l  a c t iv i ty  

w h e n  th e  a s s a y  c o n ta in e d  a  th o u s a n d - fo ld  h ig h e r  c o n c e n tr a t io n  o f  T P P . 

W h ic h  o n e  o f  th e  fo l lo w in g  s ta te m e n ts  c o n c e rn in g  th is  p a t ie n t  is  c o r re c t?

A . A d m in is t r a t io n  o f  th ia m in e  is  e x p e c te d  to  r e d u c e  h is  s e ru m  la c ta te  le v e l  

a n d  im p ro v e  h is  c l in ic a l  s y m p to m s .

B . A  h ig h -c a rb o h y d ra te  d ie t  w o u ld  b e  e x p e c te d  to  b e  b e n e f ic ia l  fo r  th is  

p a tie n t .

C . C itra te  p r o d u c t io n  f ro m  a e ro b ic  g ly c o ly s is  is  e x p e c te d  to  b e  in c re a s e d .

D . P D H  k in a se , a  r e g u la to ry  e n z y m e  o f  th e  P D H C , is  e x p e c te d  to  b e  

a c tiv e .

C o r r e c t  a n s w e r  = A . T h e  p a t ie n t  a p p e a rs  to  h a v e  a  th ia m in e - re s p o n s iv e  

P D H C  d e f ic ie n c y . T h e  p y ru v a te  d e c a rb o x y la s e  (E 1 )  c o m p o n e n t  o f  

th e  P D H C  fa ils  to  b in d  th ia m in e  p y ro p h o s p h a te  a t  lo w  c o n c e n tra t io n  

b u t  s h o w s  s ig n if ic a n t  a c t iv i ty  a t  a  h ig h  c o n c e n tr a t io n  o f  th e  

c o e n z y m e . T h is  m u ta tio n , w h ic h  a f fe c ts  th e  K m (M ic h a e lis  c o n s ta n t)  

o f  th e  e n z y m e  fo r  th e  c o e n z y m e , is  p r e s e n t  in  so m e , b u t  n o t  a ll, c a s e s  

o f  P D H C  d e f ic ie n c y . B e c a u s e  th e  P D H C  is  a n  in te g ra l  p a r t  o f



c a rb o h y d ra te  m e ta b o l is m , a  d ie t  lo w  in  c a rb o h y d ra te s  w o u ld  b e  

e x p e c te d  to  b lu n t  th e  e f fe c ts  o f  th e  e n z y m e  d e f ic ie n c y . A e ro b ic  

g ly c o ly s is  g e n e ra te s  p y ru v a te ,  th e  s u b s t r a te  o f  th e  P D H C . D e c re a s e d  

a c t iv i ty  o f  th e  c o m p le x  d e c re a s e s  p ro d u c t io n  o f  a c e ty l  c o e n z y m e  A , a  

s u b s t r a te  fo r  c i tr a te  s y n th a s e . B e c a u s e  P D H  k in a s e  is  a l lo s te r ic a l ly  

in h ib i te d  b y  p y ru v a te ,  i t  is  in a c tiv e .

.5 . W h ic h  c o e n z y m e - c o s u b s t r a te  is  u s e d  b y  d e h y d ro g e n a s e s  in  b o th  g ly c o ly s is  

a n d  th e  t r ic a rb o x y lic  a c id  c y c le ?

O x id iz e d  n ic o t in a m id e  a d e n in e  d in u c le o t id e  (N A D + ) is  u s e d  b y  

g ly c e ra ld e h y d e  3 -p h o s p h a te  d e h y d ro g e n a s e  o f  g ly c o ly s is  a n d  b y  

is o c i t r a te  d e h y d ro g e n a s e ,  a -k e to g lu ta r a te  d e h y d ro g e n a s e ,  a n d  m a la te  

d e h y d ro g e n a s e  o f  th e  tr ic a rb o x y lic  a c id  c y c le . [N o te : E 3  o f  th e  

p y ru v a te  d e h y d ro g e n a s e  c o m p le x  r e q u ire s  o x id iz e d  f la v in  a d e n in e  

d in u c le o t id e  (F A D ) a n d  N A D + .]
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Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

S o m e  tis s u e s ,  s u c h  a s  th e  b ra in ,  r e d  b lo o d  c e lls  (R B C ) , k id n e y  m e d u lla ,  le n s  a n d  

c o rn e a  o f  th e  e y e , te s te s , a n d  e x e rc is in g  m u s c le ,  r e q u ire  a  c o n t in u o u s  s u p p ly  o f  

g lu c o s e  a s  a  m e ta b o l ic  fu e l.  L iv e r  g ly c o g e n , a n  e s s e n t ia l  p o s tp r a n d ia l  s o u rc e  o f  

g lu c o se , c a n  m e e t  th e s e  n e e d s  fo r  < 2 4  h o u rs  in  th e  a b s e n c e  o f  d ie ta ry  in ta k e  o f  

c a rb o h y d ra te  (s e e  p . 1 2 5 ). D u r in g  a  p ro lo n g e d  fa s t, h o w e v e r ,  h e p a t ic  g ly c o g e n  

s to re s  a re  d e p le te d , a n d  g lu c o s e  is  m a d e  f ro m  n o n c a rb o h y d ra te  p re c u rs o rs .  T h e  

fo rm a t io n  o f  g lu c o s e  d o e s  n o t  o c c u r  b y  a  s im p le  r e v e r s a l  o f  g ly c o ly s is ,  b e c a u s e  

th e  o v e ra l l  e q u i l ib r iu m  o f  g ly c o ly s is  s t ro n g ly  fa v o rs  p y ru v a te  fo rm a t io n  ( th a t  is , 

th e  c h a n g e  in  s ta n d a rd  f re e  e n e rg y  [A G 0] is  n e g a t iv e ) .  In s te a d , g lu c o s e  is  

s y n th e s iz e d  d e  n o v o  b y  a  s p e c ia l  p a th w a y , g lu c o n e o g e n e s is ,  w h ic h  r e q u ire s  b o th  

m i to c h o n d r ia l  a n d  c y to s o l ic  e n z y m e s . [N o te : D e f ic ie n c ie s  o f  g lu c o n e o g e n ic  

e n z y m e s  c a u s e  h y p o g ly c e m ia .]  D u r in g  a n  o v e rn ig h t  fa s t, ~ 9 0 %  o f  

g lu c o n e o g e n e s is  o c c u rs  in  th e  l iv e r , w i th  th e  re m a in in g  ~ 1 0 %  o c c u r r in g  in  th e  

k id n e y s . H o w e v e r ,  d u r in g  p ro lo n g e d  fa s tin g , th e  k id n e y s  b e c o m e  m a jo r  g lu c o s e -  

p ro d u c in g  o rg a n s , c o n tr ib u t in g  ~ 4 0 %  o f  th e  to ta l  g lu c o s e  p ro d u c t io n . [N o te : T h e  

s m a l l  in te s t in e  c a n  a lso  m a k e  g lu c o se .]  F ig u re  1 0 .1  s h o w s  th e  r e la t io n s h ip  o f  

g lu c o n e o g e n e s is  to  o th e r  e s s e n t ia l  p a th w a y s  o f  e n e rg y  m e ta b o l is m .
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F ig u re  1 0 .1  G lu c o n e o g e n e s is  s h o w n  a s  o n e  o f  th e  e s s e n t ia l  p a th w a y s  o f  e n e rg y  

m e ta b o l is m . T h e  n u m b e re d  r e a c t io n s  a re  u n iq u e  to  g lu c o n e o g e n e s is .  [N o te : S ee  

F ig . 8 .2 , p . 9 2 , fo r  a  m o re  d e ta i le d  m a p  o f  m e ta b o l is m .]  P  = p h o s p h a te ;  C O 2 = 

c a rb o n  d io x id e .

II. SUBSTRATES

G lu c o n e o g e n ic  p re c u r s o r s  a re  m o le c u le s  th a t  c a n  b e  u s e d  to  p ro d u c e  a  n e t  

s y n th e s is  o f  g lu c o se . T h e  m o s t  im p o r ta n t  g lu c o n e o g e n ic  p re c u r s o r s  a re  g ly c e ro l, 

la c ta te ,  a n d  a - k e to  a c id s  o b ta in e d  f ro m  th e  m e ta b o l is m  o f  g lu c o g e n ic  a m in o  

a c id s . [N o te : A l l  b u t  tw o  a m in o  a c id s  ( le u c in e  a n d  ly s in e )  a re  g lu c o g e n ic  (s e e  p . 

2 6 2 ) .]

A. Glycerol
G ly c e ro l  is  r e le a s e d  d u r in g  th e  h y d ro ly s is  o f  t r ia c y lg ly c e ro ls  (T A G ) in  

a d ip o s e  t i s s u e  ( s e e  p . 1 9 0 ) a n d  is  d e l iv e re d  b y  th e  b lo o d  to  th e  liv e r . 

G ly c e ro l  is  p h o s p h o ry la te d  b y  glycerol kinase  to  g ly c e ro l  3 -p h o s p h a te ,  

w h ic h  is  o x id iz e d  b y  glycerol 3-phosphate dehydrogenase  to  

d ih y d ro x y a c e to n e  p h o s p h a te ,  a n  in te rm e d ia te  o f  g ly c o ly s is  a n d  

g lu c o n e o g e n e s is .

B. Lactate
L a c ta te  f ro m  a n a e ro b ic  g ly c o ly s is  is  r e le a s e d  in to  th e  b lo o d  b y  e x e rc is in g  

s k e le ta l  m u s c le  a n d  b y  c e l ls  th a t  la c k  m ito c h o n d r ia  s u c h  a s  R B C . In  th e  

C o r i  c y c le , th is  la c ta te  is  ta k e n  u p  b y  th e  l iv e r  a n d  o x id iz e d  to  p y ru v a te  th a t  

is  c o n v e r te d  to  g lu c o se , w h ic h  is  r e le a s e d  b a c k  in to  th e  c i r c u la t io n  (F ig . 

1 0 .2 ).
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F ig u re  1 0 .2  T h e  in te r t is s u e  C o r i  c y c le  l in k s  g lu c o n e o g e n e s is  w i th  g ly c o ly s is .  

[N o te : D if fu s io n  o f  la c ta te  a n d  g lu c o s e  a c ro s s  m e m b ra n e s  is  f a c i l i ta te d  b y  

t r a n s p o r t  p ro te in s .]

C. Amino acids
A m in o  a c id s  p ro d u c e d  b y  h y d ro ly s is  o f  t i s s u e  p ro te in s  a re  th e  m a jo r  s o u rc e s  

o f  g lu c o s e  d u r in g  a  fa s t. T h e ir  m e ta b o l is m  g e n e ra te s  a - k e to  a c id s , s u c h  as 

p y ru v a te  th a t  is  c o n v e r te d  to  g lu c o se , o r  a - k e to g lu ta r a te  th a t  c a n  e n te r  th e  

t r ic a rb o x y lic  a c id  (T C A ) c y c le  a n d  fo rm  o x a lo a c e ta te  (O A A ), a  d ire c t  

p re c u r s o r  o f  p h o s p h o e n o lp y ru v a te  (P E P ) . [N o te : A c e ty l  c o e n z y m e  A  (C o A ) 

a n d  c o m p o u n d s  th a t  g iv e  r is e  o n ly  to  a c e ty l  C o A  (fo r  e x a m p le , 

a c e to a c e ta te ,  ly s in e , a n d  le u c in e )  c a n n o t  g iv e  r is e  to  a  n e t  s y n th e s is  o f  

g lu c o se . T h is  is  b e c a u s e  o f  th e  i r r e v e r s ib le  n a tu re  o f  th e  pyruvate  
dehydrogenase com plex (PDH C), w h ic h  c o n v e r ts  p y ru v a te  to  a c e ty l  C o A  

(s e e  p . 1 0 9 ). T h e s e  c o m p o u n d s  g iv e  r is e  in s te a d  to  k e to n e  b o d ie s  (s e e  p . 

1 9 5 ) a n d  a re  te rm e d  k e to g e n ic .]

III. REACTIONS

S e v e n  g ly c o ly t ic  r e a c t io n s  a re  r e v e r s ib le  a n d  a re  u s e d  in  th e  s y n th e s is  o f  g lu c o s e  

f ro m  la c ta te  o r  p y ru v a te .  H o w e v e r ,  th re e  g ly c o ly t ic  r e a c t io n s  a re  i r r e v e r s ib le  a n d  

m u s t  b e  c i r c u m v e n te d  b y  fo u r  a l te rn a te  r e a c t io n s  th a t  e n e rg e t ic a l ly  fa v o r  th e  

s y n th e s is  o f  g lu c o se . T h e s e  i r r e v e r s ib le  re a c tio n s ,  w h ic h  to g e th e r  a re  u n iq u e  to  

g lu c o n e o g e n e s is ,  a re  d e s c r ib e d  b e lo w .

A. Pyruvate carboxylation
T h e  f i r s t  ro a d b lo c k  to  o v e rc o m e  in  th e  s y n th e s is  o f  g lu c o s e  f ro m  p y ru v a te  is  

th e  i r r e v e r s ib le  c o n v e r s io n  in  g ly c o ly s is  o f  P E P  to  p y ru v a te  b y  pyruvate  
kinase (PK). In  g lu c o n e o g e n e s is ,  p y ru v a te  is  c a rb o x y la te d  b y  pyruvate  
carboxylase (PC) to  O A A , w h ic h  is  c o n v e r te d  to  P E P  b y  PEP- 
carboxykinase  (PEPC K) (F ig . 1 0 .3 ).
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F ig u re  1 0 .3  P E P  s y n th e s is  in  th e  c y to so l . [N o te : T h e  p ro c e s s  m o v e s  

n ic o tin a m id e  a d e n in e  d in u c le o t id e  (N A D H )  r e d u c in g  e q u iv a le n ts  r e q u i re d  fo r  

g lu c o n e o g e n e s is  o u t  o f  m i to c h o n d r ia  in to  th e  c y to so l .]  M D m a n d  M D c = 

m i to c h o n d r ia l  a n d  c y to s o l ic  is o z y m e s  o f  m alate dehydrogenase; G T P  a n d  G D P  

=  g u a n o s in e  tr i -  a n d  d ip h o s p h a te s ;  A D P  =  a d e n o s in e  d ip h o s p h a te .

1. B io tin : P C  r e q u ire s  th e  c o e n z y m e  b io t in  (s e e  p . 3 8 5 )  c o v a le n tly  b o u n d  to  

th e  e -a m in o  g ro u p  o f  a  ly s in e  r e s id u e  in  th e  e n z y m e  (s e e  F ig . 1 0 .3 ). A T P  

h y d ro ly s is  d r iv e s  fo rm a t io n  o f  a n  e n z y m e - b io t in - c a r b o n  d io x id e  (C O 2)

in te rm e d ia te ,  w h ic h  th e n  c a rb o x y la te s  p y ru v a te  to  fo rm  O A A . [N o te : 

H C O 3-  p ro v id e s  th e  C O 2.] T h e  P C  r e a c t io n  o c c u rs  in  th e  m i to c h o n d r ia  o f  

l iv e r  a n d  k id n e y  c e l ls  a n d  h a s  tw o  p u rp o s e s :  to  a l lo w  p ro d u c t io n  o f  P E P , 

a n  im p o r ta n t  s u b s tra te  fo r  g lu c o n e o g e n e s is ,  a n d  to  p ro v id e  O A A  th a t  c a n  

r e p le n is h  th e  T C A  c y c le  in te rm e d ia te s  th a t  m a y  b e c o m e  d e p le te d . 

M u s c le  c e l ls  a lso  c o n ta in  P C  b u t  u s e  th e  O A A  p r o d u c t  o n ly  fo r  th e  

r e p le n is h m e n t  (a n a p le ro tic )  p u rp o s e  a n d  d o  n o t s y n th e s iz e  g lu c o se . 

[N o te : P y ru v a te  c a r r ie r  p ro te in  m o v e s  p y ru v a te  f ro m  th e  c y to s o l  in to  

m ito c h o n d r ia .]

P C  is  o n e  o f  s e v e ra l  carboxylases  th a t  r e q u ire  b io t in .  O th e rs  in c lu d e  acetyl 
CoA carboxylase  (p . 1 8 3 ), propion yl CoA carboxylase  (p . 1 9 4 ), a n d



m ethylcrotonyl CoA carboxylase  (p . 2 6 6 ) .

2. A llo s te r ic  re g u la tio n :  P C  is  a l lo s te r ic a l ly  a c t iv a te d  b y  a c e ty l  C o A . 

E le v a te d  le v e ls  o f  a c e ty l  C o A  in  m ito c h o n d r ia  s ig n a l  a  m e ta b o l ic  s ta te  in  

w h ic h  in c re a s e d  s y n th e s is  o f  O A A  is  r e q u ire d . F o r  e x a m p le , th is  o c c u rs  

d u r in g  fa s tin g , w h e n  O A A  is  u s e d  fo r  g lu c o n e o g e n e s is  in  th e  l iv e r  a n d  

k id n e y s . C o n v e rs e ly , a t  lo w  le v e ls  o f  a c e ty l  C o A , P C  is  la rg e ly  in a c tiv e , 

a n d  p y ru v a te  is  p r im a r i ly  o x id iz e d  b y  th e  P D H C  to  a c e ty l  C o A  th a t  c a n  

b e  fu r th e r  o x id iz e d  b y  th e  T C A  c y c le  ( s e e  p . 1 0 9 ).

B. Oxaloacetate transport to the cytosol
F o r  g lu c o n e o g e n e s is  to  c o n t in u e , O A A  m u s t  b e  c o n v e r te d  to  P E P  b y  

PEPCK. P E P  p ro d u c t io n  in  th e  c y to s o l  r e q u ire s  t r a n s p o r t  o f  O A A  o u t  o f  

m ito c h o n d r ia .  H o w e v e r ,  th e re  is  n o  O A A  tr a n s p o r te r  in  th e  in n e r  

m i to c h o n d r ia l  m e m b ra n e ,  a n d  O A A  is  f i r s t  r e d u c e d  to  m a la te  b y  

m i to c h o n d r ia l  m alate dehydrogenase (M D). M a la te  is  t r a n s p o r te d  in to  th e  

c y to s o l  a n d  r e o x id iz e d  to  O A A  b y  c y to s o l ic  M D  a s  n ic o t in a m id e  a d e n in e  

d in u c le o t id e  (N A D + ) is  r e d u c e d  to  N A D H  (se e  F ig . 1 0 .3 ). T h e  N A D H  is  

u s e d  in  th e  r e d u c t io n  o f  1 ,3 -b is p h o s p h o g ly c e ra te  to  g ly c e ra ld e h y d e  3- 

p h o s p h a te  b y  glyceraldehyde 3-phosphate dehydrogenase  ( s e e  p . 1 0 1 ), a  

r e a c t io n  c o m m o n  to  g ly c o ly s is  a n d  g lu c o n e o g e n e s is .  [N o te : W h e n  

a b u n d a n t ,  la c ta te  is  o x id iz e d  to  p y ru v a te  as  N A D +  is  r e d u c e d . T h e  p y ru v a te  

is  t r a n s p o r te d  in to  m ito c h o n d r ia  a n d  c a rb o x y la te d  b y  P C  to  O A A , w h ic h  

c a n  b e  c o n v e r te d  to  P E P  b y  th e  m i to c h o n d r ia l  is o z y m e  o f  P E P C K . P E P  is  

t r a n s p o r te d  to  th e  c y to so l .  O A A  c a n  a lso  b e  c o n v e r te d  to  a s p a r ta te  th a t  is  

t r a n s p o r te d  in to  th e  c y to so l .]

C. Cytosolic oxaloacetate decarboxylation
O A A  is  d e c a rb o x y la te d  a n d  p h o s p h o ry la te d  to  P E P  in  th e  c y to s o l  b y  

P E P C K . T h e  r e a c t io n  is  d r iv e n  b y  h y d ro ly s is  o f  g u a n o s in e  tr ip h o s p h a te  

( [G T P ]  s e e  F ig . 1 0 .3 ). T h e  c o m b in e d  a c t io n s  o f  P C  a n d  P E P C K  p ro v id e  a n  

e n e rg e tic a lly  f a v o ra b le  p a th w a y  f ro m  p y ru v a te  to  P E P . P E P  is  th e n  a c te d  o n  

b y  th e  r e a c t io n s  o f  g ly c o ly s is  ru n n in g  in  th e  r e v e r s e  d ir e c t io n  u n t i l  i t



b e c o m e s  f ru c to s e  1 ,6 -b is p h o s p h a te .

T h e  p a ir in g  o f  c a rb o x y la t io n  w i th  d e c a rb o x y la t io n  d r iv e s  r e a c t io n s  th a t  

w o u ld  o th e rw is e  b e  e n e rg e t ic a l ly  u n fa v o ra b le .  T h is  s tra te g y  is  a lso  u s e d  in  

fa t ty  a c id  (F A ) s y n th e s is  (s e e  p . 1 8 4 ).

D. Fructose 1,6-bisphosphate dephosphorylation
H y d ro ly s is  o f  f ru c to s e  1 ,6 -b is p h o s p h a te  b y  fructose 1,6-bisphosphatase, 
fo u n d  in  th e  l iv e r  a n d  k id n e y s , b y p a s s e s  th e  i r r e v e r s ib le  

phosphofructokinase-1 (PFK-1) r e a c t io n  o f  g ly c o ly s is  a n d  p ro v id e s  a n  

e n e rg e tic a lly  f a v o ra b le  p a th w a y  fo r  th e  fo rm a t io n  o f  f ru c to s e  6 -p h o s p h a te  

(F ig . 1 0 .4 ). T h is  r e a c t io n  is  a n  im p o r ta n t  r e g u la to ry  s ite  o f  g lu c o n e o g e n e s is .
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F ig u re  1 0 .4  D e p h o s p h o ry la t io n  o f  f ru c to s e  1 ,6 -b is p h o s p h a te .  A M P  = a d e n o s in e  

m o n o p h o s p h a te ;  = p h o s p h a te .

1. R e g u la t io n  b y  in t r a c e l lu la r  e n e rg y  le v e ls : F ructose 1,6-bisphosphatase  is  

in h ib i te d  b y  a  r is e  in  th e  a d e n o s in e  m o n o p h o s p h a te  (A M P ) /A T P  ra tio , 

w h ic h  s ig n a ls  a  lo w -e n e rg y  s ta te  in  th e  c e ll. C o n v e rs e ly , lo w  A M P  a n d  

h ig h  A T P  le v e ls  s t im u la te  g lu c o n e o g e n e s is ,  a n  e n e rg y - re q u ir in g  

p a th w a y .

2. R e g u la t io n  b y  f ru c to s e  2 ,6 -b is p h o s p h a te :  F ructose 1,6- bisphosphatase  
is  in h ib i te d  b y  f ru c to s e  2 ,6 -b is p h o s p h a te ,  a n  a l lo s te r ic  e f f e c to r  w h o s e  

c o n c e n tra t io n  is  in f lu e n c e d  b y  th e  in s u l in /g lu c a g o n  ra t io . W h e n  g lu c a g o n



is  h ig h , th e  e f f e c to r  is  n o t  m a d e  b y  h e p a t ic  PF K -2  ( s e e  p . 9 9 ) , a n d  th u s , 

th e  ph osphatase  is  a c t iv e  (F ig . 1 0 .5 ). [N o te : T h e  s ig n a ls  th a t  in h ib i t  ( lo w  

e n e rg y , h ig h  f ru c to s e  2 ,6 -b is p h o s p h a te )  o r  a c t iv a te  (h ig h  e n e rg y , lo w  

f ru c to s e  2 ,6 -b is p h o s p h a te )  g lu c o n e o g e n e s is  h a v e  th e  o p p o s ite  e f f e c t  o n  

g ly c o ly s is ,  p ro v id in g  r e c ip ro c a l  c o n tro l  o f  th e  p a th w a y s  th a t  s y n th e s iz e  

a n d  o x id iz e  g lu c o s e  (se e  p . 1 0 0 ).]

F ig u re  1 0 .5  E f f e c t  o f  e le v a te d  g lu c a g o n  o n  th e  in t r a c e l lu la r  c o n c e n tra t io n  o f  

f ru c to s e  2 ,6 -b is p h o s p h a te  in  th e  liv e r . A M P  a n d  A D P  =  a d e n o s in e  m o n o -  a n d  

d ip h o s p h a te s ;  c A M P  =  c y c l ic  A M P ; PF K -2  =  phosphofructokinase-2; F B P-2  = 

fructose 2,6-bisphosphatase; FBP-1  =  fructose 1,6-bisphosphatase; a n d  = 

p h o s p h a te .

E. Glucose 6-phosphate dephosphorylation
G lu c o s e  6 -p h o s p h a te  h y d ro ly s is  b y  glucose 6-phosphatase  b y p a s s e s  th e  

ir r e v e r s ib le  hexokinase/glucokinase  r e a c t io n  a n d  p ro v id e s  a n  e n e rg e tic a lly  

fa v o ra b le  p a th w a y  fo r  th e  fo rm a t io n  o f  f re e  g lu c o s e  (F ig . 1 0 .6 ). T h e  l iv e r  is  

th e  p r im a ry  o rg a n  th a t  p ro d u c e s  f re e  g lu c o s e  f ro m  g lu c o s e  6 -p h o s p h a te .  

T h is  p ro c e s s  re q u ire s  a  c o m p le x  o f  tw o  p ro te in s  fo u n d  o n ly  in  

g lu c o n e o g e n ic  t is s u e : g lu c o s e  6 -p h o s p h a te  tr a n s lo c a s e ,  w h ic h  tr a n s p o r ts  

g lu c o s e  6 -p h o s p h a te  a c ro s s  th e  e n d o p la s m ic  r e t ic u la r  (E R )  m e m b ra n e ,  a n d  

glucose 6-phosphatase, w h ic h  re m o v e s  th e  p h o s p h a te ,  p ro d u c in g  f re e



g lu c o s e  (s e e  F ig . 1 0 .6 ). [N o te : T h e s e  E R  m e m b ra n e  p ro te in s  a re  a lso  

re q u ire d  fo r  th e  f in a l  s te p  o f  g ly c o g e n  d e g ra d a t io n  ( s e e  p . 1 3 0 ). G ly c o g e n  

s to ra g e  d is e a s e s  Ia  a n d  Ib , c a u s e d  b y  d e f ic ie n c ie s  in  th e  phosphatase  a n d  

th e  tr a n s lo c a s e , r e s p e c t iv e ly ,  a re  c h a ra c te r iz e d  b y  s e v e re  fa s tin g  

h y p o g ly c e m ia ,  b e c a u s e  f re e  g lu c o s e  is  u n a b le  to  b e  p ro d u c e d  f ro m  e i th e r  

g lu c o n e o g e n e s is  o r  g ly c o g e n o ly s is .]  S p e c if ic  t r a n s p o r te r s  a re  r e s p o n s ib le  

fo r  m o v in g  th e  f re e  g lu c o s e  in to  th e  c y to s o l  a n d  th e n  in to  b lo o d .

F ig u re  1 0 .6  D e p h o s p h o ry la t io n  o f  g lu c o s e  6 -p h o s p h a te  a l lo w s  r e le a s e  o f  f re e  

g lu c o s e  f ro m  g lu c o n e o g e n ic  t i s s u e s  (p r im a r ily  th e  l iv e r )  in to  b lo o d . =  p h o s p h a te .

F. Summary of the reactions of glycolysis and 
gluconeogenesis

O f th e  11 re a c t io n s  re q u ire d  to  c o n v e r t  p y ru v a te  to  f re e  g lu c o se , 7 a re



c a ta ly z e d  b y  r e v e r s ib le  g ly c o ly t ic  e n z y m e s  (F ig . 1 0 .7 ). T h e  3 i r r e v e r s ib le  

r e a c t io n s  (c a ta ly z e d  b y  hexokinase/glucokinase, PFK-1, a n d  PK) a re  

c ir c u m v e n te d  b y  r e a c t io n s  c a ta ly z e d  b y  glucose 6-phosphatase, fructose  
1,6-bisphosphatase, PC, and PEPCK. In  g lu c o n e o g e n e s is ,  th e  e q u i l ib r ia  o f  

th e  r e v e r s ib le  g ly c o ly t ic  r e a c t io n s  a re  p u s h e d  to w a rd  g lu c o s e  s y n th e s is  a s  a  

r e s u l t  o f  th e  e s s e n tia l ly  i r r e v e r s ib le  fo rm a t io n  o f  P E P , f ru c to s e  6 -p h o s p h a te ,  

a n d  g lu c o s e  b y  th e  g lu c o n e o g e n ic  e n z y m e s . [N o te : T h e  s to ic h io m e try  o f  

g lu c o n e o g e n e s is  f ro m  tw o  p y ru v a te  m o le c u le s  c o u p le s  th e  c le a v a g e  o f  s ix  

h ig h -e n e rg y  p h o s p h a te  b o n d s  a n d  th e  o x id a t io n  o f  tw o  N A D H  w ith  th e  

fo rm a t io n  o f  o n e  g lu c o s e  m o le c u le  ( s e e  F ig . 1 0 .7 ).]
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F ig u re  1 0 .7  S u m m a ry  o f  th e  r e a c t io n s  o f  g ly c o ly s is  a n d  g lu c o n e o g e n e s is ,  

s h o w in g  th e  e n e rg y  re q u ire m e n ts  o f  g lu c o n e o g e n e s is .  T h e  n u m b e re d  re a c tio n s  

a re  u n iq u e  to  g lu c o n e o g e n e s is .  P  = p h o s p h a te ;  G D P  a n d  G T P  = g u a n o s in e  d i-  

a n d  tr ip h o s p h a te s ;  N A D (H )  = n ic o t in a m id e  a d e n in e  d in u c le o t id e ;  A D P  = 

a d e n o s in e  d ip h o s p h a te .

IV. REGULATION

T h e  m o m e n t- to -m o m e n t  r e g u la t io n  o f  g lu c o n e o g e n e s is  is  d e te rm in e d  p r im a r ily  

b y  th e  c i r c u la t in g  le v e l  o f  g lu c a g o n  a n d  b y  th e  a v a i la b i l i ty  o f  g lu c o n e o g e n ic  

s u b s tra te s .  In  a d d i tio n , s lo w  a d a p t iv e  c h a n g e s  in  e n z y m e  a m o u n t  r e s u l t  f ro m  a n  

a l te ra t io n  in  th e  ra te  o f  e n z y m e  s y n th e s is  o r  d e g ra d a t io n  o r  b o th . [N o te : 

H o rm o n a l  c o n tro l  o f  th e  g lu c o re g u la to ry  s y s te m  is  p r e s e n te d  in  C h a p te r  2 3 .]

Glucagon
T h is  p e p t id e  h o rm o n e  f ro m  p a n c re a t ic  is le t  a  c e lls  (s e e  p . 3 1 3 )  s t im u la te s

g lu c o n e o g e n e s is  b y  th re e  m e c h a n is m s .

1. C h a n g e s  in  a l lo s te r ic  e f fe c to rs :  G lu c a g o n  lo w e rs  h e p a t ic  f ru c to s e  2 ,6 -  

b is p h o s p h a te ,  r e s u l t in g  in  fructose 1,6-bisphosphatase  a c t iv a t io n  a n d  

PFK-1  in h ib it io n , th e re b y  fa v o r in g  g lu c o n e o g e n e s is  o v e r  g ly c o ly s is  (s e e  

F ig . 1 0 .5 ). [N o te : S e e  p p . 9 9 - 1 0 0  fo r  th e  ro le  o f  f ru c to s e  2 ,6 -  

b is p h o s p h a te  in  g ly c o ly s is  r e g u la tio n .]

2. C o v a le n t  m o d if ic a t io n  o f  e n z y m e  a c tiv ity :  G lu c a g o n  b in d s  its  G  p ro te in 

c o u p le d  r e c e p to r  (s e e  p . 9 5 )  a n d , v ia  a n  e le v a t io n  in  c y c l ic  A M P  (c A M P ) 

le v e l  a n d  cA M P -dependent protein  kinase A  a c t iv i ty ,  s t im u la te s  th e  

c o n v e r s io n  o f  h e p a t ic  P K  to  its  in a c t iv e  (p h o s p h o ry la te d )  fo rm . T h is  

d e c re a s e s  P E P  c o n v e r s io n  to  p y ru v a te ,  w h ic h  h a s  th e  e f f e c t  o f  d iv e r t in g  

P E P  to  g lu c o n e o g e n e s is  (F ig . 1 0 .8 ).
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F ig u re  1 0 .8  C o v a le n t  m o d if ic a t io n  o f  pyruvate kinase  r e s u lts  in  in a c t iv a t io n  o f  

th e  e n z y m e . [N o te : O n ly  th e  h e p a t ic  is o z y m e  is  s u b je c t  to  c o v a le n t  r e g u la tio n .]  

O A A  = o x a lo a c e ta te ;  P E P  = p h o s p h o e n o lp y ru v a te ;  P P j = p y ro p h o s p h a te ;  =

p h o s p h a te ;  A M P  a n d  A D P  = a d e n o s in e  m o n o -  a n d  d ip h o s p h a te s ;  c A M P  = c y c l ic  

A M P .

3. In d u c t io n  o f  e n z y m e  s y n th e s is :  G lu c a g o n  in c re a s e s  t r a n s c r ip t io n  o f  th e  

g e n e  fo r  P E P C K  v ia  th e  t r a n s c r ip t io n  fa c to r  c A M P  re s p o n s e  e le m e n t 

b in d in g  (C R E B )  p ro te in ,  th e re b y  in c re a s in g  th e  a v a i la b i l i ty  o f  th is  

e n z y m e  as  le v e ls  o f  its  s u b s t r a te  r is e  d u r in g  fa s tin g . [N o te : C o r t is o l  (a  

g lu c o c o r t ic o id )  a lso  in c re a s e s  e x p re s s io n  o f  th e  g e n e , w h e re a s  in s u lin  

d e c re a s e s  e x p re s s io n .]

B. Substrate availability
T h e  a v a i la b i l i ty  o f  g lu c o n e o g e n ic  p re c u r s o r s ,  p a r t ic u la r ly  g lu c o g e n ic  a m in o  

a c id s , s ig n if ic a n t ly  in f lu e n c e s  th e  r a te  o f  g lu c o s e  s y n th e s is .  D e c re a s e d  

in s u l in  le v e ls  f a v o r  m o b i l iz a t io n  o f  a m in o  a c id s  f ro m  m u s c le  p ro te in  to  

p ro v id e  th e  c a rb o n  s k e le to n s  fo r  g lu c o n e o g e n e s is .  T h e  A T P  a n d  N A D H  

c o e n z y m e s  r e q u i re d  fo r  g lu c o n e o g e n e s is  a re  p r im a r i ly  p ro v id e d  b y  F A  

o x id a tio n .

C. Allosteric activation by acetyl CoA
A llo s te r ic  a c t iv a t io n  o f  h e p a t ic  P C  b y  a c e ty l  C o A  o c c u rs  d u r in g  fa s tin g . A s  

a  r e s u l t  o f  in c r e a s e d  T A G  h y d ro ly s is  in  a d ip o s e  t is s u e , th e  l iv e r  is  f lo o d e d  

w ith  F A  (s e e  p . 3 3 0 ) . T h e  ra te  o f  fo rm a t io n  o f  a c e ty l  C o A  b y  p -o x id a tio n  o f  

th e s e  F A  e x c e e d s  th e  c a p a c ity  o f  th e  l iv e r  to  o x id iz e  i t  to  C O 2 a n d  w a te r .  

A s  a  re s u lt ,  a c e ty l  C o A  a c c u m u la te s  a n d  a c t iv a te s  PC. [N o te : A c e ty l  C o A  

in h ib its  th e  P D H C  (b y  a c t iv a t in g  P D H  kinase; s e e  p . 1 1 1 ). T h u s , th is  

s in g le  c o m p o u n d  c a n  d iv e r t  p y ru v a te  to w a rd  g lu c o n e o g e n e s is  a n d  a w a y  

f ro m  th e  T C A  c y c le  (F ig . 1 0 .9) .]



F ig u re  1 0 .9  A c e ty l  c o e n z y m e  A  (C o A )  d iv e r ts  p y ru v a te  a w a y  f ro m  o x id a tio n  

a n d  to w a rd  g lu c o n e o g e n e s is .  P D H  =  pyruvate dehydrogenase; T C A  = 

t r ic a rb o x y lic  a c id .

D. Allosteric inhibition by AMP
F ructose 1,6-bisphosphatase  is  in h ib i te d  b y  A M P , a  c o m p o u n d  th a t  

a c t iv a te s  PFK-1. T h is  r e s u lts  in  r e c ip ro c a l  r e g u la t io n  o f  g ly c o ly s is  a n d  

g lu c o n e o g e n e s is  s e e n  p re v io u s ly  w i th  f ru c to s e  2 ,6 -b is p h o s p h a te  (s e e  p . 

1 2 1 ). [N o te : T h u s , e le v a te d  A M P  s tim u la te s  e n e rg y -p ro d u c in g  p a th w a y s  

a n d  in h ib its  e n e rg y - re q u ir in g  o n e s .]



V. CHAPTER SUMMARY

G lu c o n e o g e n ic  p re c u r s o r s  in c lu d e  g ly c e ro l  r e le a s e d  d u r in g  t r ia c y lg ly c e ro l  

h y d ro ly s is  in  a d ip o s e  t is s u e , la c ta te  r e le a s e d  b y  c e lls  th a t  la c k  m ito c h o n d r ia  

a n d  b y  e x e rc is in g  s k e le ta l  m u s c le ,  a n d  a - k e to  a c id s  ( fo r  e x a m p le , a -  

k e to g lu ta ra te  a n d  p y ru v a te )  d e r iv e d  f ro m  g lu c o g e n ic  a m in o  a c id  

m e ta b o l is m  (F ig . 1 0 .1 0 ). S e v e n  o f  th e  r e a c t io n s  o f  g ly c o ly s is  a re  r e v e r s ib le  

a n d  a re  u s e d  fo r  g lu c o n e o g e n e s is  in  th e  l iv e r  a n d  k id n e y s . T h re e  re a c tio n s ,  

c a ta ly z e d  b y  pyruvate kinase, phosphofructokinase-1, a n d  

glucokinase/hexokinase, a re  p h y s io lo g ic a l ly  i r r e v e r s ib le  a n d  m u s t  b e  

c i rc u m v e n te d . P y ru v a te  is  c o n v e r te d  to  o x a lo a c e ta te  a n d  th e n  to  

p h o s p h o e n o lp y ru v a te  (P E P )  b y  pyruvate carboxylase (PC ) a n d  PEP- 
carboxykinase (P E P C K ). P C  r e q u ire s  b io t in  a n d  A T P  a n d  is  a l lo s te r ic a l ly  

a c t iv a te d  b y  a c e ty l  c o e n z y m e  A . P E P C K  r e q u ire s  g u a n o s in e  tr ip h o s p h a te .  

T ra n s c r ip t io n  o f  its  g e n e  is  in c re a s e d  b y  g lu c a g o n  a n d  c o r t is o l  a n d  

d e c re a s e d  b y  in s u lin .  F ru c to s e  1 ,6 -b is p h o s p h a te  is  c o n v e r te d  to  f ru c to s e  6- 

p h o s p h a te  b y  fructose 1,6-bisphosphatase. T h is  e n z y m e  is  in h ib i te d  b y  a  

h ig h  a d e n o s in e  m o n o p h o s p h a te  (A M P ) /A T P  ra tio . I t  is  a lso  in h ib i te d  b y  

f ru c to s e  2 ,6 -b is p h o s p h a te ,  th e  p r im a ry  a l lo s te r ic  a c t iv a to r  o f  g ly c o ly s is .  

G lu c o s e  6 -p h o s p h a te  is  d e p h o s p h o ry la te d  to  g lu c o s e  b y  glucose 6- 
ph osphatase . T h is  e n z y m e  o f  th e  e n d o p la s m ic  r e t ic u la r  m e m b ra n e  

c a ta ly z e s  th e  f in a l  s te p  in  g lu c o n e o g e n e s is  a n d  in  g ly c o g e n  d e g ra d a tio n . Its  

d e f ic ie n c y  r e s u l ts  in  s e v e re , f a s t in g  h y p o g ly c e m ia .



F ig u re  1 0 .1 0  K e y  c o n c e p t  m a p  fo r  g lu c o n e o g e n e s is .  T C A  =  t r ic a rb o x y lic  a c id . 

C o A  =  c o e n z y m e  A ; c A M P  =  c y c l ic  a d e n o s in e  m o n o p h o s p h a te ;  P  =  p h o s p h a te ;  

(B )P G  =  (b is )p h o s p h o g ly c e ra te ;  G  =  g ly c e ra ld e h y d e ; F  =  f ru c to s e ;  C O 2 =  c a rb o n

d io x id e .

Study Questions

Choose th e  O N E  b e s t  a n s w e r .

0 .1 . W h ic h  o n e  o f  th e  fo l lo w in g  s ta te m e n ts  c o n c e rn in g  g lu c o n e o g e n e s is  is  

c o r re c t?

A . I t  is  a n  e n e rg y -p ro d u c in g  ( e x e rg o n ic )  p ro c e s s .

B . I t  is  im p o r ta n t  in  m a in ta in in g  b lo o d  g lu c o s e  d u r in g  a  2 -d a y  fa s t.

C . I t  is  in h ib i te d  b y  a  fa l l  in  th e  in s u l in /g lu c a g o n  ra tio .



D . I t  o c c u rs  in  th e  c y to s o l  o f  m u s c le  c e lls .

E . I t  u s e s  c a rb o n  s k e le to n s  p ro v id e d  b y  fa t ty  a c id  d e g ra d a tio n .

C o r r e c t  a n s w e r  = B . D u r in g  a  2 -d a y  fa s t, g ly c o g e n  s to re s  a re  d e p le te d , a n d  

g lu c o n e o g e n e s is  m a in ta in s  b lo o d  g lu c o se . T h is  is  a n  e n e rg y - re q u ir in g  

( e n d e rg o n ic )  p a th w a y  (b o th  A T P  a n d  G T P  g e t  h y d ro ly z e d )  th a t  o c c u rs  

p r im a r i ly  in  th e  l iv e r , w i th  th e  k id n e y s  b e c o m in g  m a jo r  g lu c o s e  p ro d u c e r s  in  

p ro lo n g e d  fa s tin g . G lu c o n e o g e n e s is  u s e s  b o th  m i to c h o n d r ia l  a n d  c y to s o l ic  

e n z y m e s  a n d  is  s t im u la te d  b y  a  fa l l  in  th e  in s u l in /g lu c a g o n  ra t io . F a tty  a c id  

d e g ra d a t io n  y ie ld s  a c e ty l  c o e n z y m e  A  (C o A ), w h ic h  c a n n o t  b e  c o n v e r te d  to  

g lu c o se . T h is  is  b e c a u s e  th e re  is  n o  n e t  g a in  o f  c a rb o n s  f ro m  a c e ty l  C o A  in  th e  

t r ic a rb o x y lic  a c id  c y c le , a n d  th e  p y ru v a te  d e h y d ro g e n a s e  c o m p le x  is  

p h y s io lo g ic a l ly  ir r e v e r s ib le .  I t  is  th e  c a rb o n  s k e le to n s  o f  m o s t  a m in o  a c id s  th a t  

a re  g lu c o g e n ic .

0 .2 . W h ic h  r e a c t io n  in  th e  d ia g ra m  b e lo w  w o u ld  b e  in h ib i te d  in  th e  p r e s e n c e  o f  

la rg e  a m o u n ts  o f  a v id in , a n  e g g  w h ite  p ro te in  th a t  b in d s  a n d  s e q u e s te r s  

b io t in ?

C o r r e c t  a n s w e r  = C . P y ru v a te  is  c a rb o x y la te d  to  o x a lo a c e ta te  b y  p y ru v a te  

c a rb o x y la s e ,  a  b io t in - r e q u i r in g  e n z y m e . B  (p y ru v a te  d e h y d ro g e n a s e  

c o m p le x )  r e q u ire s  th ia m in e  p y ro p h o s p h a te ,  l ip o ic  a c id , f la v in  a n d



n ic o t in a m id e  a d e n in e  d in u c le o t id e s  (F A D  a n d  N A D + ), a n d  c o e n z y m e  

A ; D  ( tr a n s a m in a s e )  r e q u ire s  p y r id o x a l  p h o s p h a te ;  E  ( la c ta te  

d e h y d ro g e n a s e )  r e q u ire s  N A D H .

0 .3 . W h ic h  o n e  o f  th e  fo l lo w in g  r e a c t io n s  is  u n iq u e  to  g lu c o n e o g e n e s is ?

A . 1 ,3 -B is p h o s p h o g ly c e ra te  3 -p h o s p h o g ly c e ra te

B . L a c ta te  p y ru v a te

C . O x a lo a c e ta te  p h o s p h o e n o lp y ru v a te

D . P h o s p h o e n o lp y ru v a te  p y ru v a te

C o r r e c t  a n s w e r  = C . T h e  o th e r  r e a c t io n s  a re  c o m m o n  to  b o th  g lu c o n e o g e n e s is  

a n d  g ly c o ly s is .

0 .4 . U s e  th e  c h a r t  b e lo w  to  s h o w  th e  e f f e c t  o f  a d e n o s in e  m o n o p h o s p h a te  (A M P )  

a n d  f ru c to s e  2 ,6 -b is p h o s p h a te  o n  th e  l i s te d  e n z y m e s  o f  g lu c o n e o g e n e s is  

a n d  g ly c o ly s is .

E n z y m e

F ru c to s e

1 ,6 -b is p h o s p h a ta s e

F ru c to s e

2 ,6 -b is p h o s p h a te

\

A M P

J
P h o s p h o fru c to k in a s e -1

B o th  f ru c to s e  2 ,6 -b is p h o s p h a te  a n d  a d e n o s in e  m o n o p h o s p h a te  in h ib i t  

f ru c to s e  1 ,6 -b is p h o s p h a ta s e  o f  g lu c o n e o g e n e s is  a n d  a c t iv a te  

p h o s p h o f ru c to k in a s e -1  o f  g ly c o ly s is .  T h is  r e s u lts  in  re c ip ro c a l  

r e g u la t io n  o f  th e  tw o  p a th w a y s .

0 .5 . T h e  m e ta b o l is m  o f  e th a n o l  b y  a lc o h o l  d e h y d ro g e n a s e  p ro d u c e s  re d u c e d  

n ic o t in a m id e  a d e n in e  d in u c le o t id e  (N A D H )  f ro m  th e  o x id iz e d  (N A D + ) 

fo rm . W h a t  e f f e c t  is  th e  fa l l  in  th e  N A D + /N A D H  ra t io  e x p e c te d  to  h a v e  o n  

g lu c o n e o g e n e s is ?  E x p la in .

T h e  in c re a s e  in  N A D H  a s  e th a n o l  is  o x id iz e d  d e c re a s e s  th e  a v a i la b i l i ty  

o f  o x a lo a c e ta te  (O A A ) b e c a u s e  th e  r e v e r s ib le  o x id a t io n  o f  m a la te  to



O A A  b y  m a la te  d e h y d ro g e n a s e  o f  th e  t r ic a rb o x y lic  a c id  c y c le  is  

d r iv e n  in  th e  r e v e r s e  d ir e c t io n  b y  N A D H . A d d it io n a l ly ,  th e  r e v e r s ib le  

r e d u c t io n  o f  p y ru v a te  to  la c ta te  b y  la c ta te  d e h y d ro g e n a s e  is  d r iv e n  to  

la c ta te  b y  N A D H . T h u s , tw o  im p o r ta n t  g lu c o n e o g e n ic  s u b s tra te s ,  

O A A  a n d  p y ru v a te ,  d e c re a s e  a s  a  r e s u l t  o f  th e  in c re a s e  in  N A D H  

d u r in g  e th a n o l  m e ta b o l is m . C o n s e q u e n t ly ,  g lu c o n e o g e n e s is  

d e c re a s e s .

0 .6 . G iv e n  th a t  a c e ty l  c o e n z y m e  A  c a n n o t  b e  a  s u b s t r a te  fo r  g lu c o n e o g e n e s is ,  

w h y  is  its  p ro d u c t io n  in  fa t ty  a c id  o x id a t io n  e s s e n t ia l  fo r  g lu c o n e o g e n e s is ?

A c e ty l  c o e n z y m e  A  in h ib i ts  th e  p y ru v a te  d e h y d ro g e n a s e  c o m p le x  a n d  

a c t iv a te s  p y ru v a te  c a rb o x y la s e ,  p u s h in g  p y ru v a te  to  g lu c o n e o g e n e s is  

a n d  a w a y  f ro m  o x id a tio n .
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Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

A  c o n s ta n t  s o u rc e  o f  b lo o d  g lu c o s e  is  a n  a b s o lu te  r e q u i re m e n t  fo r  h u m a n  life . 

G lu c o s e  is  th e  g re a t ly  p re f e r r e d  e n e rg y  s o u rc e  fo r  th e  b r a in  a n d  th e  re q u ire d  

e n e rg y  s o u rc e  fo r  c e l ls  w i th  f e w  o r  n o  m ito c h o n d r ia  s u c h  a s  m a tu re  r e d  b lo o d  

c e lls . G lu c o s e  is  a lso  e s s e n t ia l  as  a n  e n e rg y  s o u rc e  fo r  e x e rc is in g  m u s c le ,  w h e re  

i t  is  th e  s u b s t r a te  fo r  a n a e ro b ic  g ly c o ly s is .  B lo o d  g lu c o s e  c a n  b e  o b ta in e d  f ro m  

th re e  p r im a ry  s o u rc e s : th e  d ie t, g ly c o g e n  d e g ra d a tio n , a n d  g lu c o n e o g e n e s is .  

D ie ta ry  in ta k e  o f  g lu c o s e  a n d  g lu c o s e  p re c u rs o rs ,  s u c h  a s  s ta rc h  (a  

p o ly s a c c h a r id e ) ,  d is a c c h a r id e s ,  a n d  m o n o s a c c h a r id e s ,  is  s p o ra d ic  a n d , d e p e n d in g  

o n  th e  d ie t, is  n o t  a lw a y s  a  r e l ia b le  s o u rc e  o f  b lo o d  g lu c o se . In  c o n tra s t ,  

g lu c o n e o g e n e s is  (s e e  p . 1 1 7 ) c a n  p ro v id e  s u s ta in e d  s y n th e s is  o f  g lu c o se , b u t  i t  is  

s o m e w h a t  s lo w  in  r e s p o n d in g  to  a  fa l l in g  b lo o d  g lu c o s e  le v e l.  T h e re fo re ,  th e  

b o d y  h a s  d e v e lo p e d  m e c h a n is m s  fo r  s to r in g  a  s u p p ly  o f  g lu c o s e  in  a  ra p id ly  

m o b i l iz e d  fo rm , n a m e ly , g ly c o g e n . In  th e  a b s e n c e  o f  a  d ie ta ry  s o u rc e  o f  g lu c o se , 

th is  s u g a r  is  r a p id ly  re le a s e d  in to  th e  b lo o d  f ro m  l iv e r  g ly c o g e n . S im ila r ly , 

m u s c le  g ly c o g e n  is  e x te n s iv e ly  d e g ra d e d  in  e x e rc is in g  m u s c le  to  p ro v id e  th a t  

t i s s u e  w ith  a n  im p o r ta n t  e n e rg y  s o u rc e . W h e n  g ly c o g e n  s to re s  a re  d e p le te d , 

s p e c if ic  t i s s u e s  s y n th e s iz e  g lu c o s e  d e  n o v o , u s in g  g ly c e ro l,  la c ta te ,  p y ru v a te ,  a n d  

a m in o  a c id s  a s  c a rb o n  s o u rc e s  fo r  g lu c o n e o g e n e s is  (s e e  C h a p te r  1 0 ). F ig u re  11 .1  

s h o w s  th e  r e a c t io n s  o f  g ly c o g e n  s y n th e s is  a n d  d e g ra d a t io n  a s  p a r t  o f  th e  

e s s e n t ia l  p a th w a y s  o f  e n e rg y  m e ta b o l is m .
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F ig u re  1 1 .1  G ly c o g e n  s y n th e s is  a n d  d e g ra d a t io n  s h o w n  a s  a  p a r t  o f  th e  e s s e n t ia l  

p a th w a y s  o f  e n e rg y  m e ta b o l is m . [N o te : S e e  F ig . 8 .2 , p . 9 2 , fo r  a  m o re  d e ta i le d  

m a p  o f  m e ta b o l is m .]  P  = p h o s p h a te ;  U D P  = u r id in e  d ip h o s p h a te .

II. STRUCTURE AND FUNCTION

T h e  m a in  s to re s  o f  g ly c o g e n  a re  fo u n d  in  s k e le ta l  m u s c le  a n d  l iv e r , a l th o u g h  

m o s t  o th e r  c e l ls  s to re  s m a l l  a m o u n ts  o f  g ly c o g e n  fo r  th e ir  o w n  u se . T h e  fu n c t io n  

o f  m u s c le  g ly c o g e n  is  to  s e rv e  as  a  fu e l  r e s e rv e  fo r  th e  s y n th e s is  o f  A T P  d u r in g  

m u s c le  c o n tra c tio n . T h a t  o f  l iv e r  g ly c o g e n  is  to  m a in ta in  th e  b lo o d  g lu c o s e  

c o n c e n tra t io n , p a r t ic u la r ly  d u r in g  th e  e a r ly  s ta g e s  o f  a  f a s t  (F ig . 1 1 .2 ; a lso  s e e  p . 

3 2 9 ) . [N o te : L iv e r  g ly c o g e n  c a n  m a in ta in  b lo o d  g lu c o s e  fo r  < 2 4  h o u rs .]



Glycogen

Glucose

LIVER

MUSCLE

Glucose 6-P
Phosphatase

BLOOD
GLUCOSE

F ig u re  1 1 .2  F u n c t io n s  o f  m u s c le  a n d  l iv e r  g ly c o g e n . [N o te : T h e  p r e s e n c e  o f  

glucose 6-phosphatase  in  l iv e r  a l lo w s  r e le a s e  o f  g lu c o s e  in to  b lo o d .]  P  = 

p h o s p h a te ;  P j =  in o rg a n ic  p h o s p h a te .

A. Amounts in liver and muscle
A p p ro x im a te ly  4 0 0  g  o f  g ly c o g e n  m a k e  u p  1 % - 2 %  o f  th e  f re s h  w e ig h t  o f  

r e s t in g  m u s c le ,  a n d  ~ 1 0 0  g  o f  g ly c o g e n  m a k e  u p  to  1 0 %  o f  th e  f re s h  w e ig h t



o f  a  w e l l - f e d  a d u l t  l iv e r . W h a t  l im its  th e  p r o d u c t io n  o f  g ly c o g e n  a t  th e s e  

le v e ls  is  n o t  c le a r . H o w e v e r ,  in  s o m e  g ly c o g e n  s to ra g e  d is e a s e s  (G S D )  (se e  

F ig . 1 1 .8 ), th e  a m o u n t  o f  g ly c o g e n  in  th e  l iv e r  a n d /o r  m u s c le  c a n  b e  

s ig n if ic a n t ly  h ig h e r .  [N o te : In  th e  b o d y , m u s c le  m a s s  is  g re a te r  th a n  l iv e r  

m a s s . C o n s e q u e n t ly ,  m o s t  o f  th e  b o d y ’s g ly c o g e n  is  fo u n d  in  s k e le ta l  

m u s c le .]

B. Structure
G ly c o g e n  is  a  b r a n c h e d -c h a in  p o ly s a c c h a r id e  m a d e  e x c lu s iv e ly  f ro m  a - D- 

g lu c o se . T h e  p r im a ry  g ly c o s id ic  b o n d  is  a n  a ( 1 ^ 4 )  l in k a g e . A f te r  a n  

a v e ra g e  o f  8 - 1 4  g lu c o s y l  re s id u e s ,  th e re  is  a  b r a n c h  c o n ta in in g  a n  a ( 1 ^  6) 

l in k a g e  (F ig . 1 1 .3 ). A  s in g le  g ly c o g e n  m o le c u le  c a n  c o n ta in  u p  to  5 5 ,0 0 0  

g lu c o s y l  r e s id u e s .  T h e s e  p o ly m e rs  o f  g lu c o s e  e x is t  a s  la rg e , s p h e r ic a l ,  

c y to p la s m ic  g ra n u le s  (p a r t ic le s )  th a t  a lso  c o n ta in  m o s t  o f  th e  e n z y m e s  

n e c e s s a ry  fo r  g ly c o g e n  s y n th e s is  a n d  d e g ra d a tio n .





F ig u re  1 1 .3  B ra n c h e d  s tru c tu re  o f  g ly c o g e n , s h o w in g  a ( 1 ^ 4 )  a n d  a ( 1 ^ 6 )  

g ly c o s id ic  b o n d s .

C. Glycogen store fluctuation
L iv e r  g ly c o g e n  s to re s  in c re a s e  d u r in g  th e  w e ll - fe d  s ta te  ( s e e  p . 3 2 3 )  a n d  a re  

d e p le te d  d u r in g  a  f a s t  ( s e e  p . 3 2 9 ) . M u s c le  g ly c o g e n  is  n o t  a f f e c te d  b y  s h o r t  

p e r io d s  o f  fa s t in g  (a  fe w  d a y s )  a n d  is  o n ly  m o d e ra te ly  d e c re a s e d  in  

p ro lo n g e d  fa s t in g  (w e e k s ) . M u s c le  g ly c o g e n  is  s y n th e s iz e d  to  r e p le n is h  

m u s c le  s to re s  a f te r  th e y  h a v e  b e e n  d e p le te d  fo l lo w in g  s tr e n u o u s  e x e rc is e .  

[N o te : G ly c o g e n  s y n th e s is  a n d  d e g ra d a t io n  g o  o n  c o n t in u o u s ly .  T h e  

d if f e re n c e  b e tw e e n  th e  ra te s  o f  th e s e  tw o  p ro c e s s e s  d e te rm in e s  th e  le v e ls  o f  

s to re d  g ly c o g e n  d u r in g  s p e c if ic  p h y s io lo g ic  s ta te s .]

III. SYNTHESIS (GLYCOGENESIS)

G ly c o g e n  is  s y n th e s iz e d  f ro m  m o le c u le s  o f  a - D-g lu c o se . T h e  p ro c e s s  o c c u rs  in  

th e  c y to s o l  a n d  r e q u ire s  e n e rg y  s u p p lie d  b y  A T P  (fo r  th e  p h o s p h o ry la t io n  o f  

g lu c o s e )  a n d  u r id in e  t r ip h o s p h a te  (U T P ) .

A. Uridine diphosphate glucose synthesis
a - D-G lu c o s e  a t ta c h e d  to  u r id in e  d ip h o s p h a te  (U D P )  is  th e  s o u rc e  o f  a l l  th e  

g lu c o s y l  r e s id u e s  th a t  a re  a d d e d  to  th e  g ro w in g  g ly c o g e n  m o le c u le .  U D P -  

g lu c o s e  (F ig . 1 1 .4 ) is  s y n th e s iz e d  f ro m  g lu c o s e  1 -p h o s p h a te  a n d  U T P  b y  

U D P -glucose pyrophosphorylase  (F ig . 1 1 .5 ). P y ro p h o s p h a te  (P P j), th e  

s e c o n d  p ro d u c t  o f  th e  re a c tio n ,  is  h y d ro ly z e d  to  tw o  in o rg a n ic  p h o s p h a te s  

(P j) b y  pyrophosphatase. T h e  h y d ro ly s is  is  e x e rg o n ic ,  in s u r in g  th a t  th e  

U D P -glucose pyrophosphorylase  r e a c t io n  p ro c e e d s  in  th e  d ir e c t io n  o f  

U D P -g lu c o s e  p ro d u c t io n .  [N o te : G lu c o s e  1 -p h o s p h a te  is  g e n e ra te d  f ro m  

g lu c o s e  6 -p h o s p h a te  b y  phosphoglucom utase. G lu c o s e  1 ,6 -b is p h o s p h a te  is  

a n  o b l ig a to ry  in te rm e d ia te  in  th is  r e v e r s ib le  r e a c t io n  (F ig . 1 1 .6 ).]



F ig u re  1 1 .4  T h e  s tru c tu re  o f  U D P -g lu c o s e ,  a  n u c le o t id e  su g a r .
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F ig u re  1 1 .5  G ly c o g e n  s y n th e s is .  U D P  a n d  U T P  = u r id in e  d i-  a n d  t r ip h o s p h a te s ;  

P P i = p y ro p h o s p h a te ;  P i = in o rg a n ic  p h o s p h a te .



F ig u re  1 1 .6  I n te rc o n v e r s io n  o f  g lu c o s e  6 -p h o s p h a te  a n d  g lu c o s e  1 -p h o s p h a te  b y  

phosphoglucom utase. a n d  = p h o s p h a te .

B. Primer requirement and synthesis
Glycogen synthase  m a k e s  th e  a ( 1 ^ 4 )  l in k a g e s  in  g ly c o g e n . T h is  e n z y m e  

c a n n o t  in i t ia te  c h a in  s y n th e s is  u s in g  f re e  g lu c o s e  a s  a n  a c c e p to r  o f  a  

m o le c u le  o f  g lu c o s e  f ro m  U D P -g lu c o s e .  In s te a d , i t  c a n  o n ly  e lo n g a te  

a lre a d y  e x is t in g  c h a in s  o f  g lu c o s e  a n d , th e re fo re ,  r e q u ire s  a  p r im e r .  A  

f r a g m e n t  o f  g ly c o g e n  c a n  s e rv e  as  a  p r im e r .  In  th e  a b s e n c e  o f  a  f ra g m e n t,  

th e  h o m o d im e r ic  p ro te in  glycogenin  c a n  s e rv e  a s  a n  a c c e p to r  o f  g lu c o s e



f ro m  U D P -g lu c o s e  (s e e  F ig . 1 1 .5 ). T h e  s id e -c h a in  h y d ro x y l  g ro u p  o f  

ty ro s in e -1 9 4  in  th e  p ro te in  is  th e  s i te  a t  w h ic h  th e  in i t ia l  g lu c o s y l  u n i t  is  

a t ta c h e d . B e c a u s e  th e  r e a c t io n  is  c a ta ly z e d  b y  glycogenin  i t s e l f  v ia  

a u to g lu c o s y la tio n ,  glycogenin  is  a n  e n z y m e . G lycogenin  th e n  c a ta ly z e s  th e  

t r a n s fe r  o f  a t  le a s t  fo u r  m o le c u le s  o f  g lu c o s e  f ro m  U D P -g lu c o s e ,  p ro d u c in g  

a  sh o r t ,  a ( 1 ^ - 4 ) - l in k e d  g lu c o s y l  c h a in . T h is  s h o r t  c h a in  s e rv e s  as  a  p r im e r  

th a t  is  a b le  to  b e  e lo n g a te d  b y  glycogen synthase, w h ic h  is  r e c ru i te d  b y  

glycogenin, a s  d e s c r ib e d  in  C . b e lo w . [N o te : G lycogenin  s ta y s  a s s o c ia te d  

w ith  a n d  fo rm s  th e  c o re  o f  a  g ly c o g e n  g ra n u le .]

C. Elongation by glycogen synthase
E lo n g a t io n  o f  a  g ly c o g e n  c h a in  in v o lv e s  th e  t r a n s fe r  o f  g lu c o s e  f ro m  U D P -  

g lu c o s e  to  th e  n o n re d u c in g  e n d  o f  th e  g ro w in g  c h a in , fo rm in g  a  n e w  

g ly c o s id ic  b o n d  b e tw e e n  th e  a n o m e r ic  h y d ro x y l  g ro u p  o f  c a rb o n  1 o f  th e  

a c t iv a te d  g lu c o s e  a n d  c a rb o n  4  o f  th e  a c c e p t in g  g lu c o s y l  r e s id u e  ( s e e  F ig . 

1 1 .5 ). [N o te : T h e  n o n re d u c in g  e n d  o f  a  c a rb o h y d ra te  c h a in  is  o n e  in  w h ic h  

th e  a n o m e r ic  c a rb o n  o f  th e  te rm in a l  s u g a r  is  l in k e d  b y  a  g ly c o s id ic  b o n d  to  

a n o th e r  m o le c u le ,  m a k in g  th e  te rm in a l  s u g a r  n o n re d u c in g  (s e e  p . 8 4 ) .]  T h e  

e n z y m e  re s p o n s ib le  fo r  m a k in g  th e  a ( 1 ^ 4 )  l in k a g e s  in  g ly c o g e n  is  

glycogen synthase. [N o te : T h e  U D P  r e le a s e d  w h e n  th e  n e w  a ( 1 ^ 4 )  

g ly c o s id ic  b o n d  is  m a d e  c a n  b e  p h o s p h o ry la te d  to  U T P  b y  nucleoside  
diphosphate kinase  (U D P  + A T P  ^  U T P  + A D P ; s e e  p . 2 9 6 ) .]

D. Branch formation
I f  n o  o th e r  s y n th e t ic  e n z y m e  a c te d  o n  th e  c h a in , th e  re s u l t in g  s tru c tu re  

w o u ld  b e  a  l in e a r  (u n b ra n c h e d )  c h a in  o f  g lu c o s y l  r e s id u e s  a t ta c h e d  b y  

a ( 1 ^ 4 )  l in k a g e s . S u c h  a  c o m p o u n d  is  fo u n d  in  p la n t  t i s s u e s  a n d  is  c a l le d  

a m y lo s e . In  c o n tra s t ,  g ly c o g e n  h a s  b ra n c h e s  lo c a te d , o n  a v e ra g e , e ig h t  

g lu c o s y l  r e s id u e s  a p a r t ,  r e s u l t in g  in  a  h ig h ly  b ra n c h e d ,  t r e e - l ik e  s t ru c tu re  

( s e e  F ig . 1 1 .3 ) th a t  is  fa r  m o re  s o lu b le  th a n  th e  u n b ra n c h e d  a m y lo s e . 

B ra n c h in g  a lso  in c re a s e s  th e  n u m b e r  o f  n o n re d u c in g  e n d s  to  w h ic h  n e w  

g lu c o s y l  r e s id u e s  c a n  b e  a d d e d  (a n d  a lso , a s  d e s c r ib e d  in  IV . b e lo w , f ro m  

w h ic h  th e s e  r e s id u e s  c a n  b e  r e m o v e d ) ,  th e re b y  g re a t ly  a c c e le ra t in g  th e  ra te  

a t  w h ic h  g ly c o g e n  s y n th e s is  c a n  o c c u r  a n d  d ra m a tic a l ly  in c re a s in g  th e  s iz e  

o f  th e  g ly c o g e n  m o le c u le .



1. B ra n c h  s y n th e s is :  B ra n c h e s  a re  m a d e  b y  th e  a c t io n  o f  th e  b ra n c h in g

e n z y m e , a m y lo -a (1 ^ 4 )^ a (1 ^ 6 )-tra n sg ly c o sy la se .  T h is  e n z y m e

re m o v e s  a  s e t  o f  s ix  to  e ig h t  g lu c o s y l  r e s id u e s  f ro m  th e  n o n re d u c in g  e n d  

o f  th e  g ly c o g e n  c h a in , b r e a k in g  a n  a ( 1 ^ 4 )  b o n d  to  a n o th e r  r e s id u e  o n  

th e  c h a in , a n d  a t ta c h e s  i t  to  a  n o n te rm in a l  g lu c o s y l  r e s id u e  b y  a n  a ( 1 ^  6) 

l in k a g e , th u s  fu n c t io n in g  a s  a  4:6  transferase. T h e  re s u l t in g  n e w , 

n o n re d u c in g  e n d  (s e e  “ i ” in  F ig . 1 1 .5 ), a s  w e l l  a s  th e  o ld  n o n re d u c in g  e n d  

f ro m  w h ic h  th e  s ix  to  e ig h t  r e s id u e s  w e re  re m o v e d  (s e e  “ o ” in  F ig . 1 1 .5 ), 

c a n  n o w  b e  fu r th e r  e lo n g a te d  b y  glycogen synthase.

2. A d d it io n a l  b r a n c h  s y n th e s is :  A f te r  e lo n g a t io n  o f  th e s e  tw o  e n d s  h a s  b e e n  

a c c o m p lis h e d , th e ir  te rm in a l  s ix  to  e ig h t  g lu c o s y l  r e s id u e s  c a n  b e  

re m o v e d  a n d  u s e d  to  m a k e  a d d i t io n a l  b ra n c h e s .

IV. DEGRADATION (GLYCOGENOLYSIS)

T h e  d e g ra d a t iv e  p a th w a y  th a t  m o b i l iz e s  s to re d  g ly c o g e n  in  l iv e r  a n d  s k e le ta l  

m u s c le  is  n o t  a  r e v e r s a l  o f  th e  s y n th e t ic  r e a c tio n s .  In s te a d , a  s e p a ra te  s e t  o f  

c y to s o l ic  e n z y m e s  is  r e q u ire d . W h e n  g ly c o g e n  is  d e g ra d e d , th e  p r im a ry  p ro d u c t  

is  g lu c o s e  1 -p h o s p h a te ,  o b ta in e d  b y  b r e a k in g  a ( 1 ^ 4 )  g ly c o s id ic  b o n d s . In  

a d d i tio n , f re e  g lu c o s e  is  r e le a s e d  f ro m  e a c h  a ( 1 ^ 6 ) - l i n k e d  g lu c o s y l  r e s id u e  

(b ra n c h  p o in t) .

A. Chain shortening
Glycogen phosphorylase  s e q u e n t ia l ly  c le a v e s  th e  a ( 1 ^ 4 )  g ly c o s id ic  b o n d s  

b e tw e e n  th e  g lu c o s y l  r e s id u e s  a t  th e  n o n re d u c in g  e n d s  o f  th e  g ly c o g e n  

c h a in s  b y  s im p le  p h o s p h o ro ly s is  (p ro d u c in g  g lu c o s e  1 -p h o s p h a te )  u n t i l  fo u r  

g lu c o s y l  u n its  r e m a in  o n  e a c h  c h a in  a t  a  b r a n c h  p o in t  (F ig . 1 1 .7 ). T h e  

re s u lt in g  s tru c tu re  is  c a l le d  a  l im i t  d e x tr in ,  a n d  phosphorylase  c a n n o t  

d e g ra d e  i t  a n y  fu r th e r  (F ig . 1 1 .8 ). [N o te : Phosphorylase  r e q u ire s  p y r id o x a l  

p h o s p h a te  (a  d e r iv a t iv e  o f  v i ta m in  B 6; s e e  p . 3 8 2 )  a s  a  c o e n z y m e .]
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F ig u re  1 1 .7  C le a v a g e  o f  a n  a ( 1 ^ - 4 ) - g ly c o s id ic  b o n d . P L P  = p y r id o x a l  

p h o s p h a te ;  P j =  in o rg a n ic  p h o s p h a te ;  =  p h o s p h a te .

B. Branch removal
B ra n c h e s  a re  r e m o v e d  b y  th e  tw o  e n z y m ic  a c t iv i t ie s  o f  a  s in g le  b ifu n c t io n a l  

p ro te in ,  th e  d e b ra n c h in g  e n z y m e  (s e e  F ig . 1 1 .8 ). F ir s t ,  oligo- 
a (1 ^ 4 )^ a (1 ^ 4 )-g lu c a n tra n s fe r a se  a c t iv i ty  r e m o v e s  th e  o u te r  th re e  o f  

th e  fo u r  g lu c o s y l  r e s id u e s  re m a in in g  a t  a  b ra n c h . I t  n e x t  tr a n s fe r s  th e m  to  

th e  n o n re d u c in g  e n d  o f  a n o th e r  c h a in , le n g th e n in g  i t  a c c o rd in g ly . T h u s , an  

a ( 1 ^ 4 )  b o n d  is  b ro k e n  a n d  a n  a ( 1 ^ 4 )  b o n d  is  m a d e , a n d  th e  e n z y m e  

fu n c t io n s  as  a  4:4 transferase. N e x t, th e  re m a in in g  g lu c o s e  r e s id u e  a t ta c h e d  

in  a n  a (1  6 ) l in k a g e  is  r e m o v e d  h y d ro ly t ic a l ly  b y  am ylo-a(1 6)-
g lucosidase  a c t iv i ty ,  r e le a s in g  f re e  (n o n p h o s p h o ry la te d )  g lu c o s e . T h e  

g lu c o s y l  c h a in  is  n o w  a v a i la b le  a g a in  fo r  d e g ra d a t io n  b y  glycogen  
phosphorylase  u n t i l  fo u r  g lu c o s y l  u n its  in  th e  n e x t  b r a n c h  a re  re a c h e d .

C. Glucose 1-phosphate isomerization to glucose 6- 
phosphate

G lu c o s e  1 -p h o s p h a te ,  p ro d u c e d  b y  glycogen phosphorylase, is  is o m e r iz e d  

in  th e  c y to s o l  to  g lu c o s e  6 -p h o s p h a te  b y  phosphoglucom utase  ( s e e  F ig . 

1 1 .6 ). In  th e  liv e r , g lu c o s e  6 -p h o s p h a te  is  t r a n s p o r te d  in to  th e  e n d o p la s m ic  

r e t ic u lu m  (E R ) b y  g lu c o s e  6 -p h o s p h a te  tr a n s lo c a s e .  T h e re ,  i t  is  

d e p h o s p h o ry la te d  to  g lu c o s e  b y  glucose 6-phosphatase  ( th e  s a m e  e n z y m e  

u s e d  in  th e  la s t  s te p  o f  g lu c o n e o g e n e s is ;  s e e  p . 1 2 1 ). T h e  g lu c o s e  is  th e n  

t r a n s p o r te d  f ro m  th e  E R  to  th e  c y to so l .  H e p a to c y te s  r e le a s e  g ly c o g e n -  

d e r iv e d  g lu c o s e  in to  th e  b lo o d  to  h e lp  m a in ta in  b lo o d  g lu c o s e  le v e ls  u n t i l  

th e  g lu c o n e o g e n ic  p a th w a y  is  a c t iv e ly  p ro d u c in g  g lu c o se . [N o te : M u s c le  

la c k s  glucose 6-phosphatase. C o n s e q u e n tly ,  g lu c o s e  6 -p h o s p h a te  c a n n o t  b e  

d e p h o s p h o ry la te d  a n d  s e n t  in to  th e  b lo o d . In s te a d , i t  e n te r s  g ly c o ly s is ,  

p ro v id in g  e n e rg y  n e e d e d  fo r  m u s c le  c o n tra c tio n .]

D. Lysosomal degradation



A  s m a l l  a m o u n t  ( 1 % - 3 % )  o f  g ly c o g e n  is  d e g ra d e d  b y  th e  ly s o s o m a l 

e n z y m e , acid  a (1 ^ 4 )-g lu co sid a se  (acid m altase). T h e  p u rp o s e  o f  th is  

a u to p h a g ic  p a th w a y  is  u n k n o w n . H o w e v e r ,  a  d e f ic ie n c y  o f  th is  e n z y m e  

c a u s e s  a c c u m u la t io n  o f  g ly c o g e n  in  v a c u o le s  in  th e  ly s o s o m e s ,  r e s u l t in g  in  

th e  s e r io u s  G S D  ty p e  II: P o m p e  d is e a s e  (s e e  F ig . 1 1 .8 ). [N o te : P o m p e  

d is e a s e  is  th e  o n ly  G S D  th a t  is  a  ly s o s o m a l s to ra g e  d is e a se .]

L y s o s o m a l s to ra g e  d is e a s e s  a re  g e n e t ic  d is o rd e rs  c h a ra c te r iz e d  b y  th e  

a c c u m u la t io n  o f  a b n o rm a l  a m o u n ts  o f  c a rb o h y d ra te s  o r  l ip id s  p r im a r i ly  d u e  

to  th e ir  d e c re a s e d  ly s o s o m a l d e g ra d a t io n  r e s u l t in g  f ro m  d e c re a s e d  a c t iv i ty  

o r  a m o u n t  o f  ly s o s o m a l  acid  hydrolases.

V. GLYCOGENESIS AND
GLYCOGENOLYSIS REGULATION

B e c a u s e  o f  th e  im p o r ta n c e  o f  m a in ta in in g  b lo o d  g lu c o s e  le v e ls ,  th e  s y n th e s is  a n d  

d e g ra d a t io n  o f  its  g ly c o g e n  s to ra g e  fo rm  a re  t ig h t ly  r e g u la te d . In  th e  liv e r , 

g ly c o g e n e s is  a c c e le ra te s  d u r in g  p e r io d s  w h e n  th e  b o d y  h a s  b e e n  w e l l  fed , 

w h e re a s  g ly c o g e n o ly s is  a c c e le ra te s  d u r in g  p e r io d s  o f  fa s tin g . In  s k e le ta l  m u s c le ,  

g ly c o g e n o ly s is  o c c u rs  d u r in g  a c t iv e  e x e rc is e ,  a n d  g ly c o g e n e s is  b e g in s  a s  s o o n  as 

th e  m u s c le  is  a g a in  a t  re s t .  R e g u la t io n  o f  s y n th e s is  a n d  d e g ra d a t io n  is  

a c c o m p lis h e d  o n  tw o  le v e ls .  F ir s t ,  glycogen synthase  a n d  glycogen  
phosphorylase  a re  h o rm o n a lly  r e g u la te d  (b y  c o v a le n t  

p h o s p h o ry la t io n /d e p h o s p h o ry la t io n )  to  m e e t  th e  n e e d s  o f  th e  b o d y  a s  a  w h o le .  

S e c o n d , th e s e  s a m e  e n z y m e s  a re  a l lo s te r ic a l ly  r e g u la te d  (b y  e f fe c to r  m o le c u le s )  

to  m e e t  th e  n e e d s  o f  a  p a r t ic u la r  t is s u e .

A. Covalent activation of glycogenolysis
T h e  b in d in g  o f  h o rm o n e s , s u c h  as  g lu c a g o n  o r  e p in e p h r in e , to  p la s m a  

m e m b ra n e  G  p r o te in - c o u p le d  re c e p to r s  ( [G P C R ] s e e  p . 9 4 )  s ig n a ls  th e  n e e d  

fo r  g ly c o g e n  to  b e  d e g ra d e d , e i th e r  to  e le v a te  b lo o d  g lu c o s e  le v e ls  o r  to  

p ro v id e  e n e rg y  fo r  e x e rc is in g  m u s c le .

1. P ro te in  k in a s e  A  a c t iv a t io n :  B in d in g  o f  g lu c a g o n  o r  e p in e p h r in e  to  th e ir



s p e c if ic  h e p a to c y te  G P C R , o r  o f  e p in e p h r in e  to  a  s p e c if ic  m y o c y te  

G P C R , r e s u l ts  in  th e  G  p r o te in - m e d ia te d  a c t iv a t io n  o f  adenylyl cyclase. 
T h is  e n z y m e  c a ta ly z e s  th e  s y n th e s is  o f  c y c l ic  a d e n o s in e  m o n o p h o s p h a te  

(c A M P ), w h ic h  a c t iv a te s  cA M P -dependent protein  kinase A  (PKA). 
c A M P  b in d s  th e  tw o  r e g u la to ry  s u b u n its  o f  te tr a m e r ic  P K A , r e le a s in g  

tw o  in d iv id u a l  c a ta ly t ic  s u b u n its  th a t  a re  a c t iv e  (F ig . 1 1 .9 ; a lso  s e e  p . 

9 5 ) . PKA  th e n  p h o s p h o ry la te s  s e v e ra l  e n z y m e s  o f  g ly c o g e n  m e ta b o l is m , 

a f f e c tin g  th e ir  a c tiv i ty . [N o te : W h e n  c A M P  is  r e m o v e d , th e  in a c tiv e  

te tr a m e r  re fo rm s .]
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(Figure 11.8  continued)TYPE la: VON GIERKE DISEASE

I
(GLUCOSE 6-PHOSPHATASE DEFICIENCY) Repeat steps
TYPE lb: GLUCOSE 6 -PHOSPHATE
TRANSLOCASE DEFICIENCY

GLUCOSE 1-P + GLUCOSE (Ratio ~8:1)
Affects liver and kidney

Fasting hypoglycemia—severe MUSCLE

Fatty liver, hepato- and renomegaly

Progressive renal disease Glucose 6 -P
Growth retardation and delayed puberty

Lactic acidemia, hyperlipidemia,
and hyperuricemia

Normal glycogen structure; increased
glycogen stored

Type lb also characterized by neutropenia
and recurrent infections

•  Treatment: nocturnal gastric infusions
of glucose or regular administration
of uncooked cornstarch GLUCOSE

F ig u re  1 1 .8  G ly c o g e n  d e g ra d a tio n ,  s h o w in g  s o m e  o f  th e  g ly c o g e n  s to ra g e  

d is e a s e s  (G S D ) . [N o te : G S D  ty p e  IV : A n d e r s e n  d is e a s e  is  c a u s e d  b y  d e fe c ts  in  

branching enzym e, a n  e n z y m e  o f  s y n th e s is ,  r e s u l t in g  in  l iv e r  c ir rh o s is  th a t  c a n  

b e  f a ta l  in  e a r ly  c h i ld h o o d .]  P i =  in o rg a n ic  p h o s p h a te ;  P  =  p h o s p h a te .  (C o n tin u e d  

o n  n e x t  p a g e .)

F ig u re  1 1 .9  S t im u la t io n  a n d  in h ib i t io n  o f  g ly c o g e n  d e g ra d a tio n . A M P  = 

a d e n o s in e  m o n o p h o s p h a te ;  c A M P  = c y c l ic  A M P ; G T P  =  g u a n o s in e  

tr ip h o s p h a te ;  =  p h o s p h a te ;  P P i =  p y ro p h o s p h a te ;  R  =  r e g u la to ry  su b u n it;  C  =



catalytic subunit.

2. P h o s p h o ry la s e  k in a s e  a c t iv a t io n : Phosphorylase kinase  e x is ts  in  tw o  

fo rm s : a n  in a c t iv e  “b ” fo rm  a n d  a n  a c t iv e  “ a ” fo rm . A c tiv e  PKA  
p h o s p h o ry la te s  th e  in a c t iv e  “b ” fo rm  o f  phosphorylase kinase, 
p ro d u c in g  th e  a c t iv e  “ a ” fo rm  (s e e  F ig . 1 1 .9 ).

3. G ly c o g e n  p h o s p h o ry la s e  a c t iv a t io n :  G lycogen phosphorylase  a lso  e x is ts  

in  a  d e p h o s p h o ry la te d ,  in a c t iv e  “b ” fo rm  a n d  a  p h o s p h o ry la te d ,  a c t iv e  

“ a ” fo rm . P hosphorylase kinase a is  th e  o n ly  e n z y m e  th a t  

p h o s p h o ry la te s  glycogen phosphorylase b to  its  a c t iv e  “ a ” fo rm , w h ic h  

th e n  b e g in s  g ly c o g e n o ly s is  (s e e  F ig . 1 1 .9 ).

4 . S ig n a l a m p lif ic a t io n :  T h e  c a s c a d e  o f  r e a c t io n s  d e s c r ib e d  a b o v e  a c t iv a te s  

g ly c o g e n o ly s is .  T h e  la rg e  n u m b e r  o f  s e q u e n t ia l  s te p s  s e rv e s  to  a m p lify  

th e  e f f e c t  o f  th e  h o rm o n a l  s ig n a l  ( th a t  is , a  f e w  h o rm o n e  m o le c u le s  

b in d in g  to  th e ir  G P C R  r e s u l t  in  a  n u m b e r  o f  PKA  m o le c u le s  b e in g  

a c t iv a te d  th a t  c a n  e a c h  a c t iv a te  m a n y  phosphorylase kinase  m o le c u le s ) .  

T h is  c a u s e s  th e  p r o d u c t io n  o f  m a n y  a c t iv e  glycogen phosphorylase a 
m o le c u le s  th a t  c a n  d e g ra d e  g ly c o g e n .

5. P h o s p h o ry la te d  s ta te  m a in te n a n c e :  T h e  p h o s p h a te  g ro u p s  a d d e d  to  

phosphorylase kinase  a n d  phosphorylase  in  r e s p o n s e  to  c A M P  a re  

m a in ta in e d  b e c a u s e  th e  e n z y m e  th a t  h y d ro ly t ic a l ly  r e m o v e s  th e  

p h o s p h a te ,  protein  phosphatase-1  ( P P 1 ) ,  is  in a c t iv a te d  b y  in h ib i to r  

p ro te in s  th a t  a re  a lso  p h o s p h o ry la te d  a n d  a c t iv a te d  in  r e s p o n s e  to  c A M P  

(s e e  F ig . 1 1 .9 ). [N o te : PP1  is  a c t iv a te d  b y  a  s ig n a l  c a s c a d e  in i t ia te d  b y  

in s u l in  (s e e  F ig . 2 7 .7  o n  p . 3 1 1 ) . B e c a u s e  in s u l in  a lso  a c t iv a te s  th e  

phosphodiesterase  th a t  d e g ra d e s  c A M P , i t  o p p o s e s  th e  e f fe c ts  o f  

g lu c a g o n  a n d  e p in e p h r in e .]

B. Covalent inhibition of glycogenesis
T h e  r e g u la te d  e n z y m e  in  g ly c o g e n e s is ,  glycogen synthase, a lso  e x is ts  in  

tw o  fo rm s , th e  a c t iv e  “ a ” fo rm  a n d  th e  in a c t iv e  “b ” fo rm . H o w e v e r ,  in  

c o n t r a s t  to  phosphorylase kinase  a n d  phosphorylase, th e  a c t iv e  fo rm  o f  

glycogen synthase  is  d e p h o s p h o ry la te d ,  w h e re a s  th e  in a c t iv e  fo rm  is  

p h o s p h o ry la te d  a t  s e v e ra l  s i te s  o n  th e  e n z y m e , w ith  th e  le v e l  o f  in a c t iv a t io n  

p ro p o r t io n a l  to  th e  d e g re e  o f  p h o s p h o ry la t io n  (F ig . 1 1 .1 0 ). P h o s p h o ry la t io n  

is  c a ta ly z e d  b y  s e v e ra l  d if f e re n t  protein  kinases  in  r e s p o n s e  to  c A M P  (fo r



e x a m p le , PKA  a n d  phosphorylase kinase) o r  o th e r  s ig n a l in g  m e c h a n is m s  

(s e e  C . b e lo w ) .  G lycogen synthase b c a n  b e  r e c o n v e r te d  to  th e  “ a ” fo rm  b y  

PP1. F ig u re  1 1 .1 1  s u m m a r iz e s  th e  c o v a le n t  r e g u la t io n  o f  g ly c o g e n  

m e ta b o lis m .





F ig u re  1 1 .1 0  H o rm o n a l  r e g u la t io n  o f  g ly c o g e n  s y n th e s is .  [N o te : In  c o n t r a s t  to  

glycogen phosphorylase, glycogen synthase  is  in a c t iv a te d  b y  p h o s p h o ry la t io n .]  

c A M P  = c y c l ic  a d e n o s in e  m o n o p h o s p h a te ;  = p h o s p h a te ;  P P j = p y ro p h o s p h a te ;  R  

= r e g u la to ry  s u b u n it;  C  = c a ta ly t ic  s u b u n it;  A D P  = a d e n o s in e  d ip h o s p h a te .
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F ig u re  1 1 .1 1  S u m m a ry  o f  th e  h o rm o n e -m e d ia te d  c o v a le n t  r e g u la t io n  o f  

g ly c o g e n  m e ta b o l is m . c A M P  = c y c l ic  a d e n o s in e  m o n o p h o s p h a te ;  PKA  = protein  

kinase A.



C. Allosteric regulation of glycogenesis and 
glycogenolysis

In  a d d i t io n  to  h o rm o n a l  s ig n a ls ,  glycogen synthase  a n d  glycogen  
phosphorylase  r e s p o n d  to  th e  le v e ls  o f  m e ta b o l i te s  a n d  e n e rg y  n e e d s  o f  th e  

c e ll. G ly c o g e n e s is  is  s t im u la te d  w h e n  g lu c o s e  a n d  e n e rg y  le v e ls  a re  h ig h , 

w h e re a s  g ly c o g e n o ly s is  is  in c re a s e d  w h e n  g lu c o s e  a n d  e n e rg y  le v e ls  a re  

lo w . T h is  a l lo s te r ic  r e g u la t io n  a l lo w s  a  r a p id  r e s p o n s e  to  th e  n e e d s  o f  a  c e ll  

a n d  c a n  o v e r r id e  th e  e f fe c ts  o f  h o rm o n e -m e d ia te d  c o v a le n t  re g u la tio n . 

[N o te : T h e  “ a ” a n d  “b ” fo rm s  o f  th e  a l lo s te r ic  e n z y m e s  o f  g ly c o g e n  

m e ta b o l is m  a re  e a c h  in  a n  e q u i l ib r iu m  b e tw e e n  th e  R  ( re la x e d , m o re  a c t iv e )  

a n d  T  ( te n se , le s s  a c t iv e )  c o n fo rm a tio n s  ( s e e  p . 2 8 ). T h e  b in d in g  o f  

e f fe c to rs  s h if ts  th e  e q u i l ib r iu m  a n d  a l te rs  e n z y m ic  a c t iv i ty  w i th o u t  d ire c tly  

a l te r in g  th e  c o v a le n t  m o d if ic a tio n .]

1. R e g u la t io n  in  th e  w e l l - f e d  s ta te : In  th e  w e l l - f e d  s ta te , glycogen synthase  
b in  b o th  l iv e r  a n d  m u s c le  is  a l lo s te r ic a l ly  a c t iv a te d  b y  g lu c o s e  6- 

p h o s p h a te ,  w h ic h  is  p r e s e n t  in  e le v a te d  c o n c e n tra t io n s  (F ig . 1 1 .1 2 ). In  

c o n tra s t ,  glycogen phosphorylase a is  a l lo s te r ic a l ly  in h ib i te d  b y  g lu c o s e  

6 -p h o s p h a te ,  as  w e l l  a s  b y  A T P , a  h ig h -e n e rg y  s ig n a l . [N o te : In  l iv e r , b u t  

n o t  m u s c le ,  f re e  g lu c o s e  is  a lso  a n  a l lo s te r ic  in h ib i to r  o f  glycogen  
phosphorylase  a .]
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F ig u re  1 1 .1 2  A llo s te r ic  r e g u la t io n  o f  g ly c o g e n e s is  a n d  g ly c o g e n o ly s is  in  l iv e r  

(A ) a n d  m u s c le  (B ). P  = p h o s p h a te ;  A M P  = a d e n o s in e  m o n o p h o s p h a te .

2. G ly c o g e n o ly s is  a c t iv a t io n  b y  A M P : M u s c le  glycogen phosphorylase  
(m yophosphorylase), b u t  n o t  th e  l iv e r  is o z y m e , is  a c t iv e  in  th e  p re s e n c e  

o f  th e  h ig h  A M P  c o n c e n tra t io n s  th a t  o c c u r  u n d e r  e x tre m e  c o n d i t io n s  o f  

a n o x ia  a n d  A T P  d e p le tio n . A M P  b in d s  to  glycogen phosphorylase b, 
c a u s in g  its  a c t iv a t io n  w i th o u t  p h o s p h o ry la t io n  (s e e  F ig . 1 1 .9 ). [N o te : 

R e c a ll  th a t  A M P  a lso  a c t iv a te s  phosphofructokinase-1  o f  g ly c o ly s is  (s e e  

p . 9 9 ) , a l lo w in g  g lu c o s e  f ro m  g ly c o g e n o ly s is  to  b e  o x id iz e d .]

3. G ly c o g e n o ly s is  a c t iv a t io n  b y  c a lc iu m : C a lc iu m  (C a 2+) is  r e le a s e d  in to  

th e  s a rc o p la s m  in  m u s c le  c e lls  (m y o c y te s )  in  r e s p o n s e  to  n e u ra l  

s t im u la t io n  a n d  in  th e  l iv e r  in  r e s p o n s e  to  e p in e p h r in e  b in d in g  to  a 1-

a d re n e rg ic  re c e p to rs .  T h e  C a 2+ b in d s  to  c a lm o d u l in  (C a M ), th e  m o s t  

w id e ly  d is tr ib u te d  m e m b e r  o f  a  f a m ily  o f  sm a ll ,  C a 2+ -b in d in g  p ro te in s .  

T h e  b in d in g  o f  fo u r  m o le c u le s  o f  C a 2+ to  C a M  tr ig g e r s  a  c o n fo rm a tio n a l  

c h a n g e  s u c h  th a t  th e  a c t iv a te d  C a 2+ -C a M  c o m p le x  b in d s  to  a n d  a c t iv a te s  

p ro te in  m o le c u le s ,  o f te n  e n z y m e s , th a t  a re  in a c t iv e  in  th e  a b s e n c e  o f  th is  

c o m p le x  (F ig . 1 1 .1 3 ). T h u s , C a M  fu n c t io n s  a s  a n  e s s e n t ia l  s u b u n it  o f  

m a n y  c o m p le x  p ro te in s .  O n e  s u c h  p ro te in  is  th e  te tr a m e r ic  

phosphorylase kinase, w h o s e  “b ” fo rm  is  a c t iv a te d  b y  th e  b in d in g  o f  

C a 2+ to  its  5 s u b u n it  (C a M ) w i th o u t  th e  n e e d  fo r  th e  kinase  to  b e  

p h o s p h o ry la te d  b y  PKA. [N o te : E p in e p h r in e  a t  p -a d re n e rg ic  r e c e p to r s  

s ig n a ls  th ro u g h  a  r is e  in  c A M P , n o t  C a 2+ (s e e  p . 1 3 1 ).]
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F ig u re  1 1 .1 3  C a lm o d u lin  m e d ia te s  m a n y  e f fe c ts  o f  in t r a c e l lu la r  c a lc iu m  (C a 2+).

[N o te : C a 2+ a c t iv a te s  phosphorylase kinase  in  l iv e r  a n d  m u s c le s .]

a. M u s c le  p h o s p h o ry la s e  k in a s e  a c t iv a t io n : D u r in g  m u s c le  c o n tra c tio n , 

th e re  is  a  r a p id  a n d  u r g e n t  n e e d  fo r  A T P . I t  is  s u p p lie d  b y  th e  

d e g ra d a t io n  o f  m u s c le  g ly c o g e n  to  g lu c o s e  6 -p h o s p h a te ,  w h ic h  e n te rs  

g ly c o ly s is .  N e rv e  im p u ls e s  c a u s e  m e m b ra n e  d e p o la r iz a tio n ,  w h ic h  

p ro m o te s  C a 2+ r e le a s e  f ro m  th e  s a rc o p la s m ic  r e t ic u lu m  in to  th e  

s a rc o p la s m  o f  m y o c y te s .  T h e  C a 2+ b in d s  th e  C a M  s u b u n it ,  a n d  th e  

c o m p le x  a c t iv a te s  m u s c le  phosphorylase kinase b ( s e e  F ig . 1 1 .9 ).

b . L iv e r  p h o s p h o ry la s e  k in a s e  a c t iv a t io n :  D u r in g  p h y s io lo g ic  s tre s s , 

e p in e p h r in e  is  r e le a s e d  f ro m  th e  a d re n a l  m e d u lla  a n d  s ig n a ls  th e  n e e d  

fo r  b lo o d  g lu c o se . T h is  g lu c o s e  in i t ia l ly  c o m e s  f ro m  h e p a t ic  

g ly c o g e n o ly s is .  B in d in g  o f  e p in e p h r in e  to  h e p a to c y te  a 1-a d re n e rg ic  

G P C R  a c t iv a te s  a  p h o s p h o l ip id -d e p e n d e n t  c a s c a d e  (s e e  p . 2 0 5 )  th a t  

r e s u lts  in  m o v e m e n t  o f  C a 2+ f ro m  th e  E R  in to  th e  c y to p la s m . A  C a 2+ -  

C a M  c o m p le x  fo rm s  a n d  a c t iv a te s  h e p a t ic  phosphorylase kinase b. 

[N o te : T h e  re le a s e d  C a 2+ a lso  h e lp s  to  a c t iv a te  protein  kinase C  th a t  

c a n  p h o s p h o ry la te  ( th e re fo re ,  in a c t iv a te )  glycogen synthase  a .]

VI. GLYCOGEN STORAGE DISEASES

G S D  a re  a  g ro u p  o f  g e n e t ic  d is e a s e s  c a u s e d  b y  d e fe c ts  in  e n z y m e s  r e q u ire d  fo r  

g ly c o g e n  d e g ra d a t io n  o r, m o re  ra re ly , g ly c o g e n  s y n th e s is .  T h e y  r e s u l t  e i th e r  in  

fo rm a t io n  o f  g ly c o g e n  th a t  h a s  a n  a b n o rm a l  s tru c tu re  o r  in  th e  a c c u m u la t io n  o f  

e x c e s s iv e  a m o u n ts  o f  n o rm a l  g ly c o g e n  in  s p e c if ic  t i s s u e s  a s  a  r e s u l t  o f  im p a ire d  

d e g ra d a tio n . A  p a r t ic u la r  e n z y m e  m a y  b e  d e fe c t iv e  in  a  s in g le  t is s u e , s u c h  as  th e  

l iv e r  ( re s u lt in g  in  h y p o g ly c e m ia )  o r  m u s c le  (c a u s in g  m u s c le  w e a k n e s s ) ,  o r  th e  

d e fe c t  m a y  b e  m o re  g e n e ra liz e d , a f f e c tin g  a  v a r ie ty  o f  t is s u e s ,  s u c h  a s  th e  h e a r t  

a n d  k id n e y s . S e v e r i ty  r a n g e s  f ro m  fa ta l  in  e a r ly  c h i ld h o o d  to  m ild  d is o rd e r s  th a t  

a re  n o t  l i f e  th re a te n in g .  S o m e  o f  th e  m o re  p r e v a le n t  G S D  a re  i l lu s tr a te d  in  

F ig u re  1 1 .8 . [N o te : O n ly  G S D  II is  ly s o s o m a l b e c a u s e  g ly c o g e n  m e ta b o l is m  

o c c u rs  p r im a r i ly  in  th e  c y to so l .]



VII. CHAPTER SUMMARY

T h e  m a in  s to re s  o f  g ly c o g e n  in  th e  b o d y  a re  fo u n d  in  s k e le ta l  m u s c le ,  

w h e re  th e y  s e rv e  a s  a  fu e l  r e s e rv e  fo r  th e  s y n th e s is  o f  A T P  d u r in g  m u s c le  

c o n tra c tio n , a n d  in  th e  l iv e r , w h e re  th e y  a re  u s e d  to  m a in ta in  th e  b lo o d  

g lu c o s e  c o n c e n tra t io n ,  p a r t ic u la r ly  d u r in g  th e  e a r ly  s ta g e s  o f  a  fa s t. 

G ly c o g e n  is  a  h ig h ly  b r a n c h e d  p o ly m e r  o f  a - D-g lu c o se . T h e  p r im a ry  

g ly c o s id ic  b o n d  is  a n  a ( 1 ^ 4 )  l in k a g e . A f te r  a b o u t  8 - 1 4  g lu c o s y l  r e s id u e s ,  

th e re  is  a  b r a n c h  c o n ta in in g  a n  a ( 1 ^ 6 )  l in k a g e . U r id in e  d ip h o s p h a te  

(U D P )-g lu c o s e , th e  b u i ld in g  b lo c k  o f  g ly c o g e n , is  s y n th e s iz e d  f ro m  

g lu c o s e  1 -p h o s p h a te  a n d  U T P  b y  U D P -glucose pyrophosphorylase  (F ig . 

1 1 .1 4 ). G lu c o s e  f ro m  U D P -g lu c o s e  is  t r a n s f e r r e d  to  th e  n o n re d u c in g  e n d s  

o f  g ly c o g e n  c h a in s  b y  p r im e r - re q u ir in g  glycogen synthase, w h ic h  m a k e s  

th e  a ( 1 ^ 4 )  l in k a g e s . T h e  p r im e r  is  m a d e  b y  glycogenin. B ra n c h e s  a re  

fo rm e d  b y  a m y lo -a (1 ^ 4 )^ a (1 ^ 6 )-tra n sg ly c o sy la se  (a  4:6  transferase), 
w h ic h  tr a n s fe r s  a  s e t  o f  s ix  to  e ig h t  g lu c o s y l  r e s id u e s  f ro m  th e  n o n re d u c in g  

e n d  o f  th e  g ly c o g e n  c h a in  (b re a k in g  a n  a ( 1 ^ 4 )  l in k a g e ) ,  a n d  m a k in g  a n  

a ( 1 ^ 6 )  l in k a g e  to  a n o th e r  re s id u e  in  th e  c h a in . P y r id o x a l  

p h o s p h a te - r e q u i r in g  glycogen phosphorylase  c le a v e s  th e  a ( 1 ^ 4 )  b o n d s  

b e tw e e n  g lu c o s y l  r e s id u e s  a t  th e  n o n re d u c in g  e n d s  o f  th e  g ly c o g e n  c h a in s , 

p ro d u c in g  g lu c o s e  1 -p h o s p h a te .  T h is  s e q u e n t ia l  d e g ra d a t io n  c o n t in u e s  u n ti l  

fo u r  g lu c o s y l  u n its  r e m a in  b e fo re  a  b r a n c h  p o in t . T h e  r e s u l t in g  s tru c tu re  is  

c a l le d  a  l im i t  d e x tr in  th a t  is  d e g ra d e d  b y  th e  b ifu n c t io n a l  d e b ra n c h in g  

e n z y m e . O lig o -a (1 ^ 4 )^ a (1 ^ 4 )-g lu c a n tra n sfe ra se  (a  4:4 transferase) 
a c t iv i ty  r e m o v e s  th e  o u te r  th re e  o f  th e  fo u r  g lu c o s y l  r e s id u e s  a t  a  b ra n c h  

a n d  tr a n s fe r s  th e m  to  th e  n o n re d u c in g  e n d  o f  a n o th e r  c h a in , w h e re  th e y  c a n  

b e  r e le a s e d  as  g lu c o s e  1 -p h o s p h a te  b y  glycogen ph osphorylase . T h e  

re m a in in g  s in g le  g lu c o s e  r e s id u e  a t ta c h e d  in  a n  a ( 1 ^  6 ) l in k a g e  is  r e m o v e d  

h y d ro ly t ic a l ly  b y  th e  am ylo-a(1 6) g lucosidase  a c t iv i ty  o f  debranching  
enzym e, r e le a s in g  f re e  g lu c o s e . G lu c o s e  1 -p h o s p h a te  is  c o n v e r te d  to  

g lu c o s e  6 -p h o s p h a te  b y  phosphoglucom utase. In  m u s c le ,  g lu c o s e  6- 

p h o s p h a te  e n te rs  g ly c o ly s is .  In  l iv e r , th e  p h o s p h a te  is  r e m o v e d  b y  glucose  
6-phosphatase  (a n  e n z y m e  o f  th e  e n d o p la s m ic  r e t ic u la r  m e m b ra n e ) ,  

r e le a s in g  f re e  g lu c o s e  th a t  c a n  b e  u s e d  to  m a in ta in  b lo o d  g lu c o s e  le v e ls  a t  

th e  b e g in n in g  o f  a  fa s t. A  d e f ic ie n c y  o f  th e  phosphatase  c a u s e s  g ly c o g e n



s to ra g e  d is e a s e  Ia  (v o n  G ie rk e  d is e a s e )  a n d  re s u lts  in  a n  in a b il i ty  o f  th e  

l iv e r  to  p ro v id e  f re e  g lu c o s e  to  th e  b o d y  d u r in g  a  fa s t. I t  a f fe c ts  b o th  

g ly c o g e n  d e g ra d a t io n  a n d  g lu c o n e o g e n e s is .  G ly c o g e n  s y n th e s is  a n d  

d e g ra d a t io n  a re  r e c ip ro c a l ly  r e g u la te d  to  m e e t  w h o le -b o d y  n e e d s  b y  th e  

s a m e  h o rm o n a l  s ig n a ls  (n a m e ly , a n  e le v a te d  in s u l in  le v e l  r e s u lts  in  o v e ra l l  

in c re a s e d  g ly c o g e n e s is  a n d  d e c re a s e d  g ly c o g e n o ly s is ,  w h e re a s  a n  e le v a te d  

g lu c a g o n , o r  e p in e p h r in e , le v e l  c a u s e s  th e  o p p o s ite  e f fe c ts ) .  K e y  e n z y m e s  

a re  p h o s p h o ry la te d  b y  a  f a m ily  o f  protein  kinases, s o m e  o f  w h ic h  a re  

d e p e n d e n t  o n  c y c l ic  a d e n o s in e  m o n o p h o s p h a te  (c A M P ) , a  c o m p o u n d  

in c re a s e d  b y  g lu c a g o n  a n d  e p in e p h r in e . P h o s p h a te  g ro u p s  a re  r e m o v e d  b y  

protein  phosphatase-1  ( a c t iv e  w h e n  its  in h ib i to r  is  in a c tiv e  in  re s p o n s e  to  

e le v a te d  in s u l in  le v e ls ) .  In  a d d i t io n  to  th is  c o v a le n t  r e g u la t io n ,  glycogen  

synthase, ph osphorylase kinase, a n d  phosphorylase  a re  a l lo s te r ic a l ly  

r e g u la te d  to  m e e t  t i s s u e s ’ n e e d s . In  th e  w e l l - f e d  s ta te , glycogen synthase  is  

a c t iv a te d  b y  g lu c o s e  6 -p h o s p h a te ,  b u t  glycogen phosphorylase  is  in h ib i te d  

b y  g lu c o se  6 -p h o s p h a te  a s  w e ll  a s  b y  A T P . In  th e  liv e r ,  f re e  g lu c o se  a lso  

s e rv e s  a s  a n  a l lo s te r ic  in h ib i to r  o f  glycogen ph osphorylase . T h e  r is e  in  

c a lc iu m  in  m u s c le  d u r in g  e x e rc is e  a n d  in  l iv e r  in  r e s p o n s e  to  e p in e p h r in e  

a c t iv a te s  ph osphorylase kinase  b y  b in d in g  to  th e  e n z y m e ’s c a lm o d u l in  

s u b u n it .  T h is  a l lo w s  th e  e n z y m e  to  a c t iv a te  glycogen phosphorylase , 

th e re b y  c a u s in g  g ly c o g e n  d e g ra d a tio n . A M P  a c t iv a te s  glycogen  
phosphorylase (m yophosphorylase) in  m u s c le .



F ig u re  1 1 .1 4  K e y  c o n c e p t  m a p  fo r  g ly c o g e n  m e ta b o l is m  in  th e  l iv e r . [N o te : 

Glycogen phosphorylase  is  p h o s p h o ry la te d  b y  phosphorylase kinase, th e  “b ”

fo rm  o f  w h ic h  c a n  b e  a c t iv a te d  b y  c a lc iu m .]  U D P  a n d  U T P  = u r id in e  d i-  a n d  

tr ip h o s p h a te s ;  P  = p h o s p h a te ;  A M P  = a d e n o s in e  m o n o p h o s p h a te .

Study Questions____________________________

Choose th e  O N E  b e s t  a n s w e r .

o r  Q u e s t io n s  1 1 .1 -1 1 .4 ,  m a tc h  th e  d e f ic ie n t  e n z y m e  to  th e  c l in ic a l  f in d in g  in  

s e le c te d  g ly c o g e n  s to ra g e  d is e a s e s  (G S D ).

C H O IC E G S D D E F IC IE N T  E N Z Y M E

A T y p e  la G lu c o s e  6 -p h o s p h a ta s e

B T y p e  II A c id  m a lta s e

c T y p e  III 4 :4  T ra n s fe ra s e

D T y p e  IV 4 :6  T ra n s fe ra s e

E T y p e  V M y o p h o s p h o ry la s e

F T y p e  V I L iv e r  p h o s p h o ry la s e

1 .1 . E x e rc is e  in to le ra n c e , w i th  n o  r is e  in  b lo o d  la c ta te  d u r in g  e x e rc is e

C o r r e c t  a n s w e r  = E . M y o p h o s p h o ry la s e  ( th e  m u s c le  is o z y m e  o f  g ly c o g e n  

p h o s p h o ry la s e )  d e f ic ie n c y  (o r, M c A rd le  d is e a s e )  p re v e n ts  g ly c o g e n  

d e g ra d a t io n  in  m u s c le ,  d e p r iv in g  m u s c le  o f  g ly c o g e n -d e r iv e d  g lu c o se , 

r e s u lt in g  in  d e c re a s e d  g ly c o ly s is  a n d  its  a n a e ro b ic  p ro d u c t ,  la c ta te .

C o r r e c t  a n s w e r  = D . 4 :6  T ra n s fe ra s e  (b ra n c h in g  e n z y m e )  d e f ic ie n c y  (o r, 

A n d e r s e n  d is e a se ) ,  a  d e f e c t  in  g ly c o g e n  s y n th e s is ,  r e s u lts  in  g ly c o g e n  w ith  

f e w e r  b ra n c h e s  a n d  d e c re a s e d  s o lu b il i ty .

C o r r e c t  a n s w e r  = B . A c id  m a lta s e  [a c id  a ( 1 ^ 4 ) - g l u c o s i d a s e ]  d e f ic ie n c y  

(o r, P o m p e  d is e a s e )  p re v e n ts  d e g ra d a t io n  o f  a n y  g ly c o g e n  b r o u g h t  in to  

ly s o s o m e s .  A  v a r ie ty  o f  t i s s u e s  a re  a f fe c te d , w i th  th e  m o s t  s e v e re  p a th o lo g y



re s u lt in g  f ro m  h e a r t  d a m a g e .

C o r r e c t  a n s w e r  = A . G lu c o s e  6 -p h o s p h a ta s e  d e f ic ie n c y  (o r, v o n  G ie rk e  

d is e a s e )  p re v e n ts  th e  l iv e r  f ro m  re le a s in g  f re e  g lu c o s e  in to  th e  b lo o d , c a u s in g  

s e v e re  fa s t in g  h y p o g ly c e m ia ,  la c t ic  a c id e m ia , h y p e ru r ic e m ia ,  a n d  

h y p e r l ip id e m ia .

1 .2 . F a ta l ,  p ro g re s s iv e  c i r rh o s is  a n d  g ly c o g e n  w ith  lo n g e r - th a n -n o rm a l  o u te r  

c h a in s

1 .3 . G e n e ra l iz e d  a c c u m u la t io n  o f  g ly c o g e n , s e v e re  h y p o to n ia ,  a n d  d e a th  f ro m  

h e a r t  fa i lu re

1 .4 . S e v e re  fa s t in g  h y p o g ly c e m ia ,  la c t ic  a c id e m ia , h y p e ru r ic e m ia ,  a n d  

h y p e r l ip id e m ia

1 .5 . E p in e p h r in e  a n d  g lu c a g o n  h a v e  w h ic h  o n e  o f  th e  fo llo w in g  e f fe c ts  o n  

h e p a t ic  g ly c o g e n  m e ta b o l is m ?

A . B o th  g ly c o g e n  p h o s p h o ry la s e  a n d  g ly c o g e n  s y n th a s e  a re  a c t iv a te d  b y  

p h o s p h o ry la t io n  b u t  a t  s ig n if ic a n t ly  d if f e r e n t  ra te s .

B . G ly c o g e n  p h o s p h o ry la s e  is  in a c t iv a te d  b y  th e  r e s u l t in g  r is e  in  c a lc iu m , 

w h e re a s  g ly c o g e n  s y n th a s e  is  a c t iv a te d .

C . G ly c o g e n  p h o s p h o ry la s e  is  p h o s p h o ry la te d  a n d  a c tiv e , w h e re a s  

g ly c o g e n  s y n th a s e  is  p h o s p h o ry la te d  a n d  in a c tiv e .

D . T h e  n e t  s y n th e s is  o f  g ly c o g e n  is  in c re a s e d .

C o r r e c t  a n s w e r  = C . E p in e p h r in e  a n d  g lu c a g o n  b o th  c a u s e  in c r e a s e d  g ly c o g e n  

d e g ra d a t io n  a n d  d e c re a s e d  s y n th e s is  in  th e  l iv e r  th ro u g h  c o v a le n t  m o d if ic a t io n  

(p h o s p h o ry la t io n )  o f  k e y  e n z y m e s  o f  g ly c o g e n  m e ta b o l is m . G ly c o g e n  

p h o s p h o ry la s e  is  p h o s p h o ry la te d  a n d  a c t iv e  ( “ a ” fo rm ), w h e re a s  g ly c o g e n  

s y n th a s e  is  p h o s p h o ry la te d  a n d  in a c t iv e  ( “b ” fo rm ). G lu c a g o n  d o e s  n o t  c a u s e  a  

r is e  in  c a lc iu m .

1 .6 . In  c o n tra c t in g  s k e le ta l  m u s c le ,  a  s u d d e n  e le v a t io n  o f  th e  s a rc o p la s m ic  

c a lc iu m  c o n c e n tr a t io n  w i l l  r e s u l t  in :

A . a c t iv a t io n  o f  c y c l ic  a d e n o s in e  m o n o p h o s p h a te  ( c A M P ) -d e p e n d e n t  

p ro te in  k in a s e  A .

B . c o n v e r s io n  o f  c A M P  to  A M P  b y  p h o s p h o d ie s te ra s e .

C . d ir e c t  a c t iv a t io n  o f  g ly c o g e n  s y n th a s e  b .



D . d ir e c t  a c t iv a t io n  o f  p h o s p h o ry la s e  k in a s e  b .

E . in a c t iv a t io n  o f  p h o s p h o ry la s e  k in a s e  a  b y  th e  a c t io n  o f  p ro te in  

p h o s p h a ta s e -1 .

C o r r e c t  a n s w e r  = D . C a lc iu m  (C a 2+) re le a s e d  f ro m  th e  s a rc o p la s m ic  r e t ic u lu m  

d u r in g  e x e rc is e  b in d s  to  th e  c a lm o d u l in  s u b u n it  o f  p h o s p h o ry la s e  k in a se , 

th e re b y  a l lo s te r ic a l ly  a c t iv a t in g  th e  d e p h o s p h o ry la te d  “b ” fo rm  o f  th is  e n z y m e . 

T h e  o th e r  c h o ic e s  a re  n o t  c a u s e d  b y  a n  e le v a t io n  o f  c y to s o l ic  C a 2+. [N o te : C a 2+ 

a lso  a c t iv a te s  h e p a t ic  p h o s p h o ry la s e  k in a s e  b .]

1 .7 . E x p la in  w h y  th e  h y p o g ly c e m ia  s e e n  w i th  ty p e  Ia  g ly c o g e n  s to ra g e  d is e a se  

(g lu c o s e  6 -p h o s p h a ta s e  d e f ic ie n c y )  is  s e v e re , w h e re a s  th a t  s e e n  w ith  ty p e  

V I  ( l iv e r  p h o s p h o ry la s e  d e f ic ie n c y )  is  m ild .

W ith  ty p e  Ia , th e  l iv e r  is  u n a b le  to  g e n e ra te  f re e  g lu c o s e  e i th e r  f ro m  

g ly c o g e n o ly s is  o r  g lu c o n e o g e n e s is  b e c a u s e  b o th  p ro c e s s e s  p ro d u c e  g lu c o s e  6- 

p h o s p h a te .  W ith  ty p e  V I, th e  l iv e r  is  s t i l l  a b le  to  p ro d u c e  f re e  g lu c o s e  f ro m  

g lu c o n e o g e n e s is ,  b u t  g ly c o g e n o ly s is  is  in h ib ite d .
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Disaccharide

Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

G lu c o s e  is  th e  m o s t  c o m m o n  m o n o s a c c h a r id e  c o n s u m e d  b y  h u m a n s , a n d  its  

m e ta b o l is m  h a s  a lre a d y  b e e n  d is c u s s e d . T w o  o th e r  m o n o s a c c h a r id e s ,  f ru c to s e  

a n d  g a la c to s e , a lso  o c c u r  in  s ig n if ic a n t  a m o u n ts  in  th e  d ie t  (p r im a r ily  in  

d is a c c h a r id e s )  a n d  m a k e  im p o r ta n t  c o n tr ib u t io n s  to  e n e rg y  m e ta b o l is m . In  

a d d i tio n , g a la c to s e  is  a n  im p o r ta n t  c o m p o n e n t  o f  g ly c o s y la te d  p ro te in s .  F ig u re  

1 2 .1  s h o w s  th e  m e ta b o l is m  o f  f ru c to s e  a n d  g a la c to s e  as  p a r t  o f  th e  e s s e n t ia l  

p a th w a y s  o f  e n e rg y  m e ta b o l is m .
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F ig u re  1 2 .1  G a la c to s e  a n d  f ru c to s e  m e ta b o l is m  as  p a r t  o f  th e  e s s e n t ia l  p a th w a y s  

o f  e n e rg y  m e ta b o l is m . [N o te : S e e  F ig . 8 .2 , p . 9 2 , fo r  a  m o re  d e ta i le d  m a p  o f  

m e ta b o l is m .]  U D P  = u r id in e  d ip h o s p h a te ;  P  = p h o s p h a te .

II. FRUCTOSE METABOLISM

A b o u t  1 0 %  o f  th e  c a lo r ie s  in  th e  W e s te rn  d ie t  a re  s u p p lie d  b y  f ru c to s e  (~ 5 5  

g /d a y ) . T h e  m a jo r  s o u rc e  o f  f ru c to s e  is  th e  d is a c c h a r id e  s u c ro s e , w h ic h , w h e n  

c le a v e d  in  th e  in te s t in e , r e le a s e s  e q u im o la r  a m o u n ts  o f  f ru c to s e  a n d  g lu c o se . 

F ru c to s e  is  a lso  fo u n d  a s  a  f re e  m o n o s a c c h a r id e  in  m a n y  f ru its ,  in  h o n e y , a n d  in  

h ig h - f ru c to s e  c o rn  s y ru p  ( ty p ic a l ly ,  5 5 %  f ru c to s e  a n d  4 5 %  g lu c o se ) ,  w h ic h  is  

u s e d  to  s w e e te n  s o f t  d r in k s  a n d  m a n y  fo o d s  ( s e e  p . 3 6 4 ) . F ru c to s e  t r a n s p o r t  in to  

c e lls  is  n o t  in s u l in  d e p e n d e n t  (u n lik e  th a t  o f  g lu c o s e  in to  c e r ta in  t is s u e s ;  s e e  p . 

9 7 ) , a n d , in  c o n t r a s t  to  g lu c o se , f ru c to s e  d o e s  n o t  p ro m o te  th e  s e c re t io n  o f  

in s u lin .

A. Phosphorylation
F o r  f ru c to s e  to  e n te r  th e  p a th w a y s  o f  in te rm e d ia ry  m e ta b o l is m , i t  m u s t  f ir s t  

b e  p h o s p h o ry la te d  (F ig . 1 2 .2 ). T h is  c a n  b e  a c c o m p lis h e d  b y  e i th e r  

hexokinase  o r  fructokinase. H exokinase  p h o s p h o ry la te s  g lu c o s e  in  m o s t  

c e lls  o f  th e  b o d y  (s e e  p . 9 8 ) , a n d  s e v e ra l  a d d i t io n a l  h e x o s e s  c a n  s e rv e  as  

s u b s t ra te s  fo r  th is  e n z y m e . H o w e v e r ,  i t  h a s  a  lo w  a f f in i ty  ( th a t  is , a  h ig h  

M ic h a e lis  c o n s ta n t  [K m]; s e e  p . 5 9 ) fo r  f ru c to s e . T h e re fo re ,  u n le s s  th e  

in t r a c e l lu la r  c o n c e n tra t io n  o f  f ru c to s e  b e c o m e s  u n u s u a l ly  h ig h , th e  n o rm a l  

p r e s e n c e  o f  s a tu ra t in g  c o n c e n tra t io n s  o f  g lu c o s e  m e a n s  th a t  l i t t le  f ru c to s e  is  

p h o s p h o ry la te d  b y  hexokinase. F ructokinase  p ro v id e s  th e  p r im a ry  

m e c h a n is m  fo r  f ru c to s e  p h o s p h o ry la t io n  ( s e e  F ig . 1 2 .2 ). T h e  e n z y m e  h a s  a  

lo w  K m fo r  f ru c to s e  a n d  a  h ig h  V max ( [m a x im a l  v e lo c ity ]  s e e  p . 5 7 ). I t  is  

fo u n d  in  th e  l iv e r  (w h ic h  p ro c e s s e s  m o s t  o f  th e  d ie ta ry  f ru c to s e ) ,  k id n e y s , 

a n d  th e  s m a l l  in te s t in e  a n d  c o n v e r ts  f ru c to s e  to  f ru c to s e  1 -p h o s p h a te ,  u s in g  

A T P  a s  th e  p h o s p h a te  d o n o r . [N o te : T h e s e  th re e  t i s s u e s  a lso  c o n ta in  

aldolase B, d is c u s s e d  in  s e c t io n  B .]





F ig u re  1 2 .2  F ru c to s e  p h o s p h o ry la t io n  p ro d u c ts  a n d  th e ir  c le a v a g e . =  p h o s p h a te ;  

A D P  = a d e n o s in e  d ip h o s p h a te .

B. Fructose 1-phosphate cleavage
F ru c to s e  1 -p h o s p h a te  is  n o t  p h o s p h o ry la te d  to  f ru c to s e  1 ,6 - b is p h o s p h a te  as 

is  f ru c to s e  6 -p h o s p h a te  ( s e e  p . 9 9 )  b u t  is  c le a v e d  b y  aldolase B  (a lso  c a l le d  

fructose 1-phosphate aldolase) to  tw o  tr io se s ,  d ih y d ro x y a c e to n e  p h o s p h a te  

(D H A P )  a n d  g ly c e ra ld e h y d e .  [N o te : H u m a n s  e x p re s s  th re e  aldolase  
is o z y m e s  ( th e  p ro d u c ts  o f  th re e  d if f e re n t  g e n e s ) :  aldolase A  in  m o s t  tis su e s ; 

aldolase B  in  th e  l iv e r , k id n e y s , a n d  s m a l l  in te s t in e ;  a n d  aldolase C  in  th e  

b ra in .  A l l  c le a v e  f ru c to s e  1 ,6 -b is p h o s p h a te  p ro d u c e d  d u r in g  g ly c o ly s is  to  

D H A P  a n d  g ly c e ra ld e h y d e  3 -p h o s p h a te  ( s e e  p . 1 0 1 ), b u t  o n ly  aldolase B  
c le a v e s  f ru c to s e  1 -p h o s p h a te .]  D H A P  c a n  b e  u s e d  in  g ly c o ly s is  o r  

g lu c o n e o g e n e s is ,  w h e re a s  g ly c e ra ld e h y d e  c a n  b e  m e ta b o l iz e d  b y  a  n u m b e r  

o f  p a th w a y s , a s  i l lu s tr a te d  in  F ig u re  1 2 .3 .



F ig u re  1 2 .3  S u m m a ry  o f  f ru c to s e  m e ta b o l is m . P  =  p h o s p h a te ;  P i =  in o rg a n ic

p h o s p h a te ;  N A D (H )  =  n ic o t in a m id e  a d e n in e  d in u c le o t id e ;  A D P  =  a d e n o s in e  

d ip h o s p h a te .

C. Kinetics
T h e  ra te  o f  f ru c to s e  m e ta b o l is m  is  m o re  r a p id  th a n  th a t  o f  g lu c o se  b e c a u s e  

t r io s e  p ro d u c t io n  f ro m  f ru c to s e  1 -p h o s p h a te  b y p a s s e s  

phosphofructokm ase-1, th e  m a jo r  r a te - l im it in g  s te p  in  g ly c o ly s is  (s e e  p. 

9 9 ).

D. Disorders
A  d e f ic ie n c y  o f  o n e  o f  th e  k e y  e n z y m e s  r e q u i re d  fo r  th e  e n try  o f  f ru c to s e  

in to  m e ta b o l ic  p a th w a y s  c a n  r e s u l t  in  e i th e r  a  b e n ig n  c o n d i t io n  a s  a  r e s u l t  o f  

fructokinase  d e f ic ie n c y  (e s s e n tia l  f ru c to s u r ia )  o r  a  s e v e re  d is tu rb a n c e  o f



l iv e r  a n d  k id n e y  m e ta b o l is m  a s  a  r e s u l t  o f  aldolase B  d e f ic ie n c y  (h e re d i ta ry  

f ru c to s e  in to le ra n c e  [H F I]) , w h ic h  o c c u rs  in  ~ 1 :2 0 ,0 0 0  liv e  b ir th s  (s e e  F ig . 

1 2 .3 ). T h e  f i r s t  s y m p to m s  o f  H F I  a p p e a r  w h e n  a  b a b y  is  w e a n e d  f ro m  

la c to s e -c o n ta in in g  m i lk  a n d  b e g in s  in g e s t in g  fo o d  c o n ta in in g  s u c ro s e  o r  

f ru c to s e . F ru c to s e  1 -p h o s p h a te  a c c u m u la te s ,  r e s u l t in g  in  a  d ro p  in  th e  le v e l  

o f  in o rg a n ic  p h o s p h a te  (P j) a n d , th e re fo re ,  o f  A T P  p ro d u c t io n .  A s  A T P

fa lls , a d e n o s in e  m o n o p h o s p h a te  (A M P )  r is e s . T h e  A M P  is  d e g ra d e d , 

c a u s in g  h y p e ru r ic e m ia  (a n d  la c tic  a c id e m ia ; s e e  p . 2 9 9 ) . T h e  d e c re a s e d  

a v a i la b i l i ty  o f  h e p a t ic  A T P  d e c re a s e s  g lu c o n e o g e n e s is  ( c a u s in g  

h y p o g ly c e m ia  w i th  v o m it in g )  a n d  p ro te in  s y n th e s is  ( c a u s in g  a  d e c re a s e  in  

b lo o d -c lo t t in g  fa c to rs  a n d  o th e r  e s s e n t ia l  p ro te in s ) .  R e n a l  r e a b s o rp t io n  o f  P i

is  a lso  d e c re a s e d . [N o te : T h e  d ro p  in  P i a lso  in h ib i ts  g ly c o g e n o ly s is  (s e e  p .

1 2 8 ) .]  D ia g n o s is  o f  H F I  c a n  b e  m a d e  o n  th e  b a s is  o f  f ru c to s e  in  th e  u r in e , 

e n z y m e  a s s a y  u s in g  l iv e r  c e lls ,  o r  b y  D N A -b a s e d  te s t in g  (s e e  C h a p te r  3 4 ). 

W ith  H F I , s u c ro s e , a s  w e l l  as  f ru c to s e , m u s t  b e  r e m o v e d  f ro m  th e  d ie t  to  

p r e v e n t  l iv e r  fa i lu re  a n d  p o s s ib le  d e a th . [N o te : I n d iv id u a ls  w ith  H F I  d is p la y  

a n  a v e r s io n  to  s w e e ts  a n d , c o n s e q u e n t ly ,  h a v e  a n  a b s e n c e  o f  d e n ta l  c a r ie s .]

E. Mannose conversion to fructose 6-phosphate
M a n n o s e , th e  C -2  e p im e r  o f  g lu c o s e  (s e e  p . 8 4 ) , is  a n  im p o r ta n t  c o m p o n e n t  

o f  g ly c o p ro te in s  ( s e e  p . 1 6 6 ). H exokinase  p h o s p h o ry la te s  m a n n o se , 

p ro d u c in g  m a n n o s e  6 -p h o s p h a te ,  w h ic h , in  tu rn , is  r e v e r s ib ly  is o m e r iz e d  to  

f ru c to s e  6 -p h o s p h a te  b y  phosphom annose isom erase. [N o te : M o s t  

in t r a c e l lu la r  m a n n o s e  is  s y n th e s iz e d  f ro m  f ru c to s e  o r  is  p re e x is t in g  

m a n n o s e  p ro d u c e d  b y  th e  d e g ra d a t io n  o f  g ly c o p ro te in s  a n d  s a lv a g e d  b y  

hexokinase. D ie ta ry  c a rb o h y d ra te s  c o n ta in  l i t t le  m a n n o s e .]

F. Glucose conversion to fructose via sorbitol
M o s t s u g a rs  a re  r a p id ly  p h o s p h o ry la te d  fo llo w in g  th e ir  e n try  in to  c e lls . 

T h e re fo re ,  th e y  a re  t r a p p e d  w ith in  th e  c e lls ,  b e c a u s e  o rg a n ic  p h o s p h a te s  

c a n n o t  f re e ly  c ro s s  m e m b ra n e s  w i th o u t  s p e c if ic  tr a n s p o r te r s .  A n  a l te rn a te  

m e c h a n is m  fo r  m e ta b o l iz in g  a  m o n o s a c c h a r id e  is  to  c o n v e r t  i t  to  a  p o ly o l  

( s u g a r  a lc o h o l)  b y  th e  r e d u c t io n  o f  a n  a ld e h y d e  g ro u p , th e re b y  p ro d u c in g  a n  

a d d i t io n a l  h y d ro x y l  g ro u p .



1. S o rb ito l  s y n th e s is :  A ldose reductase  r e d u c e s  g lu c o se , p ro d u c in g  s o rb i to l  

(o r, g lu c ito l;  F ig . 1 2 .4 ), b u t  th e  K m is  h ig h . T h is  e n z y m e  is  fo u n d  in

m a n y  tis s u e s ,  in c lu d in g  th e  re t in a , le n s , k id n e y s , p e r ip h e ra l  n e rv e s ,  

o v a r ie s ,  a n d  s e m in a l  v e s ic le s .  A  s e c o n d  e n z y m e , sorbito l dehydrogenase, 
c a n  o x id iz e  s o rb i to l  to  f ru c to s e  in  c e lls  o f  th e  l iv e r , o v a r ie s ,  a n d  s e m in a l  

v e s ic le s  (s e e  F ig . 1 2 .4 ). T h e  tw o - r e a c t io n  p a th w a y  f ro m  g lu c o s e  to  

f ru c to s e  in  th e  s e m in a l  v e s ic le s  b e n e f i ts  s p e rm  c e lls ,  w h ic h  u s e  f ru c to s e  

as  a  m a jo r  c a rb o h y d ra te  e n e rg y  s o u rc e . T h e  p a th w a y  f ro m  s o rb i to l  to  

f ru c to s e  in  th e  l iv e r  p ro v id e s  a  m e c h a n is m  b y  w h ic h  a n y  a v a i la b le  

s o rb i to l  is  c o n v e r te d  in to  a  s u b s t r a te  th a t  c a n  e n te r  g ly c o ly s is .
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F ig u re  1 2 .4  S o rb ito l  m e ta b o l is m . N A D (H )  = n ic o t in a m id e  a d e n in e  d in u c le o t id e ;

N A D P (H )  = n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te .

2. H y p e rg ly c e m ia  a n d  s o rb i to l  m e ta b o lis m : B e c a u s e  in s u l in  is  n o t  r e q u ire d  

fo r  th e  e n try  o f  g lu c o s e  in to  c e lls  o f  th e  re t in a , le n s , k id n e y s , a n d  

p e r ip h e ra l  n e rv e s ,  la rg e  a m o u n ts  o f  g lu c o s e  m a y  e n te r  th e s e  c e l ls  d u r in g  

t im e s  o f  h y p e rg ly c e m ia  ( fo r  e x a m p le , in  u n c o n t ro l le d  d ia b e te s ) .  E le v a te d  

in t r a c e l lu la r  g lu c o s e  c o n c e n tra t io n s  a n d  a n  a d e q u a te  s u p p ly  o f  re d u c e d  

n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te  (N A D P H )  c a u s e  aldose  
reductase  to  p ro d u c e  a  s ig n if ic a n t  in c re a s e  in  th e  a m o u n t  o f  s o rb ito l ,  

w h ic h  c a n n o t  p a s s  e f f ic ie n t ly  th ro u g h  c e l l  m e m b ra n e s  a n d , th e re fo re ,  

r e m a in s  t r a p p e d  in s id e  th e  c e l l  ( s e e  F ig . 1 2 .4 ). T h is  is  e x a c e rb a te d  w h e n  

sorbito l dehydrogenase  is  lo w  o r  a b s e n t  ( fo r  e x a m p le , in  c e l ls  o f  th e  

re t in a , le n s , k id n e y s , a n d  p e r ip h e ra l  n e rv e s ) .  A s  a  re s u lt ,  s o rb i to l  

a c c u m u la te s  in  th e s e  c e lls ,  c a u s in g  s tro n g  o s m o tic  e f fe c ts  a n d  c e l l  

s w e ll in g  d u e  to  w a te r  in f lu x  a n d  r e te n tio n . S o m e  o f  th e  p a th o lo g ic  

a l te ra t io n s  a s s o c ia te d  w i th  d ia b e te s  c a n  b e  p a r t ly  a t t r ib u te d  to  th is  

o s m o tic  s tre s s , in c lu d in g  c a ta ra c t  fo rm a tio n , p e r ip h e ra l  n e u ro p a th y ,  a n d  

m ic ro v a s c u la r  p ro b le m s  le a d in g  to  n e p h ro p a th y  a n d  r e t in o p a th y  (s e e  p . 

3 4 5 ) . [N o te : U s e  o f  N A D P H  in  th e  aldose reductase  r e a c t io n  d e c re a s e s  

th e  g e n e ra t io n  o f  r e d u c e d  g lu ta th io n e , a n  im p o r ta n t  a n t io x id a n t  (s e e  p . 

1 4 8 ), a n d  m a y  b e  re la te d  to  d ia b e tic  c o m p lic a tio n s .]

III. GALACTOSE METABOLISM

T h e  m a jo r  d ie ta ry  s o u rc e  o f  g a la c to s e  is  la c to s e  (g a la c to s y l  p -1 ,4 -g lu c o s e )  

o b ta in e d  f ro m  m i lk  a n d  m ilk  p ro d u c ts .  [N o te : T h e  d ig e s t io n  o f  la c to s e  b y  fi- 
galactosidase (lactase) o f  th e  in te s t in a l  m u c o s a l  c e ll  m e m b ra n e  w a s  d is c u s s e d  

o n  p . 8 7 .]  S o m e  g a la c to s e  c a n  a lso  b e  o b ta in e d  b y  ly s o s o m a l d e g ra d a t io n  o f  

g ly c o p ro te in s  a n d  g ly c o lip id s .  L ik e  f ru c to s e  ( a n d  m a n n o s e ) ,  th e  t r a n s p o r t  o f  

g a la c to s e  in to  c e l ls  is  n o t  in s u l in  d e p e n d e n t.

A. Phosphorylation
L ik e  f ru c to s e , g a la c to s e  m u s t  b e  p h o s p h o ry la te d  b e fo re  i t  c a n  b e  fu r th e r



m e ta b o l iz e d .  M o s t  t i s s u e s  h a v e  a  s p e c if ic  e n z y m e  fo r  th is  p u rp o s e , 

galactokinase, w h ic h  p ro d u c e s  g a la c to s e  1 -p h o s p h a te  (F ig . 1 2 .5 ). A s  w ith  

o th e r  kinases, A T P  is  th e  p h o s p h a te  d o n o r .

F ig u re  1 2 .5  M e ta b o lis m  o f  g a la c to s e . U D P  a n d  U T P  =  u r id in e  d i-  a n d  

t r ip h o s p h a te s ;  P  =  p h o s p h a te ;  P P t =  p y ro p h o s p h a te ;  N A D P (H )  =  n ic o tin a m id e  

a d e n in e  d in u c le o t id e  p h o s p h a te ;  A D P  =  a d e n o s in e  d ip h o s p h a te .

B. Uridine diphosphate-galactose formation
G a la c to s e  1 -p h o s p h a te  c a n n o t  e n te r  th e  g ly c o ly t ic  p a th w a y  u n le s s  i t  is  f ir s t  

c o n v e r te d  to  u r id in e  d ip h o s p h a te  (U D P )-g a la c to s e  (F ig . 1 2 .6 ). T h is  o c c u rs  

in  a n  e x c h a n g e  r e a c tio n , in  w h ic h  U D P -g lu c o s e  r e a c ts  w i th  g a la c to s e  1- 

p h o s p h a te ,  p ro d u c in g  U D P -g a la c to s e  a n d  g lu c o se  1 -p h o s p h a te  (s e e  F ig . 

1 2 .5 ). T h e  r e a c t io n  is  c a ta ly z e d  b y  galactose 1-phosphate  
uridylyltransferase (GALT). [N o te : T h e  g lu c o se  1 -p h o s p h a te  p ro d u c t  c a n  

b e  is o m e r iz e d  to  g lu c o s e  6 -p h o s p h a te ,  w h ic h  c a n  e n te r  g ly c o ly s is  o r  b e  

d e p h o s p h o ry la te d .]



F ig u re  1 2 .6  S tru c tu re  o f  U D P -g a la c to s e .  U D P  = u r id in e  d ip h o s p h a te .

C. UDP-galactose conversion to UDP-glucose
F o r  U D P -g a la c to s e  to  e n te r  th e  m a in s tr e a m  o f  g lu c o s e  m e ta b o l is m , i t  m u s t  

f i r s t  b e  is o m e r iz e d  to  its  C -4  e p im e r ,  U D P -g lu c o s e ,  b y  U D P-hexose 4- 
epim erase. T h is  “n e w ” U D P -g lu c o s e  (p ro d u c e d  f ro m  th e  o r ig in a l  U D P -  

g a la c to s e )  c a n  p a r t ic ip a te  in  b io s y n th e t ic  r e a c t io n s  ( fo r  e x a m p le , 

g ly c o g e n e s is )  a s  w e l l  as  in  th e  G A L T  r e a c tio n . [N o te : S e e  F ig . 1 2 .5  fo r  a  

s u m m a ry  o f  th e  in te rc o n v e r s io n s .]

D. UDP-galactose in biosynthetic reactions



U D P -g a la c to s e  c a n  s e rv e  a s  th e  d o n o r  o f  g a la c to s e  u n its  in  a  n u m b e r  o f  

s y n th e t ic  p a th w a y s ,  in c lu d in g  s y n th e s is  o f  la c to s e  (s e e  IV . b e lo w ) , 

g ly c o p ro te in s  (s e e  p . 1 6 6 ), g ly c o lip id s  (s e e  p . 2 1 0 ) , a n d  

g ly c o s a m in o g ly c a n s  (s e e  p . 1 5 8 ). [N o te : I f  g a la c to s e  is  n o t  p ro v id e d  b y  th e  

d ie t  ( fo r  e x a m p le , w h e n  i t  c a n n o t  b e  r e le a s e d  f ro m  la c to s e  o w in g  to  a  la c k  

o f  fi-galactosidase  in  p e o p le  w h o  a re  la c to s e  in to le ra n t) ,  a l l  t is s u e  

r e q u ire m e n ts  fo r  U D P -g a la c to s e  c a n  b e  m e t  b y  th e  a c t io n  o f  U D P-hexose  
4-epim erase  o n  U D P -g lu c o s e ,  w h ic h  is  e f f ic ie n t ly  p ro d u c e d  f ro m  g lu c o s e  

1 -p h o s p h a te  a n d  u r id in e  t r ip h o s p h a te  ( s e e  F ig . 1 2 .5 ).]

E. Disorders
G A L T  is  s e v e re ly  d e f ic ie n t  in  in d iv id u a ls  w ith  c la s s ic  g a la c to s e m ia  (se e  

F ig . 1 2 .5 ). In  th is  d is o rd e r ,  g a la c to s e  1 -p h o s p h a te  a n d , th e re fo re ,  g a la c to s e  

a c c u m u la te .  P h y s io lo g ic  c o n s e q u e n c e s  a re  s im ila r  to  th o s e  fo u n d  in  H F I  

( s e e  p . 1 3 8 ), b u t  a  b ro a d e r  s p e c tru m  o f  t i s s u e s  is  a f fe c te d . T h e  a c c u m u la te d  

g a la c to s e  is  s h u n te d  in to  s id e  p a th w a y s  s u c h  as  th a t  o f  g a la c t i to l  p ro d u c t io n . 

T h is  r e a c t io n  is  c a ta ly z e d  b y  aldose reductase, th e  s a m e  e n z y m e  th a t  

r e d u c e s  g lu c o s e  to  s o rb i to l  (s e e  p . 1 3 9 ). G A L T  d e f ic ie n c y  is  p a r t  o f  th e  

n e w b o rn  s c re e n in g  p a n e l .  T re a tm e n t  o f  g a la c to s e m ia  r e q u ire s  r e m o v a l  o f  

g a la c to s e  a n d  la c to s e  f ro m  th e  d ie t. [N o te : D e f ic ie n c ie s  in  galactokinase  
a n d  th e  epim erase  r e s u l t  in  le s s  s e v e re  d is o rd e r s  o f  g a la c to s e  m e ta b o l is m , 

a l th o u g h  c a ta ra c ts  a re  c o m m o n  (s e e  F ig . 1 2 .5 ).]

IV. LACTOSE SYNTHESIS

L a c to s e  is  a  d is a c c h a r id e  th a t  c o n s is ts  o f  a  m o le c u le  o f  p -g a la c to s e  a t ta c h e d  b y  a  

p ( 1 ^ 4 )  l in k a g e  to  g lu c o se . T h e re fo re ,  la c to s e  is  g a la c to s y l  p ( 1 ^ 4 ) - g l u c o s e .  

B e c a u s e  la c to s e  (m ilk  s u g a r )  is  m a d e  b y  la c ta t in g  (m ilk -p ro d u c in g )  m a m m a ry  

g la n d s , m i lk  a n d  o th e r  d a iry  p ro d u c ts  a re  th e  d ie ta ry  s o u rc e s  o f  la c to s e . L a c to s e  

is  s y n th e s iz e d  in  th e  G o lg i  b y  lactose synthase (U D P-galactose:glucose  
galactosyltransférase), w h ic h  tr a n s fe r s  g a la c to s e  f ro m  U D P -g a la c to s e  to  

g lu c o se , r e le a s in g  U D P  (F ig . 1 2 .7 ). T h is  e n z y m e  is  c o m p o s e d  o f  tw o  p ro te in s ,  A  

a n d  B . P ro te in  A  is  a  fi-D -galactosyltransferase  a n d  is  fo u n d  in  a  n u m b e r  o f  

b o d y  tis s u e s .  In  t i s s u e s  o th e r  th a n  th e  la c ta t in g  m a m m a ry  g la n d , th is  e n z y m e  

tr a n s fe r s  g a la c to s e  f ro m  U D P -g a la c to s e  to  N -a c e ty l-D-g lu c o s a m in e ,  fo rm in g  th e



s a m e  p ( 1 ^ 4 )  l in k a g e  fo u n d  in  la c to s e , a n d  p ro d u c in g  N -a c e ty l la c to s a m in e ,  a  

c o m p o n e n t  o f  th e  s t ru c tu ra l ly  im p o r ta n t  N - l in k e d  g ly c o p ro te in s  (s e e  p . 1 6 7 ). In  

c o n tra s t ,  p ro te in  B  is  fo u n d  o n ly  in  la c ta t in g  m a m m a ry  g la n d s . I t  is  a -  

la c ta lb u m in ,  a n d  its  s y n th e s is  is  s t im u la te d  b y  th e  p e p t id e  h o rm o n e  p ro la c tin .  

P ro te in  B  fo rm s  a  c o m p le x  w ith  th e  e n z y m e , p ro te in  A , c h a n g in g  th e  s p e c if ic i ty  

o f  th a t  transferase  (b y  d e c re a s in g  th e  K m fo r  g lu c o s e )  so  th a t  la c to s e , r a th e r  th a n

N -a c e ty l la c to s a m in e ,  is  p ro d u c e d  (s e e  F ig . 1 2 .7 ).



p-D-Galactosyltransferase 
(protein A)
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(protein B)

UDP-galactose:glucose 
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(lactose synthase)

Lactose

p-Galactose Glucose
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V. CHAPTER SUMMARY

T h e  m a jo r  s o u rc e  o f  f ru c to s e  is  th e  d is a c c h a r id e  s u c ro s e , w h ic h , w h e n  

c le a v e d , r e le a s e s  e q u im o la r  a m o u n ts  o f  f ru c to s e  a n d  g lu c o s e  (F ig . 1 2 .8 ). 

T ra n s p o r t  o f  f ru c to s e  in to  c e l ls  is  in s u l in  in d e p e n d e n t.  F ru c to s e  is  f ir s t  

p h o s p h o ry la te d  to  f ru c to s e  1 -p h o s p h a te  b y  fructokinase  a n d  th e n  c le a v e d  

b y  aldolase B  to  d ih y d ro x y a c e to n e  p h o s p h a te  a n d  g ly c e ra ld e h y d e .  T h e s e  

e n z y m e s  a re  fo u n d  in  th e  liv e r , k id n e y s , a n d  s m a l l  in te s t in e . A  d e f ic ie n c y  

o f  fructokinase  c a u s e s  a  b e n ig n  c o n d i t io n  ( e s s e n t ia l  f ru c to s u r ia ) ,  w h e re a s  a  

d e f ic ie n c y  o f  aldolase B  c a u s e s  h e re d i ta ry  f ru c to s e  in to le ra n c e  (H F I) , in  

w h ic h  s e v e re  h y p o g ly c e m ia  a n d  l iv e r  f a i lu re  le a d  to  d e a th  if  f ru c to s e  (a n d  

s u c ro s e )  is  n o t  r e m o v e d  f ro m  th e  d ie t. M a n n o s e , a n  im p o r ta n t  c o m p o n e n t  

o f  g ly c o p ro te in s ,  is  p h o s p h o ry la te d  b y  hexokinase  to  m a n n o s e  6- 

p h o s p h a te ,  w h ic h  is  r e v e r s ib ly  is o m e r iz e d  to  f ru c to s e  6 -p h o s p h a te  b y  

phosphom annose isom erase. G lu c o s e  c a n  b e  r e d u c e d  to  s o rb i to l  (g lu c ito l)  

b y  aldose reductase  in  m a n y  t is s u e s ,  in c lu d in g  th e  le n s , r e t in a ,  p e r ip h e ra l  

n e rv e s ,  k id n e y s , o v a r ie s ,  a n d  s e m in a l  v e s ic le s .  In  th e  l iv e r , o v a r ie s ,  a n d  

s e m in a l  v e s ic le s ,  a  s e c o n d  e n z y m e , sorbito l dehydrogenase, c a n  o x id iz e  

s o rb i to l  to  p ro d u c e  f ru c to s e . H y p e rg ly c e m ia  r e s u lts  in  th e  a c c u m u la t io n  o f  

s o rb i to l  in  th o s e  c e l ls  la c k in g  sorbitol dehydrogenase . T h e  re s u lt in g  

o s m o tic  e v e n ts  c a u s e  c e l l  s w e ll in g  a n d  m a y  c o n tr ib u te  to  th e  c a ta ra c t  

fo rm a tio n , p e r ip h e ra l  n e u ro p a th y ,  n e p h ro p a th y ,  a n d  r e t in o p a th y  s e e n  in  

d ia b e te s .  T h e  m a jo r  d ie ta ry  s o u rc e  o f  g a la c to s e  is  la c to s e . T h e  t r a n s p o r t  o f  

g a la c to s e  in to  c e l ls  is  in s u l in  in d e p e n d e n t .  G a la c to s e  is  f i r s t  p h o s p h o ry la te d  

b y  galactokinase  (a  d e f ic ie n c y  r e s u lts  in  c a ta ra c ts )  to  g a la c to s e  1- 

p h o s p h a te .  T h is  c o m p o u n d  is  c o n v e r te d  to  u r id in e  d ip h o s p h a te  (U D P )-  

g a la c to s e  b y  galactose 1-phosphate uridylyltransferase (GALT), w i th  th e  

n u c le o t id e  s u p p lie d  b y  U D P -g lu c o s e .  A  d e f ic ie n c y  o f  th is  e n z y m e  c a u s e s  

c la s s ic  g a la c to s e m ia .  G a la c to s e  1 -p h o s p h a te  a c c u m u la te s ,  a n d  e x c e s s  

g a la c to s e  is  c o n v e r te d  to  g a la c t i to l  b y  aldose reductase . T h is  c a u s e s  l iv e r  

d a m a g e , b r a in  d a m a g e , a n d  c a ta ra c ts .  T re a tm e n t  r e q u ire s  re m o v a l  o f  

g a la c to s e  ( a n d  la c to s e )  f ro m  th e  d ie t. F o r  U D P -g a la c to s e  to  e n te r  th e  

m a in s tr e a m  o f  g lu c o s e  m e ta b o l is m , i t  m u s t  f i r s t  b e  is o m e r iz e d  to  U D P -  

g lu c o s e  b y  U D P-hexose 4-epim erase. T h is  e n z y m e  c a n  a lso  b e  u s e d  to  

p ro d u c e  U D P -g a la c to s e  f ro m  U D P -g lu c o s e  w h e n  th e  fo rm e r  is  r e q u ire d  fo r



g ly c o p ro te in  a n d  g ly c o l ip id  s y n th e s is .  L a c to s e  is  a  d is a c c h a r id e  o f  

g a la c to s e  a n d  g lu c o se . M ilk  a n d  o th e r  d a iry  p ro d u c ts  a re  th e  d ie ta ry  s o u rc e s  

o f  la c to s e . L a c to s e  is  s y n th e s iz e d  b y  lactose synthase  f ro m  U D P -g a la c to s e  

a n d  g lu c o s e  in  th e  la c ta t in g  m a m m a ry  g la n d . T h e  e n z y m e  h a s  tw o  s u b u n its ,  

p ro te in  A  (w h ic h  is  a  galactosyltransférase  fo u n d  in  m o s t  c e lls  w h e re  i t  

s y n th e s iz e s  N -a c e ty l la c to s a m in e )  a n d  p ro te in  B  ( a - la c ta lb u m in ,  w h ic h  is  

fo u n d  o n ly  in  la c ta t in g  m a m m a ry  g la n d s , a n d  w h o s e  s y n th e s is  is  s t im u la te d  

b y  th e  p e p t id e  h o rm o n e  p ro la c tin ) .  W h e n  b o th  s u b u n its  a re  p re s e n t ,  th e  

transferase  p ro d u c e s  la c to s e .

F ig u re  1 2 .8  K e y  c o n c e p t  m a p  fo r  m e ta b o l is m  o f  f ru c to s e  a n d  g a la c to s e . G A L T  = 

galactose 1-phosphate uridylyltransferase; U D P  =  u r id in e  d ip h o s p h a te ;  P  = 

p h o s p h a te .

Study Questions

Choose th e  O N E  b e s t  a n s w e r .



2 .1 . A  n u r s in g  fe m a le  w i th  c la s s ic  g a la c to s e m ia  is  o n  a  g a la c to s e - f r e e  d ie t. S h e  

is  a b le  to  p ro d u c e  la c to s e  in  b r e a s t  m i lk  b e c a u se :

A . g a la c to s e  c a n  b e  p ro d u c e d  f ro m  f ru c to s e  b y  is o m e r iz a t io n .

B . g a la c to s e  c a n  b e  p ro d u c e d  f ro m  a  g lu c o s e  m e ta b o l i te  b y  e p im e r iz a tio n .

C . h e x o k in a s e  c a n  e f f ic ie n t ly  p h o s p h o ry la te  g a la c to s e  to  g a la c to s e  1- 

p h o s p h a te .

D . th e  e n z y m e  a f fe c te d  in  g a la c to s e m ia  is  a c t iv a te d  b y  a  h o rm o n e  

p ro d u c e d  in  th e  m a m m a ry  g la n d .

C o r r e c t  a n s w e r  = B . U r id in e  d ip h o s p h a te  (U D P )-g lu c o s e  is  c o n v e r te d  to  U D P -  

g a la c to s e  b y  U D P -h e x o s e  4 -e p im e ra s e ,  th e re b y  p ro v id in g  th e  a p p ro p r ia te  fo rm  

o f  g a la c to s e  fo r  la c to s e  s y n th e s is .  I s o m e r iz a t io n  o f  f ru c to s e  to  g a la c to s e  d o e s  

n o t  o c c u r  in  th e  h u m a n  b o d y . G a la c to s e  is  n o t  c o n v e r te d  to  g a la c to s e  1- 

p h o s p h a te  b y  h e x o k in a s e .  A  g a la c to s e - f r e e  d ie t  p ro v id e s  n o  g a la c to s e . 

G a la c to s e m ia  is  th e  r e s u l t  o f  a n  e n z y m e  (g a la c to s e  1 -p h o s p h a te  

u r id y ly l t r a n s fe ra s e )  d e f ic ie n c y .

2 .2 . A  5 -m o n th -o ld  b o y  is  b r o u g h t  to  h is  p h y s ic ia n  b e c a u s e  o f  v o m itin g , n ig h t  

s w e a ts , a n d  tre m o rs .  H is to ry  r e v e a le d  th a t  th e s e  s y m p to m s  b e g a n  a f te r  f ru i t  

ju ic e s  w e re  in t ro d u c e d  to  h is  d ie t  a s  h e  w a s  b e in g  w e a n e d  o f f  b r e a s t  m ilk . 

T h e  p h y s ic a l  e x a m in a t io n  w a s  r e m a rk a b le  fo r  h e p a to m e g a ly .  T e s ts  o n  th e  

b a b y ’s u r in e  w e re  p o s i t iv e  fo r  re d u c in g  s u g a r  b u t  n e g a t iv e  fo r  g lu c o se . T h e  

in f a n t  m o s t  l ik e ly  s u f fe r s  f ro m  a  d e f ic ie n c y  of:

A . a ld o la s e  B .

B . f ru c to k in a s e .

C . g a la c to k in a s e .

D . p -g a la c to s id a s e .

C o r r e c t  a n s w e r  = A . T h e  s y m p to m s  s u g g e s t  h e re d i ta ry  f ru c to s e  in to le ra n c e , a  

d e f ic ie n c y  in  a ld o la s e  B . D e f ic ie n c ie s  in  f ru c to k in a s e  o r  g a la c to k in a s e  r e s u l t  in  

r e la t iv e ly  b e n ig n  c o n d i t io n s  c h a ra c te r iz e d  b y  e le v a te d  le v e ls  o f  f ru c to s e  o r  

g a la c to s e  in  th e  b lo o d  a n d  u r in e . D e f ic ie n c y  in  p -g a la c to s id a s e  ( la c ta s e )  re s u lts  

in  a  d e c re a s e d  a b i l i ty  to  d e g ra d e  la c to s e  (m ilk  su g a r ) . C o n g e n i ta l  la c ta s e  

d e f ic ie n c y  is  q u ite  r a re  a n d  w o u ld  h a v e  p r e s e n te d  m u c h  e a r l ie r  in  th is  b a b y  

(a n d  w ith  d if f e r e n t  s y m p to m s ) .  T y p ic a l  la c ta s e  d e f ic ie n c y  (a d u l t  h y p o la c ta s ia )  

p re s e n ts  a t  a  la te r  ag e .



2 .3 . L a c to s e  s y n th e s is  is  e s s e n t ia l  in  th e  p r o d u c t io n  o f  m i lk  b y  m a m m a ry  

g la n d s . In  la c to s e  s y n th e s is :

A . g a la c to s e  f ro m  g a la c to s e  1 -p h o s p h a te  is  t r a n s f e r r e d  to  g lu c o s e  b y  

g a la c to s y l tr a n s fe ra s e  (p ro te in  A ) , g e n e ra t in g  la c to s e .

B . p ro te in  A  is  u s e d  e x c lu s iv e ly  in  la c to s e  s y n th e s is .

C . a - la c ta lb u m in  (p ro te in  B ) r e g u la te s  th e  s p e c if ic i ty  o f  p ro te in  A  b y  

d e c re a s in g  its  a f f in i ty  fo r  g lu c o se .

D . p ro te in  B  e x p re s s io n  is  s t im u la te d  b y  p ro la c tin .

C o r r e c t  a n s w e r  = D . a - L a c ta lb u m in  (p ro te in  B ) e x p re s s io n  is  in c re a s e d  b y  th e  

h o rm o n e  p ro la c tin .  U r id in e  d ip h o s p h a te - g a la c to s e  is  th e  fo rm  u s e d  b y  th e  

g a la c to s y l tr a n s fe ra s e  (p ro te in  A ) . P ro te in  A  is  a lso  in v o lv e d  in  th e  s y n th e s is  o f  

th e  a m in o  s u g a r  N -a c e ty l la c to s a m in e .  P ro te in  B  d e c re a s e s  th e  M ic h a e lis  

c o n s ta n t  (K m) a n d , so , in c re a s e s  th e  a f f in i ty  o f  p ro te in  A  fo r  g lu c o se .

2 .4 . A  3 -m o n th -o ld  g ir l  is  d e v e lo p in g  c a ta ra c ts .  O th e r  th a n  n o t  h a v in g  a  s o c ia l  

s m ile  o r  b e in g  a b le  to  t r a c k  o b je c ts  v is u a l ly ,  a l l  o th e r  a s p e c ts  o f  th e  g i r l ’s 

e x a m in a t io n  a re  n o rm a l.  T e s ts  o n  th e  b a b y ’s u r in e  a re  p o s i t iv e  fo r  re d u c in g  

s u g a r  b u t  n e g a t iv e  fo r  g lu c o s e . W h ic h  e n z y m e  is  m o s t  l ik e ly  d e f ic ie n t  in  

th is  g ir l?

A . A ld o la s e  B

B . F ru c to k in a s e

C . G a la c to k in a s e

D . G a la c to s e  1 -p h o s p h a te  u r id y ly l t r a n s fe ra s e

C o r r e c t  a n s w e r  = C . T h e  g ir l  is  d e f ic ie n t  in  g a la c to k in a s e  a n d  is  u n a b le  to  

a p p ro p r ia te ly  p h o s p h o ry la te  g a la c to s e . G a la c to s e  a c c u m u la te s  in  th e  b lo o d  

(a n d  u r in e ) .  In  th e  le n s  o f  th e  e y e , g a la c to s e  is  r e d u c e d  b y  a ld o s e  re d u c ta s e  to  

g a la c ti to l ,  a  s u g a r  a lc o h o l,  w h ic h  c a u s e s  o s m o tic  e f fe c ts  th a t  r e s u l t  in  c a ta ra c t  

fo rm a tio n . D e f ic ie n c y  o f  g a la c to s e  1 -p h o s p h a te  u r id y ly l t r a n s f e r a s e  a lso  re s u lts  

in  c a ta ra c ts  b u t  is  c h a ra c te r iz e d  b y  l iv e r  d a m a g e  a n d  n e u ro lo g ic  e f fe c ts . 

F ru c to k in a s e  d e f ic ie n c y  is  a  b e n ig n  c o n d it io n . A ld o la s e  B  d e f ic ie n c y  is  s e v e re , 

w ith  e f fe c ts  o n  s e v e ra l  t is s u e s .  C a ta ra c ts  a re  n o t  ty p ic a l ly  se e n .
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F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

T h e  p e n to s e  p h o s p h a te  p a th w a y  (o r, h e x o s e  m o n o p h o s p h a te  s h u n t)  o c c u rs  in  th e  

c y to so l .  I t  in c lu d e s  a n  i r r e v e r s ib le  o x id a t iv e  p h a s e , f o l lo w e d  b y  a  s e r ie s  o f  

r e v e r s ib le  s u g a r - p h o s p h a te  in te rc o n v e r s io n s  (F ig . 1 3 .1 ). In  th e  o x id a tiv e  p h a s e , 

c a rb o n  1 o f  a  g lu c o s e  6 -p h o s p h a te  m o le c u le  is  r e le a s e d  a s  c a rb o n  d io x id e  (C O 2), 

a n d  o n e  p e n to s e  s u g a r -p h o s p h a te  p lu s  tw o  r e d u c e d  n ic o t in a m id e  a d e n in e  

d in u c le o t id e  p h o s p h a te s  (N A D P H )  a re  p ro d u c e d . T h e  ra te  a n d  d ir e c t io n  o f  th e  

r e v e r s ib le  r e a c t io n s  a re  d e te rm in e d  b y  th e  s u p p ly  o f  a n d  d e m a n d  fo r  

in te rm e d ia te s  o f  th e  p a th w a y . T h e  p e n to s e  p h o s p h a te  p a th w a y  p ro v id e s  a  m a jo r  

p o r t io n  o f  th e  b o d y ’s N A D P H , w h ic h  fu n c t io n s  a s  a  b io c h e m ic a l  r e d u c ta n t .  I t 

a lso  p ro d u c e s  r ib o s e  5 -p h o s p h a te ,  r e q u ire d  fo r  n u c le o t id e  b io s y n th e s is  ( s e e  p . 

2 9 3 ) , a n d  p ro v id e s  a  m e c h a n is m  fo r  th e  c o n v e r s io n  o f  p e n to s e  s u g a rs  to  tr io s e  

a n d  h e x o s e  in te rm e d ia te s  o f  g ly c o ly s is .  N o  A T P  is  d ire c tly  c o n s u m e d  o r  

p ro d u c e d  in  th e  p a th w a y .
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F ig u re  1 3 .1  P e n to s e  p h o s p h a te  p a th w a y  s h o w n  as  a  c o m p o n e n t  o f  th e  m e ta b o l ic  

m a p . [N o te : S e e  F ig . 8 .2 , p . 9 2  fo r  a  m o re  d e ta i le d  m a p  o f  m e ta b o l is m .]  P  = 

p h o s p h a te ;  D H A P  = d ih y d ro x y a c e to n e  p h o s p h a te .

II. IRREVERSIBLE OXIDATIVE 
REACTIONS

T h e  o x id a t iv e  p o r t io n  o f  th e  p e n to s e  p h o s p h a te  p a th w a y  c o n s is ts  o f  th re e  

i r r e v e r s ib le  r e a c t io n s  th a t  le a d  to  th e  fo rm a t io n  o f  r ib u lo s e  5 -p h o s p h a te ,  C O 2, 

a n d  tw o  m o le c u le s  o f  N A D P H  fo r  e a c h  m o le c u le  o f  g lu c o s e  6 -p h o s p h a te  

o x id iz e d  (F ig . 1 3 .2 ). T h is  p o r t io n  o f  th e  p a th w a y  is  p a r t ic u la r ly  im p o r ta n t  in  th e  

liv e r , la c ta t in g  m a m m a ry  g la n d s , a n d  a d ip o s e  t i s s u e  fo r  th e  N A D P H -d e p e n d e n t  

b io s y n th e s is  o f  f a t ty  a c id s  (s e e  p . 1 8 6 ); in  th e  te s te s , o v a r ie s ,  p la c e n ta ,  a n d  

a d re n a l  c o r te x  fo r  th e  N A D P H -d e p e n d e n t  b io s y n th e s is  o f  s te ro id  h o rm o n e s  (se e  

p . 2 3 7 ); a n d  in  r e d  b lo o d  c e l ls  (R B C )  fo r  th e  N A D P H -d e p e n d e n t  r e d u c t io n  o f  

g lu ta th io n e  (s e e  p . 1 4 8 ).
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F ig u re  1 3 .2  R e a c t io n s  o f  th e  p e n to s e  p h o s p h a te  p a th w a y . E n z y m e s  n u m b e re d  

a b o v e  a re : (1 , 2 ) glucose 6-phosphate dehydrogenase  a n d  6-
phosphogluconolactone hydrolase, (3 )  6-phosphogluconate dehydrogenase, (4 ) 

ribose 5-phosphate isom erase, (5 ) phosphopen tose epim erase, (6 , 8 ) 

transketolase  (c o e n z y m e : th ia m in e  p y ro p h o s p h a te ) ,  a n d  (7 ) transaldolase. A 2C  

=  tw o  c a rb o n s  a re  tr a n s f e r r e d  f ro m  a  k e to s e  d o n o r  to  a n  a ld o s e  a c c e p to r  in  

transketolase  r e a c tio n s ;  A 3 C  =  th re e  c a rb o n s  a re  tr a n s f e r r e d  in  th e  transaldolase  
re a c tio n . T h is  c a n  b e  r e p re s e n te d  as : 5 C  s u g a r  +  5 C  s u g a r  7 C  s u g a r  +  3 C  

s u g a r  4 C  s u g a r  +  6 C  su g a r . N A D P (H )  =  n ic o t in a m id e  a d e n in e  d in u c le o t id e  

p h o s p h a te ;  =  p h o s p h a te ;  C O 2 =  c a rb o n  d io x id e .

A. Glucose 6-phosphate dehydrogenation
G lucose 6-phosphate dehydrogenase (G6PD ) c a ta ly z e s  th e  o x id a t io n  o f  

g lu c o s e  6 -p h o s p h a te  to  6 -p h o s p h o g lu c o n o la c to n e  a s  th e  c o e n z y m e  N A D P +  

g e ts  r e d u c e d  to  N A D P H . T h is  in i t ia l  r e a c t io n  is  th e  c o m m itte d , ra te -  

l im it in g , a n d  r e g u la te d  s te p  o f  th e  p a th w a y . N A D P H  is  a  p o te n t  c o m p e ti t iv e  

in h ib i to r  o f  G6PD, a n d  th e  ra t io  o f  N A D P H /N A D P +  is  s u f f ic ie n t ly  h ig h  to



s u b s ta n t ia l ly  in h ib i t  th e  e n z y m e  u n d e r  m o s t  m e ta b o l ic  c o n d it io n s .  H o w e v e r , 

w ith  in c r e a s e d  d e m a n d  fo r  N A D P H , th e  r a t io  o f  N A D P H /N A D P +  

d e c re a s e s ,  a n d  f lu x  th ro u g h  th e  p a th w a y  in c re a s e s  in  r e s p o n s e  to  th e  

e n h a n c e d  a c t iv i ty  o f  G6PD. [N o te : In s u l in  u p re g u la te s  e x p re s s io n  o f  th e  

g e n e  fo r  G6PD, a n d  f lu x  th ro u g h  th e  p a th w a y  in c re a s e s  in  th e  a b s o rp tiv e  

s ta te  (s e e  p . 3 2 3 ) .]

B. Ribulose 5-phosphate formation
6 -P h o s p h o g lu c o n o la c to n e  is  h y d ro ly z e d  b y  6-phosphogIuconoIactone 
hydrolase  in  th e  s e c o n d  s te p . T h e  o x id a tiv e  d e c a rb o x y la t io n  o f  th e  p ro d u c t ,  

6 -p h o s p h o g lu c o n a te ,  is  c a ta ly z e d  b y  6-phosphogIuconate dehydrogenase. 
T h is  th i rd  i r r e v e r s ib le  s te p  p ro d u c e s  r ib u lo s e  5 -p h o s p h a te  (a  p e n to s e  s u g a r -  

p h o s p h a te ) ,  C O 2 ( f ro m  c a rb o n  1 o f  g lu c o s e ) ,  a n d  a  s e c o n d  m o le c u le  o f  

N A D P H  (se e  F ig . 1 3 .2 ).

III. REVERSIBLE NONOXIDATIVE 
REACTIONS

T h e  n o n o x id a t iv e  r e a c t io n s  o f  th e  p e n to s e  p h o s p h a te  p a th w a y  o c c u r  in  a l l  c e l l  

ty p e s  s y n th e s iz in g  n u c le o t id e s  a n d  n u c le ic  a c id s . T h e s e  r e a c t io n s  c a ta ly z e  th e  

in te r c o n v e r s io n  o f  s u g a rs  c o n ta in in g  th re e  to  s e v e n  c a rb o n s  ( s e e  F ig . 1 3 .2 ). 

T h e s e  r e v e r s ib le  re a c t io n s  p e rm it  r ib u lo s e  5 -p h o s p h a te  (p ro d u c e d  b y  th e  

o x id a tiv e  p o r t io n  o f  th e  p a th w a y )  to  b e  c o n v e r te d  e i th e r  to  r ib o s e  5 -p h o s p h a te  

(n e e d e d  fo r  n u c le o t id e  s y n th e s is ;  s e e  p . 2 9 3 )  o r  to  in te rm e d ia te s  o f  g ly c o ly s is  

( th a t  is , f ru c to s e  6 -p h o s p h a te  a n d  g ly c e ra ld e h y d e  3 -p h o s p h a te ) .  F o r  e x a m p le , 

m a n y  c e lls  th a t  c a r ry  o u t  r e d u c t iv e  b io s y n th e t ic  r e a c t io n s  h a v e  a  g re a te r  n e e d  fo r  

N A D P H  th a n  fo r  r ib o s e  5 -p h o s p h a te .  In  th is  c a se , transketolase  (w h ic h  t r a n s fe r s  

tw o -c a rb o n  u n its  in  a  th ia m in e  p y ro p h o s p h a te  [T P P ] - re q u ir in g  re a c tio n )  a n d  

transaldolase  (w h ic h  tr a n s fe r s  th r e e - c a rb o n  u n its )  c o n v e r t  th e  r ib u lo s e  5- 

p h o s p h a te  p ro d u c e d  a s  a n  e n d  p ro d u c t  o f  th e  o x id a t iv e  p h a s e  to  g ly c e ra ld e h y d e  

3 -p h o s p h a te  a n d  f ru c to s e  6 -p h o s p h a te ,  w h ic h  a re  g ly c o ly t ic  in te rm e d ia te s .  In  

c o n tra s t ,  w h e n  th e  d e m a n d  fo r  r ib o s e  fo r  n u c le o t id e s  a n d  n u c le ic  a c id s  is  g re a te r  

th a n  th e  n e e d  fo r  N A D P H , th e  n o n o x id a t iv e  r e a c t io n s  c a n  p ro v id e  th e  r ib o s e  5- 

p h o s p h a te  f ro m  g ly c e ra ld e h y d e  3 -p h o s p h a te  a n d  f ru c to s e  6 -p h o s p h a te  in  th e



absence of the oxidative steps (Fig. 13.3).

F ig u re  1 3 .3  F o rm a t io n  o f  r ib o s e  5 -p h o s p h a te  f ro m  in te rm e d ia te s  o f  g ly c o ly s is .  P  

= p h o s p h a te ;  D H A P  = d ih y d ro x y a c e to n e  p h o s p h a te .

In  a d d i t io n  to  transketolase, T P P  is  r e q u ire d  b y  th e  m u l t ie n z y m e  

c o m p le x e s  pyruvate dehydrogenase  ( s e e  p . 1 1 0 ), a-ketoglutarate  
dehydrogenase  o f  th e  t r ic a rb o x y lic  a c id  c y c le  (s e e  p . 1 1 2 ), a n d  branched- 
chain a-keto  acid  dehydrogenase  o f  b r a n c h e d -c h a in  a m in o  a c id  c a ta b o lis m  

(s e e  p . 2 6 6 ).



L

IV. NADPH USES

T h e  c o e n z y m e  N A D P H  d if fe r s  f ro m  n ic o t in a m id e  a d e n in e  d in u c le o t id e  (N A D H ) 

o n ly  b y  th e  p r e s e n c e  o f  a  p h o s p h a te  g ro u p  o n  o n e  o f  th e  r ib o s e  u n its  (F ig . 1 3 .4 ). 

T h is  s e e m in g ly  s m a l l  c h a n g e  in  s tru c tu re  a l lo w s  N A D P H  to  in te r a c t  w ith  

N A D P H -s p e c if ic  e n z y m e s  th a t  h a v e  u n iq u e  ro le s  in  th e  c e ll. F o r  e x a m p le , in  th e  

c y to s o l  o f  h e p a to c y te s ,  th e  s te a d y -s ta te  N A D P + /N A D P H  ra t io  is  ~ 0 .1 , w h ic h  

fa v o rs  th e  u s e  o f  N A D P H  in  r e d u c t iv e  b io s y n th e t ic  r e a c tio n s .  T h is  c o n tra s ts  w ith  

th e  h ig h  N A D + /N A D H  ra t io  (~ 1 ,0 0 0 ) ,  w h ic h  fa v o rs  a n  o x id a t iv e  ro le  fo r  N A D + . 

T h is  s e c t io n  s u m m a r iz e s  s o m e  im p o r ta n t  N A D P H -s p e c i f ic  fu n c t io n s  in  r e d u c t iv e  

b io s y n th e s is  a n d  d e to x if ic a t io n  re a c tio n s .



F ig u re  1 3 .4  S tru c tu re  o f  r e d u c e d  n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te  

(N A D P H ).

A. Reductive biosynthesis
L ik e  N A D H , N A D P H  c a n  b e  th o u g h t  o f  a s  a  h ig h -e n e rg y  m o le c u le .  

H o w e v e r ,  th e  e le c tro n s  o f  N A D P H  a re  u s e d  fo r  re d u c t iv e  b io s y n th e s is ,



r a th e r  th a n  fo r  t r a n s fe r  to  th e  e le c tro n  t r a n s p o r t  c h a in  a s  is  s e e n  w i th  N A D H  

(se e  p . 7 4 ). T h u s , in  th e  m e ta b o l ic  t r a n s fo rm a tio n s  o f  th e  p e n to s e  p h o s p h a te  

p a th w a y , p a r t  o f  th e  e n e rg y  o f  g lu c o se  6 -p h o s p h a te  is  c o n s e rv e d  in  

N A D P H , a  m o le c u le  w i th  a  n e g a t iv e  r e d u c t io n  p o te n t ia l  ( s e e  p . 7 6 ), th a t, 

th e re fo re ,  c a n  b e  u s e d  in  r e a c t io n s  r e q u i r in g  a n  e le c tro n  d o n o r , s u c h  a s  fa t ty  

a c id  ( s e e  p . 1 8 6 ), c h o le s te ro l  ( s e e  p . 2 2 1 ) , a n d  s te ro id  h o rm o n e  (s e e  p . 2 3 7 )  

sy n th e s is .

B. Hydrogen peroxide reduction
H y d ro g e n  p e ro x id e  (H 2O 2) is  o n e  o f  a  f a m ily  o f  r e a c t iv e  o x y g e n  s p e c ie s

(R O S )  th a t  a re  fo rm e d  f ro m  th e  p a r t ia l  r e d u c t io n  o f  m o le c u la r  o x y g e n  

( [O 2], F ig . 1 3 .5 A ). T h e s e  c o m p o u n d s  a re  fo rm e d  c o n t in u o u s ly  as

b y p ro d u c ts  o f  a e ro b ic  m e ta b o l is m , th ro u g h  re a c t io n s  w i th  d ru g s  a n d  

e n v iro n m e n ta l  to x in s ,  o r  w h e n  th e  le v e l  o f  a n t io x id a n ts  is  d im in is h e d ,  a ll 

c r e a tin g  th e  c o n d i t io n  o f  o x id a tiv e  s tre s s . T h e s e  h ig h ly  re a c t iv e  o x y g e n  

in te rm e d ia te s  c a n  c a u s e  s e r io u s  c h e m ic a l  d a m a g e  to  D N A , p ro te in s ,  a n d  

u n s a tu r a te d  l ip id s  a n d  c a n  le a d  to  c e ll d e a th . R O S  h a v e  b e e n  im p lic a te d  in  a  

n u m b e r  o f  p a th o lo g ic  p ro c e s s e s ,  in c lu d in g  r e p e r fu s io n  in ju ry , c a n c e r , 

in f la m m a to ry  d is e a se , a n d  a g in g . T h e  c e ll  h a s  s e v e ra l  p ro te c tiv e  

m e c h a n is m s  th a t  m in im iz e  th e  to x ic  p o te n t ia l  o f  th e s e  c o m p o u n d s . [N o te : 

R O S  c a n  a lso  b e  g e n e ra te d  in  th e  k i l l in g  o f  m ic ro b e s  b y  w h ite  b lo o d  c e lls  

(W B C ; se e  D . b e lo w ) .]

F ig u re  1 3 .5  A . F o rm a t io n  o f  re a c t iv e  in te rm e d ia te s  f ro m  o x y g e n . e -  =  e le c tro n s . 

B . A c tio n s  o f  a n t io x id a n t  e n z y m e s . G -S H  =  r e d u c e d  g lu ta th io n e ;  G -S -S -G  = 

o x id iz e d  g lu ta th io n e . [N o te : S e e  F ig . 1 3 .6 B  fo r  th e  r e g e n e ra t io n  o f  G -S H .]

1. E n z y m e s  th a t  c a ta ly z e  a n t io x id a n t  r e a c t io n s  R e d u c e d  g lu ta th io n e  (G -



S H ), a  tr ip e p t id e - th io l  (Y -g lu ta m y lc y s te in y lg ly c in e )  p r e s e n t  in  m o s t  c e lls , 

c a n  c h e m ic a l ly  d e to x ify  H 2O 2 (F ig . 1 3 .5 B ). T h is  re a c tio n , c a ta ly z e d  b y  

th e  s e le n o p ro te in  (s e e  p . 4 0 7 )  glu tath ione peroxidase, fo rm s  o x id iz e d  

g lu ta th io n e  (G -S -S -G ) , w h ic h  n o  lo n g e r  h a s  p ro te c t iv e  p ro p e r t ie s .  T h e  

c e ll  r e g e n e ra te s  G -S H  in  a  r e a c t io n  c a ta ly z e d  b y  glu tath ione reductase, 
u s in g  N A D P H  as  a  s o u rc e  o f  re d u c in g  e q u iv a le n ts .  T h u s , N A D P H  

in d ire c t ly  p ro v id e s  e le c tro n s  fo r  th e  r e d u c t io n  o f  H 2O 2 (F ig . 1 3 .6 ). 

A d d it io n a l  e n z y m e s , s u c h  as  superoxide dism utase  a n d  catalase, 
c a ta ly z e  th e  c o n v e r s io n  o f  o th e r  R O S  to  h a rm le s s  p ro d u c ts  (s e e  F ig . 

1 3 .5 B ). A s  a  g ro u p , th e s e  e n z y m e s  s e rv e  a s  a  d e fe n s e  s y s te m  to  g u a rd  

a g a in s t  th e  to x ic  e f fe c ts  o f  R O S .
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F ig u re  1 3 .6  A . S tru c tu re  o f  r e d u c e d  g lu ta th io n e  (G -S H ) . [N o te : G lu ta m a te  is  

l in k e d  to  c y s te in e  th ro u g h  a  Y -ca rb o x y l, r a th e r  th a n  a n  a - c a rb o x y l .]  B .T h e  ro le s  

o f  G -S H  a n d  r e d u c e d  n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te  (N A D P H )  in  

th e  r e d u c t io n  o f  h y d ro g e n  p e ro x id e  (H 2O 2) to  w a te r .  G -S -S -G  = o x id iz e d  

g lu ta th io n e .

2. A n t io x id a n t  c h e m ic a ls  A  n u m b e r  o f  in t r a c e l lu la r  r e d u c in g  a g e n ts , s u c h  as  

a s c o rb a te  (s e e  p . 3 8 1 ) , v i ta m in  E  (s e e  p . 3 9 5 ) , a n d  p -c a ro te n e  ( s e e  p . 

3 8 6 ) , a re  a b le  to  r e d u c e  a n d , th e re b y , d e to x ify  R O S  in  th e  la b o ra to ry . 

C o n s u m p tio n  o f  fo o d s  r ic h  in  th e s e  a n t io x id a n t  c o m p o u n d s  h a s  b e e n  

c o r re la te d  w i th  a  r e d u c e d  r is k  fo r  c e r ta in  ty p e s  o f  c a n c e rs  as  w e l l  as  

d e c re a s e d  f re q u e n c y  o f  c e r ta in  o th e r  c h ro n ic  h e a l th  p ro b le m s . T h e re fo re ,  

i t  is  te m p tin g  to  s p e c u la te  th a t  th e  e f fe c ts  o f  th e s e  c o m p o u n d s  a re , in  p a r t ,  

a n  e x p re s s io n  o f  th e ir  a b i l i ty  to  q u e n c h  th e  to x ic  e f f e c t  o f  R O S . 

H o w e v e r ,  c l in ic a l  tr ia ls  w i th  a n t io x id a n ts  as  d ie ta ry  s u p p le m e n ts  h a v e  

f a i le d  to  s h o w  c le a r  b e n e f ic ia l  e f fe c ts .  In  th e  c a s e  o f  d ie ta ry  

s u p p le m e n ta t io n  w i th  p -c a ro te n e , th e  ra te  o f  lu n g  c a n c e r  in  s m o k e rs  

in c re a s e d  r a th e r  th a n  d e c re a s e d . T h u s , th e  h e a l th -p ro m o tin g  e f fe c ts  o f  

d ie ta ry  f ru its  a n d  v e g e ta b le s  l ik e ly  r e f le c t  a  c o m p le x  in te ra c t io n  a m o n g  

m a n y  n a tu ra l ly  o c c u r r in g  c o m p o u n d s , w h ic h  h a s  n o t  b e e n  d u p lic a te d  b y  

c o n s u m p tio n  o f  is o la te d  a n t io x id a n t  c o m p o u n d s .

C. Cytochrome P450 monooxygenase system
M onooxygenases (m ixed-function oxidases) in c o rp o ra te  o n e  a to m  f ro m  O 2 

in to  a  s u b s t r a te  ( c re a tin g  a  h y d ro x y l  g ro u p ) , w ith  th e  o th e r  a to m  b e in g  

r e d u c e d  to  w a te r  (H 2O ). In  th e  cytochrom e P 450 (CYP) m onooxygenase

s y s te m , N A D P H  p ro v id e s  th e  re d u c in g  e q u iv a le n ts  re q u ire d  b y  th is  s e r ie s  

o f  r e a c t io n s  (F ig . 1 3 .7 ). T h is  s y s te m  p e r fo rm s  d if f e r e n t  fu n c t io n s  in  tw o  

s e p a ra te  lo c a t io n s  in  c e lls .  T h e  o v e ra l l  r e a c t io n  c a ta ly z e d  b y  a  C YP  e n z y m e  

is



NADPH + H+ NADP+



F ig u re  1 3 .7  Cytochrom e P 450 (CYP) m onooxygenase  c a ta ly t ic  c y c le  

( s im p lif ie d ) .  E le c t ro n s  ( e - ) m o v e  f ro m  n ic o t in a m id e  a d e n in e  d in u c le o t id e  

p h o s p h a te  (N A D P H )  to  f la v in  a d e n in e  d in u c le o t id e  (F A D ) to  f la v in  a d e n in e  

m o n o n u c le o t id e  (F M N ) o f  th e  reductase  a n d  th e n  to  th e  h e m e  i ro n  (F e )  o f  th e  

m ic ro s o m a l CYP  e n z y m e . [N o te : In  th e  m i to c h o n d r ia l  sy s te m , e -  m o v e  f ro m  

F A D  to  a n  i r o n - s u lfu r  p ro te in  a n d  th e n  to  th e  CYP  e n z y m e .]

R-H + 0 2 + NADPH + H R-OH + H20  + NADP+

w h e re  R  m a y  b e  a  s te ro id , d ru g , o r  o th e r  c h e m ic a l .  [N o te : CYP  e n z y m e s  a re  

a c tu a lly  a  s u p e r fa m ily  o f  r e la te d , h e m e -c o n ta in in g  m onooxygenases  th a t  

p a r t ic ip a te  in  a  b ro a d  v a r ie ty  o f  r e a c tio n s .  T h e  P 4 5 0  in  th e  n a m e  re f le c ts  th e  

a b s o rb a n c e  a t  4 5 0  n m  b y  th e  p ro te in .]

1. M ito c h o n d r ia l  s y s te m  A n  im p o r ta n t  fu n c t io n  o f  th e  CYP m onooxygenase  
s y s te m  fo u n d  a s s o c ia te d  w ith  th e  in n e r  m i to c h o n d r ia l  m e m b ra n e  is  th e  

b io s y n th e s is  o f  s te ro id  h o rm o n e s .  In  s te ro id o g e n ic  t is s u e s ,  s u c h  a s  th e  

p la c e n ta ,  o v a r ie s ,  te s te s ,  a n d  a d re n a l  c o r te x , i t  is  u s e d  to  h y d ro x y la te  

in te rm e d ia te s  in  th e  c o n v e r s io n  o f  c h o le s te ro l  to  s te ro id  h o rm o n e s , a  

p ro c e s s  th a t  m a k e s  th e s e  h y d r o p h o b ic  c o m p o u n d s  m o re  w a te r  s o lu b le  

( s e e  p . 2 3 7 ) . T h e  l iv e r  u s e s  th is  s a m e  s y s te m  in  b i le  a c id  s y n th e s is  ( s e e  p . 

2 2 4 )  a n d  th e  h y d ro x y la t io n  o f  c h o le c a lc if e ro l  to  2 5 - 

h y d ro x y c h o le c a lc if e ro l  ( [v ita m in  D 3] s e e  p . 3 9 0 ) , a n d  th e  k id n e y  u s e s  it  

to  h y d ro x y la te  v i ta m in  D 3 to  i ts  b io lo g ic a l ly  a c t iv e  1 ,2 5 -d ih y d ro x y la te d  

fo rm .

2. M ic ro s o m a l s y s te m  T h e  m ic ro s o m a l C YP m onooxygenase  s y s te m  fo u n d  

a s s o c ia te d  w i th  th e  m e m b ra n e  o f  th e  s m o o th  e n d o p la s m ic  re t ic u lu m  

(p a r t ic u la r ly  in  th e  l iv e r )  fu n c t io n s  p r im a r i ly  in  th e  d e to x if ic a t io n  o f  

fo re ig n  c o m p o u n d s  (x e n o b io tic s ) .  T h e s e  in c lu d e  n u m e ro u s  d ru g s  a n d  

s u c h  v a r ie d  p o l lu ta n ts  a s  p e t ro le u m  p ro d u c ts  a n d  p e s tic id e s .  CYP  
e n z y m e s  o f  th e  m ic ro s o m a l s y s te m  (fo r  e x a m p le , CYP3A4) c a n  b e  u s e d  

to  h y d ro x y la te  th e s e  to x in s  (p h a s e  I). T h e  p u rp o s e  o f  th e s e  m o d if ic a t io n s  

is  tw o - fo ld . F ir s t ,  i t  m a y  i ts e lf  a c t iv a te  o r  in a c t iv a te  a  d ru g  a n d  s e c o n d , 

m a k e  a  to x ic  c o m p o u n d  m o re  so lu b le ,  th e re b y  fa c i l i ta t in g  its  e x c re t io n  in  

th e  u r in e  o r  fe c e s . F re q u e n t ly ,  h o w e v e r ,  th e  n e w  h y d ro x y l  g ro u p  w il l  

s e rv e  as  a  s i te  fo r  c o n ju g a t io n  w i th  a  p o la r  m o le c u le ,  s u c h  as  g lu c u ro n ic  

a c id  (s e e  p . 1 6 1 ), w h ic h  w i l l  s ig n if ic a n t ly  in c re a s e  th e  c o m p o u n d ’s 

s o lu b il i ty  (p h a s e  II) . [N o te : P o ly m o rp h is m s  (s e e  p . 4 9 1 )  in  th e  g e n e s  fo r



CYP  e n z y m e s  c a n  le a d  to  d if f e re n c e s  in  d ru g  m e ta b o l is m .]

D. White blood cell phagocytosis and microbe killing
P h a g o c y to s is  is  th e  in g e s t io n  b y  r e c e p to r -m e d ia te d  e n d o c y to s is  o f  

m ic ro o rg a n is m s ,  fo re ig n  p a r t ic le s ,  a n d  c e l lu la r  d e b r is  b y  W B C  ( le u k o c y te s )  

s u c h  as  n e u tro p h ils  a n d  m a c ro p h a g e s  (m o n o c y te s ) .  I t  is  a n  im p o r ta n t  

d e fe n s e  m e c h a n is m , p a r t ic u la r ly  in  b a c te r ia l  in fe c tio n s .  N e u tro p h i ls  a n d  

m o n o c y te s  a re  a rm e d  w ith  b o th  o x y g e n - in d e p e n d e n t  a n d  o x y g e n -d e p e n d e n t  

m e c h a n is m s  fo r  k i l l in g  b a c te r ia .

1. O x y g e n - in d e p e n d e n t  O x y g e n - in d e p e n d e n t  m e c h a n is m s  u s e  p H  c h a n g e s  

in  p h a g o ly s o s o m e s  a n d  ly s o s o m a l e n z y m e s  to  d e s tro y  p a th o g e n s .

2. O x y g e n -d e p e n d e n t  O x y g e n -d e p e n d e n t  m e c h a n is m s  in c lu d e  th e  e n z y m e s  

N A D P H  oxidase  a n d  m yeloperoxidase (M PO) th a t  w o r k  to g e th e r  in  

k i l l in g  b a c te r ia  (F ig . 1 3 .8 ). O v e ra ll ,  th e  M PO  s y s te m  is  th e  m o s t  p o te n t  

o f  th e  b a c te r ic id a l  m e c h a n is m s .  A n  in v a d in g  b a c te r iu m  is  r e c o g n iz e d  b y  

th e  im m u n e  s y s te m  a n d  a t ta c k e d  b y  a n t ib o d ie s  th a t  b in d  i t  to  a  r e c e p to r  

o n  a  p h a g o c y t ic  c e ll. A f te r  in te rn a l iz a t io n  o f  th e  m ic ro o rg a n is m  h a s  

o c c u rre d , N A D P H  oxidase, lo c a te d  in  th e  le u k o c y te  c e l l  m e m b ra n e ,  is

a c t iv a te d  a n d  r e d u c e s  O 2 f ro m  th e  s u r ro u n d in g  t is s u e  to  s u p e ro x id e  ( 0 2 *  

), a  f re e  ra d ic a l  R O S , a s  N A D P H  is  o x id iz e d . T h e  r a p id  c o n s u m p tio n  o f  

0 2 th a t  a c c o m p a n ie s  fo rm a t io n  o f  & 2 *  is  r e f e r r e d  to  as  th e  r e s p ir a to ry  

b u rs t .  [N o te : A c tiv e  N A D P H  oxidase  is  a  m e m b ra n e -a s s o c ia te d  c o m p le x  

c o n ta in in g  a  f la v o c y to c h ro m e  p lu s  a d d i t io n a l  p e p t id e s  th a t  tr a n s lo c a te  

f ro m  th e  c y to p la s m  u p o n  a c t iv a t io n  o f  th e  le u k o c y te .  E le c t ro n s  m o v e  

f ro m  N A D P H  to  O 2 v ia  f la v in  a d e n in e  n u c le o t id e  (F A D ) a n d  h e m e ,

g e n e ra t in g  @ 2 * . R a re  g e n e t ic  d e f ic ie n c ie s  in  N A D P H  oxidase  c a u s e  

c h ro n ic  g r a n u lo m a to u s  d is e a s e  (C G D ) c h a ra c te r iz e d  b y  s e v e re , p e r s is te n t  

in fe c t io n s  a n d  th e  fo rm a t io n  o f  g ra n u lo m a s  (n o d u la r  a re a s  o f  

in f la m m a tio n )  th a t  s e q u e s te r  th e  b a c te r ia  th a t  w e re  n o t  d e s tro y e d .]  N e x t,

0 2 *  is  c o n v e r te d  to  H 20 2 (a lso  a  R O S ), e i th e r  s p o n ta n e o u s ly  o r

c a ta ly z e d  b y  superoxide dism utase. In  th e  p r e s e n c e  o f  M PO , a  h e m e -  

c o n ta in in g  ly s o s o m a l  e n z y m e  p re s e n t  w ith in  th e  p h a g o ly s o s o m e , 

p e ro x id e  p lu s  c h lo r id e  io n s  a re  c o n v e r te d  to  h y p o c h lo ro u s  a c id  ( [H O C l]  

th e  m a jo r  c o m p o n e n t  o f  h o u s e h o ld  b le a c h ) ,  w h ic h  k il ls  th e  b a c te r ia .  T h e  

p e ro x id e  c a n  a lso  b e  p a r t ia l ly  r e d u c e d  to  th e  h y d ro x y l  ra d ic a l  (O H ^ ), a



R O S , o r  b e  fu lly  r e d u c e d  to  H 2O  b y  catalase  o r  glu tath ione peroxidase. 

[N o te : D e f ic ie n c ie s  in  M PO  d o  n o t  c o n fe r  in c r e a s e d  s u s c e p t ib i l i ty  to  

in fe c t io n  b e c a u s e  p e ro x id e  f ro m  N A D P H  oxidase  is  b a c te r ic id a l .]





F ig u re  1 3 .8  P h a g o c y to s is  a n d  th e  o x y g e n  (O 2) -d e p e n d e n t  p a th w a y  o f  m ic ro b ia l  

k il l in g . Ig G  = im m u n o g lo b u lin  G ; N A D P (H )  = n ic o t in a m id e  a d e n in e  

d in u c le o t id e  p h o s p h a te ;  0 2 *  = s u p e ro x id e ;  H 20 2 = h y d ro g e n  p e ro x id e ;  H O C 1  = 

h y p o c h lo ro u s  a c id ; O H  = h y d ro x y l  ra d ic a l.

E. Nitric oxide synthesis
N itr ic  o x id e  (N O ) is  r e c o g n iz e d  as  a  m e d ia to r  in  a  b ro a d  a r ra y  o f  b io lo g ic  

s y s te m s . N O  is  th e  e n d o th e l iu m -d e r iv e d  r e la x in g  fa c to r  th a t  c a u s e s  

v a s o d ila t io n  b y  r e la x in g  v a s c u la r  s m o o th  m u s c le .  I t  a lso  a c ts  as  a  

n e u ro tra n s m it te r ,  p re v e n ts  p la te le t  a g g re g a tio n , a n d  p la y s  a n  e s s e n t ia l  ro le  

in  m a c ro p h a g e  fu n c t io n . I t  h a s  a  v e ry  s h o r t  h a l f - l i f e  in  t i s s u e s  ( 3 - 1 0

s e c o n d s )  b e c a u s e  i t  r e a c ts  w i th  0 2 a n d  0 2 *  a n d  is  c o n v e r te d  in to  n it ra te s

a n d  n i t r i te s  in c lu d in g  p e ro x y n i tr i te  ( O = N O O - ), a  r e a c t iv e  n it ro g e n  s p e c ie s  

(R N S ). [N o te : N O  is  a  f re e  r a d ic a l  g a s  th a t  is  o f te n  c o n fu s e d  w ith  n it ro u s  

o x id e  (N 2O ), th e  “ la u g h in g  g a s ” th a t  is  u s e d  a s  a n  a n e s th e t ic  a n d  is  

c h e m ic a l ly  s ta b le .]

1. N itr ic  o x id e  s y n th a s e  A rg in in e ,  O 2, a n d  N A D P H  a re  s u b s t ra te s  fo r  

c y to s o l ic  N O  synthase  ( [N O S ] , F ig . 1 3 .9 ). F la v in  m o n o n u c le o t id e  

(F M N ), F A D , h e m e , a n d  te tr a h y d ro b io p te r in  ( s e e  p . 2 6 8 )  a re  c o e n z y m e s , 

a n d  N O  a n d  c i t ru l l in e  a re  p ro d u c ts  o f  th e  re a c tio n . T h re e  N O S  is o z y m e s , 

e a c h  th e  p ro d u c t  o f  a  d if f e r e n t  g e n e , h a v e  b e e n  id e n tif ie d . T w o  a re  

c o n s t i tu t iv e  ( s y n th e s iz e d  a t  a  c o n s ta n t  ra te ) , c a lc iu m  (C a 2+ ) - c a lm o d u lin  

(C a M )-d e p e n d e n t  e n z y m e s  (s e e  p . 1 3 3 ). T h e y  a re  fo u n d  p r im a r i ly  in  

e n d o th e l iu m  (eN O S ) a n d  n e u ra l  t i s s u e  (nN O S ) a n d  c o n s ta n tly  p ro d u c e  

v e ry  lo w  le v e ls  o f  N O  fo r  v a s o d ila t io n  a n d  n e u ro tra n s m is s io n .  A n  

in d u c ib le ,  C a 2+ - in d e p e n d e n t e n z y m e  (iNOS) c a n  b e  e x p re s s e d  in  m a n y  

c e lls , in c lu d in g  m a c ro p h a g e s  a n d  n e u tro p h ils ,  a s  a n  e a r ly  d e fe n s e  a g a in s t  

p a th o g e n s . T h e  s p e c if ic  in d u c e rs  fo r  iNOS  v a ry  w ith  c e l l  ty p e  a n d  

in c lu d e  p ro in f la m m a to ry  c y to k in e s ,  s u c h  as  tu m o r  n e c ro s is  f a c to r - a  

(T N F -a )  a n d  in te rfe ro n -Y  ( IF N - y), a n d  b a c te r ia l  e n d o to x in s  s u c h  as  

l ip o p o ly s a c c h a r id e  (L P S ) . T h e s e  c o m p o u n d s  p ro m o te  s y n th e s is  o f  iNOS, 
w h ic h  c a n  r e s u l t  in  la rg e  a m o u n ts  o f  N O  b e in g  p ro d u c e d  o v e r  h o u rs  o r  

e v e n  d a y s .
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F ig u re  1 3 .9  S y n th e s is  a n d  s o m e  a c t io n s  o f  n i t r ic  o x id e  (N O ). [N o te : F la v in  

m o n o n u c le o t id e ,  f la v in  a d e n in e  d in u c le o t id e , h e m e , a n d  te tr a h y d ro b io p te r in  a re  

a d d i t io n a l  c o e n z y m e s  r e q u ire d  b y  N O S.] N A D P (H )  = n ic o t in a m id e a d e n in e  

d in u c le o t id e  p h o s p h a te .

2. N itr ic  o x id e  a n d  v a s c u la r  e n d o th e l iu m  N O  is  a n  im p o r ta n t  m e d ia to r  in  

th e  c o n tro l  o f  v a s c u la r  s m o o th  m u s c le  to n e . N O  is  s y n th e s iz e d  b y  eNOS  
in  e n d o th e l ia l  c e l ls  a n d  d if fu s e s  to  v a s c u la r  s m o o th  m u s c le ,  w h e re  it  

a c t iv a te s  th e  c y to s o l ic  fo rm  o f  guanylyl cyclase  (o r, guanylate cyclase) 
to  fo rm  c y c l ic  g u a n o s in e  m o n o p h o s p h a te  (c G M P ). [N o te : T h is  r e a c t io n  is  

a n a lo g o u s  to  th e  fo rm a t io n  o f  c y c l ic  a d e n o s in e  m o n o p h o s p h a te  (c A M P ) 

b y  adenylyl cyclase  ( s e e  p . 9 5 ) .]  T h e  r e s u l ta n t  r is e  in  c G M P  c a u s e s  

a c t iv a t io n  o f  protein  kinase G, w h ic h  p h o s p h o ry la te s  C a 2+ c h a n n e ls ,  

c a u s in g  d e c re a s e d  e n try  o f  C a 2+ in to  s m o o th  m u s c le  c e lls .  T h is  d e c re a s e s  

th e  C a 2+ -C a M  a c t iv a t io n  o f  m yosin light-chain kinase, th e re b y  

d e c re a s in g  s m o o th  m u s c le  c o n tra c t io n  a n d  fa v o r in g  r e la x a tio n . 

V a s o d ila to r  n it r a te s ,  s u c h  as  n i t ro g ly c e r in ,  a re  m e ta b o l iz e d  to  N O , w h ic h  

c a u s e s  r e la x a t io n  o f  v a s c u la r  s m o o th  m u s c le  a n d , th e re fo re ,  lo w e rs  b lo o d  

p re s s u re .  T h u s , N O  c a n  b e  e n v is io n e d  as  a n  e n d o g e n o u s  n it ro v a s o d ila to r .  

[N o te : U n d e r  h y p o x ic  c o n d it io n s ,  n i t r i te  (N O 2- ) c a n  b e  r e d u c e d  to  N O , 

w h ic h  b in d s  to  d e o x y h e m o g lo b in .  T h e  N O  is  r e le a s e d  in to  th e  b lo o d , 

c a u s in g  v a s o d ila t io n  a n d  in c re a s in g  b lo o d  f lo w .]

3. N itr ic  o x id e  a n d  m a c ro p h a g e  b a c te r ic id a l  a c t iv i ty  In  m a c ro p h a g e s ,  iNOS  
a c t iv i ty  is  n o rm a lly  lo w , b u t  s y n th e s is  o f  th e  e n z y m e  is  s ig n if ic a n t ly  

s t im u la te d  b y  b a c te r ia l  L P S  a n d  b y  r e le a s e  o f  IF N -y  a n d  T N F - a  in

re s p o n s e  to  in fe c tio n . A c tiv a te d  m a c ro p h a g e s  fo rm  ^ 2 *  ra d ic a ls  th a t  

c o m b in e  w i th  N O  to  fo rm  in te rm e d ia te s  th a t  d e c o m p o s e , p ro d u c in g  th e  

h ig h ly  b a c te r ic id a l  O H  ra d ic a l.

4 . A d d it io n a l  fu n c t io n s  N O  is  a  p o te n t  in h ib i to r  o f  p la te le t  a d h e s io n  a n d  

a g g re g a t io n  (b y  a c t iv a t in g  th e  c G M P  p a th w a y ) .  I t  is  a lso  c h a ra c te r iz e d  as  

a  n e u ro t ra n s m it te r  in  th e  c e n tra l  a n d  p e r ip h e ra l  n e rv o u s  s y s te m s .

V. G6PD DEFICIENCY

G 6PD  d e f ic ie n c y  is  a  h e re d i ta ry  c o n d i t io n  c h a ra c te r iz e d  b y  h e m o ly t ic  a n e m ia



c a u s e d  b y  th e  in a b i l i ty  to  d e to x ify  o x id iz in g  a g e n ts .  G 6PD  d e f ic ie n c y  is  th e  

m o s t  c o m m o n  d is e a s e -p ro d u c in g  e n z y m e  a b n o rm a li ty  in  h u m a n s , a f f e c tin g  > 4 0 0  

m il l io n  in d iv id u a ls  w o r ld w id e .  T h is  d e f ic ie n c y  h a s  th e  h ig h e s t  p re v a le n c e  in  th e  

M id d le  E a s t, t r o p ic a l  A f r ic a  a n d  A s ia ,  a n d  p a r ts  o f  th e  M e d ite r r a n e a n .  G6PD  
d e f ic ie n c y  is  X  l in k e d  a n d  is , in  fa c t, a  fa m ily  o f  d e f ic ie n c ie s  c a u s e d  b y  a  

n u m b e r  o f  d if f e r e n t  m u ta t io n s  in  th e  g e n e  e n c o d in g  G6PD. O n ly  s o m e  o f  th e  

re s u lt in g  p ro te in  v a r ia n ts  c a u s e  c l in ic a l  s y m p to m s . [N o te : In  a d d i t io n  to  

h e m o ly t ic  a n e m ia , a  c l in ic a l  m a n if e s ta t io n  o f  G 6PD  d e f ic ie n c y  is  n e o n a ta l  

ja u n d ic e  a p p e a r in g  1 - 4  d a y s  a f te r  b ir th .  T h e  ja u n d ic e ,  w h ic h  m a y  b e  se v e re , 

ty p ic a l ly  r e s u lts  f ro m  in c re a s e d  p r o d u c t io n  o f  u n c o n ju g a te d  b i l i r u b in  (s e e  p . 

2 8 5 ) .]  T h e  l i f e  s p a n  o f  in d iv id u a ls  w i th  a  s e v e re  fo rm  o f  G 6PD  d e f ic ie n c y  m a y  

b e  s o m e w h a t  s h o r te n e d  as  a  r e s u l t  o f  c o m p lic a t io n s  a r is in g  f ro m  c h ro n ic  

h e m o ly s is .  T h is  n e g a t iv e  e f f e c t  o f  G 6PD  d e f ic ie n c y  h a s  b e e n  b a la n c e d  in  

e v o lu t io n  b y  a n  a d v a n ta g e  in  s u rv iv a l ,  a n  in c r e a s e d  re s is ta n c e  to  P la s m o d iu m  

fa lc ip a ru m  m a la r ia .  [N o te : S ic k le  c e l l  t r a i t  a n d  th e  th a la s s e m ia s  a lso  c o n fe r  

r e s is ta n c e  to  m a la r ia .]

A. G6PD role in red blood cells
D im in is h e d  G 6PD  a c t iv i ty  im p a ir s  th e  a b i l i ty  o f  th e  c e l l  to  fo rm  th e  

N A D P H  th a t  is  e s s e n t ia l  fo r  th e  m a in te n a n c e  o f  th e  G -S H  p o o l.  T h is  re s u lts  

in  a  d e c re a s e  in  th e  d e to x if ic a t io n  o f  f re e  ra d ic a ls  a n d  p e ro x id e s  fo rm e d  

w ith in  th e  c e l l  (F ig . 1 3 .1 0 ). G -S H  a lso  h e lp s  m a in ta in  th e  r e d u c e d  s ta te s  o f  

s u lfh y d ry l  g ro u p s  in  p ro te in s ,  in c lu d in g  h e m o g lo b in .  O x id a t io n  o f  th o s e  

s u lfh y d ry l  g ro u p s  le a d s  to  th e  fo rm a t io n  o f  d e n a tu re d  p ro te in s  th a t  fo rm  

in s o lu b le  m a s s e s  (c a l le d  H e in z  b o d ie s )  th a t  a t ta c h  to  R B C  m e m b ra n e s  (F ig . 

1 3 .1 1 ). A d d i t io n a l  o x id a t io n  o f  m e m b ra n e  p ro te in s  c a u s e s  R B C  to  b e  r ig id  

( le s s  d e fo rm a b le ) ,  a n d  th e y  a re  r e m o v e d  f ro m  th e  c i r c u la t io n  b y  

m a c ro p h a g e s  in  th e  s p le e n  a n d  l iv e r . A l th o u g h  G 6PD  d e f ic ie n c y  o c c u rs  in  

a l l  c e l ls  o f  th e  a f f e c te d  in d iv id u a l ,  i t  is  m o s t  s e v e re  in  R B C , w h e re  th e  

p e n to s e  p h o s p h a te  p a th w a y  p ro v id e s  th e  o n ly  m e a n s  o f  g e n e ra t in g  N A D P H . 

A d d it io n a l ly ,  th e  R B C  h a s  n o  n u c le u s  o r  r ib o s o m e s  a n d  c a n n o t  r e n e w  its  

s u p p ly  o f  th e  e n z y m e . T h u s , R B C  a re  p a r t ic u la r ly  v u ln e ra b le  to  e n z y m e  

v a r ia n ts  w i th  d im in is h e d  s ta b i li ty .  [N o te : O th e r  t i s s u e s  h a v e  a n  a l te rn a t iv e  

s o u rc e  o f  N A D P H  (NADP+-dependent m alate dehydrogenase [m alic 
enzyme]; s e e  p . 1 8 6 ) th a t  c a n  k e e p  G -S H  re d u c e d .]



F ig u re  1 3 .1 0  P a th w a y s  o f  g lu c o s e  6 -p h o s p h a te  m e ta b o l is m  in  th e  e ry th ro c y te .  

N A D P (H )  =  n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te ;  G -S H  =  re d u c e d  

g lu ta th io n e ;  G -S -S -G  =  o x id iz e d  g lu ta th io n e ;  H 2O 2 =  h y d ro g e n  p e ro x id e ;  P P P  = 

p e n to s e  p h o s p h a te  p a th w a y .

F ig u re  1 3 .1 1  H e in z  b o d ie s  in  th e  e ry th ro c y te s  o f  a  p a t ie n t  w i th  glucose 6- 
phosphate dehydrogenase  d e f ic ie n c y .

B. Precipitating factors in G6PD deficiency



M o s t in d iv id u a ls  w h o  h a v e  in h e r i te d  o n e  o f  th e  G 6PD  m u ta t io n s  d o  n o t  

s h o w  c l in ic a l  m a n ife s ta t io n s  ( th a t  is , th e y  a re  a s y m p to m a t ic ) .  H o w e v e r ,  

s o m e  p a t ie n ts  w ith  G 6PD  d e f ic ie n c y  d e v e lo p  h e m o ly t ic  a n e m ia  i f  th e y  a re  

tr e a te d  w ith  a n  o x id a n t  d ru g , in g e s t  f a v a  b e a n s , o r  c o n tra c t  a  s e v e re  

in fe c tio n .

1. O x id a n t  d ru g s  C o m m o n ly  u s e d  d ru g s  th a t  p ro d u c e  h e m o ly t ic  a n e m ia  in  

p a t ie n ts  w ith  G 6PD  d e f ic ie n c y  a re  b e s t  r e m e m b e re d  f ro m  th e  m n e m o n ic  

A A A : a n t ib io t ic s  ( fo r  e x a m p le , s u lf a m e th o x a z o le  a n d  c h lo ra m p h e n ic o l) ,  

a n t im a la r ia ls  ( fo r  e x a m p le , p r im a q u in e  b u t  n o t  c h lo ro q u in e  o r  q u in in e ) ,  

a n d  a n t ip y re t ic s  ( fo r  e x a m p le , a c e ta n i l id e  b u t  n o t  a c e ta m in o p h e n ) .

2. F a v is m  S o m e  fo rm s  o f  G 6PD  d e f ic ie n c y , fo r  e x a m p le , th e  M e d ite r r a n e a n  

v a r ia n t ,  a re  p a r t ic u la r ly  s u s c e p t ib le  to  th e  h e m o ly t ic  e f f e c t  o f  th e  fa v a  

(b ro a d )  b e a n , a  d ie ta ry  s ta p le  in  th e  M e d ite r r a n e a n  re g io n . F a v is m , th e  

h e m o ly t ic  e f f e c t  o f  in g e s t in g  f a v a  b e a n s , is  n o t  o b s e rv e d  in  a l l  

in d iv id u a ls  w i th  G 6PD  d e f ic ie n c y , b u t  a l l  p a t ie n ts  w ith  f a v is m  h a v e  

G 6PD  d e f ic ie n c y .

3. In fe c t io n  In fe c t io n  is  th e  m o s t  c o m m o n  p re c ip i ta t in g  fa c to r  o f  h e m o ly s is  

in  G 6PD  d e f ic ie n c y . T h e  in f la m m a to ry  r e s p o n s e  to  in fe c t io n  r e s u lts  in  

th e  g e n e ra t io n  o f  f re e  ra d ic a ls  in  m a c ro p h a g e s .  T h e  ra d ic a ls  c a n  d if fu s e  

in to  th e  R B C  a n d  c a u s e  o x id a t iv e  d a m a g e .

C. Variant G6PD properties
A lm o s t  a l l  G 6PD  v a r ia n ts  a re  c a u s e d  b y  p o in t  m u ta t io n s  (s e e  p . 4 4 9 )  in  th e  

g e n e  fo r  G6PD. S o m e  m u ta t io n s  d o  n o t  a f f e c t  e n z y m ic  a c tiv ity . H o w e v e r ,  

o th e r  m u ta t io n s  r e s u l t  in  d e c re a s e d  c a ta ly t ic  a c t iv i ty ,  d e c re a s e d  s ta b i l i ty ,  o r  

a n  a l te ra t io n  o f  b in d in g  a f f in i ty  fo r  N A D P +  o r  g lu c o s e  6 -p h o s p h a te .  [N o te : 

A c tiv e  G 6PD  e x is ts  as  a  h o m o d im e r  o r  te tra m e r .  M u ta t io n s  a t  th e  in te r f a c e  

b e tw e e n  s u b u n its  c a n  a f f e c t  s ta b i l i ty .]  T h e  s e v e r i ty  o f  th e  d is e a s e  u s u a lly  

c o r re la te s  w i th  th e  a m o u n t  o f  r e s id u a l  e n z y m e  a c t iv i ty  in  th e  p a t ie n t ’s R B C . 

F o r  e x a m p le , v a r ia n ts  c a n  b e  c la s s i f ie d  a s  s h o w n  in  F ig u re  1 3 .1 2 . G 6PD  A~ 
is  th e  p ro to ty p e  o f  th e  m o d e ra te  (c la s s  I I I )  fo rm  o f  th e  d is e a se . T h e  R B C  

c o n ta in  a n  u n s ta b le  b u t  k in e t ic a l ly  n o rm a l  G6PD, w i th  m o s t  o f  th e  e n z y m e  

a c t iv i ty  p r e s e n t  in  th e  r e t ic u lo c y te s  a n d  y o u n g e r  R B C  (F ig . 1 3 .1 3 ). 

T h e re fo re ,  th e  o ld e s t  R B C  h a v e  th e  lo w e s t  le v e l  o f  e n z y m e  a c t iv i ty  a n d  a re  

p re fe re n t ia l ly  r e m o v e d  in  a  h e m o ly t ic  e p iso d e . B e c a u s e  h e m o ly s is  d o e s  n o t  

a f f e c t  y o u n g e r  c e lls ,  th e  e p is o d e s  a re  s e lf - l im itin g . G 6PD  M editerranean  is



th e  p ro to ty p e  o f  a  m o re  s e v e re  (c la s s  II)  d e f ic ie n c y . C la s s  I m u ta t io n s  ( ra re )  

a re  th e  m o s t  s e v e re  a n d  a re  a s s o c ia te d  w ith  c h ro n ic  n o n s p h e ro c y tic  

h e m o ly t ic  a n e m ia , w h ic h  o c c u rs  e v e n  in  th e  a b s e n c e  o f  o x id a tiv e  s tre s s .

f -----------------------------------

Class
Clinical
symptoms

N

Residual
enzyme
activity

1 Very severe 
(chronic, nonspher
ocytic hemolytic 
anemia)

<10%

*11 Severe
(acute hemolytic 
anemia)

<10%

*111 Moderate 10%-60%

IV
_____________________

None >60%
___________________________________ -

F ig u re  1 3 .1 2  C la s s if ic a t io n  o f  glucose 6-phosphate dehydrogenase  (G 6P D )

d e f ic ie n c y  v a r ia n ts .  [N o te : C la s s  V  v a r ia n ts  (n o t  s h o w n )  r e s u l t  in  o v e rp ro d u c t io n  

o f  G 6 P D .]  * = m o s t  c o m m o n .



Although the activity of the normal 
enzyme declines as red cells age, 
even the oldest cells have a 
sufficient level of activity to 
provide protection against
oxidative damage and hemolysis.

By contrast, very few G6PD  

Mediterranean red cells have 
sufficient enzyme activity to 
prevent oxidative damage, whereas 
a substantial fraction of young 
G6PD A~ red cells are able 
to provide protection.

V________________________________________________________________________ /



F ig u re  1 3 .1 3  D e c l in e  o f  e ry th ro c y te  glucose 6-phosphate dehydrogenase  
(G6PD) a c t iv i ty  w ith  c e l l  a g e  fo r  th e  th re e  m o s t  c o m m o n ly  e n c o u n te re d  fo rm s  o f  

th e  e n z y m e .

D. G6PD molecular biology
T h e  c lo n in g  o f  th e  g e n e  fo r  G 6PD  a n d  th e  s e q u e n c in g  o f  its  D N A  (se e  

C h a p te r  3 4 ) h a v e  p e rm it te d  th e  id e n t if ic a t io n  o f  m u ta t io n s  th a t  c a u s e  G6PD  
d e f ic ie n c y . M o re  th a n  4 0 0  G6PD  v a r ia n ts  h a v e  b e e n  id e n tif ie d , a  f in d in g  

th a t  e x p la in s  th e  n u m e ro u s  b io c h e m ic a l  a n d  c l in ic a l  p h e n o ty p e s  th a t  h a v e  

b e e n  d e s c r ib e d . M o s t  m u ta t io n s  th a t  r e s u l t  in  e n z y m ic  d e f ic ie n c y  a re  

m is s e n s e  m u ta t io n s  ( s e e  p . 4 4 9 )  in  th e  c o d in g  re g io n . B o th  G 6PD  A~ a n d  

G 6PD  M editerranean  r e p re s e n t  m u ta n t  e n z y m e s  th a t  d if fe r  f ro m  th e  

r e s p e c t iv e  n o rm a l  v a r ia n ts  b y  a  s in g le  a m in o  a c id . L a rg e  d e le t io n s  o r  

f r a m e s h if t  m u ta t io n s  h a v e  n o t  b e e n  id e n tif ie d , s u g g e s tin g  th a t  c o m p le te  

a b s e n c e  o f  G 6PD  a c t iv i ty  is  l ik e ly  le th a l .



VI. CHAPTER SUMMARY

T h e  p e n to s e  p h o s p h a te  p a th w a y  in c lu d e s  a n  i r r e v e r s ib le  o x id a t iv e  p h a s e  

fo l lo w e d  b y  a  s e r ie s  o f  r e v e r s ib le  s u g a r - p h o s p h a te  in te rc o n v e r s io n s  (F ig . 

1 3 .1 4 ). N o  A T P  is  d ire c tly  c o n s u m e d  o r  p ro d u c e d  in  th e  p a th w a y . T h e  

re d u c e d  n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te  (N A D P H )-p ro d u c in g  

o x id a tiv e  p o r t io n  o f  th e  p a th w a y  is  im p o r ta n t  in  p ro v id in g  r e d u c in g  

e q u iv a le n ts  fo r  r e d u c t iv e  b io s y n th e s is  a n d  d e to x if ic a t io n  re a c tio n s .  In  th is  

p a r t  o f  th e  p a th w a y , g lu c o s e  6 -p h o s p h a te  is  i r r e v e r s ib ly  c o n v e r te d  to  

r ib u lo s e  5 -p h o s p h a te ,  a n d  tw o  N A D P H  a re  p ro d u c e d .  T h e  r e g u la te d  s te p  is  

c a ta ly z e d  b y  glucose 6-phosphate dehydrogenase (G6PD), w h ic h  is  

s t ro n g ly  in h ib i te d  b y  a  r is e  in  th e  N A D P H /N A D P +  ra tio . R e v e rs ib le  

n o n o x id a t iv e  r e a c t io n s  in te r c o n v e r t  s u g a rs . T h is  p a r t  o f  th e  p a th w a y  

c o n v e r ts  r ib u lo s e  5 -p h o s p h a te  to  r ib o s e  5 -p h o s p h a te ,  r e q u ire d  fo r  

n u c le o t id e  a n d  n u c le ic  a c id  s y n th e s is ,  o r  to  f ru c to s e  6 -p h o s p h a te  a n d  

g ly c e ra ld e h y d e  3 -p h o s p h a te  (g ly c o ly tic  in te rm e d ia te s ) .  N A D P H  is  a  s o u rc e  

o f  re d u c in g  e q u iv a le n ts  in  r e d u c t iv e  b io s y n th e s is ,  s u c h  as  th e  p r o d u c t io n  o f  

fa t ty  a c id s  in  l iv e r , a d ip o s e  t is s u e , a n d  th e  m a m m a ry  g la n d ; c h o le s te ro l  in  

th e  liv e r ;  a n d  s te ro id  h o rm o n e s  in  th e  p la c e n ta ,  o v a r ie s ,  te s te s , a n d  a d re n a l  

c o r te x . I t  is  a lso  r e q u ire d  b y  re d  b lo o d  c e lls  (R B C )  fo r  h y d ro g e n  p e ro x id e  

r e d u c t io n . R e d u c e d  g lu ta th io n e  (G -S H )  is  u s e d  b y  glu tath ione peroxidase  
to  r e d u c e  th e  p e ro x id e  to  w a te r .  T h e  o x id iz e d  g lu ta th io n e  (G -S -S -G )  

p ro d u c e d  is  r e d u c e d  b y  glu tath ione reductase, u s in g  N A D P H  a s  th e  s o u rc e  

o f  e le c tro n s . N A D P H  p ro v id e s  re d u c in g  e q u iv a le n ts  fo r  th e  m i to c h o n d r ia l  

cytochrom e P450 m onooxygenase  s y s te m , w h ic h  is  u s e d  in  s te ro id  

h o rm o n e  s y n th e s is  in  s te ro id o g e n ic  t is s u e , b i le  a c id  s y n th e s is  in  th e  liv e r , 

a n d  v i ta m in  D  a c t iv a t io n  in  th e  l iv e r  a n d  k id n e y s . T h e  m ic ro s o m a l s y s te m  

u s e s  N A D P H  to  d e to x ify  fo re ig n  c o m p o u n d s  (x e n o b io tic s ) ,  s u c h  as  d ru g s  

a n d  a  v a r ie ty  o f  p o l lu ta n ts .  N A D P H  p ro v id e s  th e  re d u c in g  e q u iv a le n ts  fo r  

p h a g o c y te s  in  th e  p ro c e s s  o f  e l im in a t in g  in v a d in g  m ic ro o rg a n is m s .  

N A D P H  oxidase  u s e s  m o le c u la r  o x y g e n  (O 2) a n d  e le c tro n s  f ro m  N A D P H  

to  p ro d u c e  s u p e ro x id e  ra d ic a ls ,  w h ic h , in  tu rn , c a n  b e  c o n v e r te d  to  p e ro x id e  

b y  superoxide dism utase. M yeloperoxidase  c a ta ly z e s  th e  fo rm a t io n  o f  

b a c te r ic id a l  h y p o c h lo ro u s  a c id  f ro m  p e ro x id e  a n d  c h lo r id e  io n s . R a re  

g e n e t ic  d e fe c ts  in  N A D P H  oxidase  c a u s e  c h ro n ic  g r a n u lo m a to u s  d is e a s e



c h a ra c te r iz e d  b y  s e v e re , p e r s is te n t ,  in fe c t io n s  a n d  g ra n u lo m a  fo rm a tio n . 

N A D P H  is  r e q u ire d  fo r  th e  s y n th e s is  o f  n i t r ic  o x id e  (N O ), a n  im p o r ta n t  f re e  

r a d ic a l  g a s  th a t  c a u s e s  v a s o d ila t io n  b y  r e la x in g  v a s c u la r  s m o o th  m u s c le ,  

a c ts  as  a  n e u ro tra n s m it te r ,  p re v e n ts  p la te le t  a g g re g a tio n ,  a n d  h e lp s  m e d ia te  

m a c ro p h a g e  b a c te r ic id a l  a c t iv i ty .  N O  is  m a d e  f ro m  a rg in in e  a n d  O 2 b y  

th re e  d if f e r e n t  N A D P H -d e p e n d e n t  N O  synthases (NOS). T h e  e n d o th e l ia l  

(eNOS) a n d  n e u ro n a l  (nNOS) i s o z y m e s  c o n s ta n t ly  p ro d u c e  v e ry  lo w  le v e ls  

o f  N O  fo r  v a s o d ila t io n  a n d  n e u ro tra n s m is s io n ,  r e s p e c t iv e ly .  T h e  in d u c ib le  

is o z y m e  (iNOS) p ro d u c e s  la rg e  a m o u n ts  o f  N O  fo r  d e fe n s e  a g a in s t  

p a th o g e n s . G 6PD  d e f ic ie n c y  im p a ir s  th e  a b i l i ty  o f  th e  c e l l  to  fo rm  th e  

N A D P H  th a t  is  e s s e n t ia l  fo r  th e  m a in te n a n c e  o f  th e  G -S H  p o o l. T h e  c e lls  

m o s t  a f f e c te d  a re  R B C  b e c a u s e  th e y  d o  n o t  h a v e  a d d i t io n a l  s o u rc e s  o f  

N A D P H . G 6PD  d e f ic ie n c y  is  a n  X - l in k e d  d is e a s e  c h a ra c te r iz e d  b y  

h e m o ly t ic  a n e m ia  c a u s e d  b y  th e  p r o d u c t io n  o f  f re e  ra d ic a ls  a n d  p e ro x id e s  

fo llo w in g  a d m in is tr a t io n  o f  o x id a n t  d ru g s , in g e s t io n  o f  f a v a  b e a n s , o r  

s e v e re  in fe c tio n s .  T h e  e x te n t  o f  th e  a n e m ia  d e p e n d s  o n  th e  a m o u n t  o f  

r e s id u a l  e n z y m e . C la s s  I v a r ia n ts ,  th e  m o s t  s e v e re  (a n d  le a s t  c o m m o n ) , a re  

a s s o c ia te d  w ith  c h ro n ic  n o n s p h e ro c y tic  h e m o ly t ic  a n e m ia . B a b ie s  w ith  

G 6PD  d e f ic ie n c y  m a y  e x p e r ie n c e  n e o n a ta l  ja u n d ic e .



F ig u re  1 3 .1 4  K e y  c o n c e p t  m a p  fo r  th e  p e n to s e  p h o s p h a te  p a th w a y  a n d  

n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te  (N A D P H ).

Study Questions

Choose th e  O N E  b e s t  a n s w e r .

3 .1 . In  p r e p a ra t io n  fo r  a  tr ip  to  a n  a re a  o f  In d ia  w h e re  c h lo ro q u in e - r e s is ta n t  

m a la r ia  is  e n d e m ic , a  y o u n g  m a n  is  g iv e n  p r im a q u in e  p ro p h y la c tic a lly .  

S o o n  th e re a f te r ,  h e  d e v e lo p s  a  h e m o ly t ic  c o n d i t io n  d u e  to  a  d e f ic ie n c y  in  

g lu c o s e  6 -p h o s p h a te  d e h y d ro g e n a s e .  A  le s s - th a n -n o rm a l  le v e l  o f  w h ic h  o f  

th e  fo l lo w in g  is  a  c o n s e q u e n c e  o f  th e  e n z y m e  d e f ic ie n c y  a n d  th e  

u n d e r ly in g  c a u s e  o f  th e  h e m o ly s is ?

A . G lu c o s e  6 -p h o s p h a te



B . O x id iz e d  fo rm  o f  n ic o t in a m id e  a d e n in e  d in u c le o t id e

C . R e d u c e d  fo rm  o f  g lu ta th io n e

D . R ib o s e  5 -p h o s p h a te

C o r r e c t  a n s w e r  = C . G lu ta th io n e  (G -S H )  is  e s s e n t ia l  fo r  r e d  c e l l  in te g r i ty  a n d  is  

m a in ta in e d  in  th is  r e d u c e d  ( fu n c tio n a l)  fo rm  b y  n ic o t in a m id e  a d e n in e  

d in u c le o t id e  p h o s p h a te  ( N A D P H )-d e p e n d e n t  g lu ta th io n e  re d u c ta s e .  T h e  

N A D P H  is  f ro m  th e  o x id a t iv e  p o r t io n  o f  th e  p e n to s e  p h o s p h a te  p a th w a y . 

In d iv id u a ls  w i th  a  d e f ic ie n c y  o f  th e  r e g u la te d  e n z y m e  o f  th is  p a th w a y , g lu c o s e  

6 -p h o s p h a te  d e h y d ro g e n a s e  (G 6 P D ) , h a v e  a  d e c re a s e d  a b i l i ty  to  g e n e ra te  

N A D P H  a n d , th e re fo re ,  a  d e c re a s e d  a b i l i ty  to  k e e p  G -S H  re d u c e d . W h e n  

tr e a te d  w ith  a n  o x id a n t  d ru g  s u c h  as  p r im a q u in e ,  s o m e  p a t ie n ts  w i th  G 6 P D  

d e f ic ie n c y  d e v e lo p  a  h e m o ly t ic  a n e m ia . P r im a q u in e  d o e s  n o t  a f f e c t  g lu c o s e  6- 

p h o s p h a te  le v e ls .  N ic o t in a m id e  a d e n in e  d in u c le o t id e  (N A D [H ])  is  n e i th e r  

p ro d u c e d  b y  th e  p a th w a y  n o r  u s e d  as  a  c o e n z y m e  b y  G -S H  re d u c ta s e .  A  

d e c re a s e  in  r ib o s e  5 -p h o s p h a te  d o e s  n o t  c a u s e  h e m o ly s is .

3 .2 . S e p tic  s h o c k , a  s ta te  o f  a c u te  c i r c u la to ry  f a i lu re  c h a ra c te r iz e d  b y  p e r s is te n t  

a r te r ia l  h y p o te n s io n  ( lo w  b lo o d  p re s s u re )  a n d  in a d e q u a te  o rg a n  p e r fu s io n  

r e f r a c to ry  to  f lu id  re s u s c ita t io n ,  r e s u lts  f ro m  a  s e v e re  in f la m m a to ry  

r e s p o n s e  to  b a c te r ia l  in fe c tio n . I t  h a s  a  h ig h  m o r ta l i ty  ra te  a n d  is  a s s o c ia te d  

w ith  c h a n g e s  in  th e  le v e l  o f  n i t r ic  o x id e . W h ic h  s ta te m e n t  c o n c e rn in g  

s e p tic  s h o c k  is  m o s t  l ik e ly  c o r re c t?

A . A c tiv a t io n  o f  e n d o th e l ia l  n i t r ic  o x id e  s y n th a s e  c a u s e s  a n  in c re a s e  in  

n it r ic  o x id e .

B . H ig h  m o r ta l i ty  is  th e  r e s u l t  o f  th e  lo n g  h a lf - l i f e  o f  n i t r ic  o x id e .

C . L y s in e , th e  n i t r o g e n  s o u rc e  fo r  n i t r ic  o x id e  s y n th e s is ,  is  d e a m in a te d  b y  

b a c te r ia .

D . O v e rp ro d u c t io n  o f  n i t r ic  o x id e  b y  a  c a lc iu m - in d e p e n d e n t  e n z y m e  is  th e  

c a u s e  o f  th e  h y p o te n s io n .

C o r r e c t  a n s w e r  = D . O v e rp ro d u c t io n  o f  s h o r t- l iv e d  (n o t  lo n g - l iv e d )  n i t r ic  o x id e  

(N O ) b y  c a lc iu m - in d e p e n d e n t ,  in d u c ib le  n i t r ic  o x id e  s y n th a s e  ( iN O S )  re s u lts  

in  e x c e s s iv e  v a s o d ila t io n  le a d in g  to  h y p o te n s io n .  T h e  e n d o th e l ia l  e n z y m e  

(e N O S )  is  c o n s t i tu t iv e  a n d  p ro d u c e s  lo w  le v e ls  o f  N O  a t  a  c o n s is te n t  ra te . N O S  

u s e  a rg in in e , n o t  ly s in e , a s  th e  s o u rc e  o f  th e  n it ro g e n .



3 .3 . A n  in d iv id u a l  w h o  h a s  r e c e n t ly  b e e n  p r e s c r ib e d  a  d ru g  (a to rv a s ta t in )  to  

lo w e r  c h o le s te ro l  le v e ls  is  a d v is e d  to  l im i t  c o n s u m p tio n  o f  g r a p e f ru i t  ju ic e ,  

b e c a u s e  h ig h  in ta k e  o f  th e  ju ic e  r e p o r te d ly  r e s u lts  in  a n  in c re a s e d  le v e l  o f  

th e  d ru g  in  th e  b lo o d , in c re a s in g  th e  r is k  o f  s id e  e f fe c ts .  A to rv a s ta t in  is  a  

s u b s t r a te  fo r  th e  c y to c h ro m e  P 4 5 0  e n z y m e  C Y P 3 A 4 , a n d  g r a p e f ru i t  ju ic e  

in h ib its  th e  e n z y m e . W h ic h  s ta te m e n t  c o n c e rn in g  C Y P  e n z y m e s  is  m o s t  

l ik e ly  c o r re c t?  T h e y :

A . a c c e p t  e le c tro n s  f ro m  r e d u c e d  n ic o t in a m id e  a d e n in e  d in u c le o t id e .

B . c a ta ly z e  th e  h y d ro x y la t io n  o f  h y d ro p h o b ic  m o le c u le s .

C . d if fe r  f ro m  n i t r ic  o x id e  s y n th a s e  in  th a t  th e y  c o n ta in  h e m e .

D . fu n c t io n  in  a s s o c ia t io n  w i th  a n  o x id a se .

C o r r e c t  a n s w e r  = B . T h e  C Y P  e n z y m e s  h y d ro x y la te  h y d ro p h o b ic  c o m p o u n d s , 

m a k in g  th e m  m o re  w a te r  so lu b le .  R e d u c e d  n ic o t in a m id e  a d e n in e  d in u c le o t id e  

p h o s p h a te  (N A D P H )  f ro m  th e  p e n to s e  p h o s p h a te  p a th w a y  is  th e  e le c tro n  

d o n o r . B o th  th e  C Y P  e n z y m e s  a n d  th e  n i t r ic  o x id e  s y n th a s e  is o z y m e s  c o n ta in  

h e m e .

3 .4 . In  m a le  p a t ie n ts  w h o  a re  h e m iz y g o u s  fo r  X - l in k e d  g lu c o s e  6 -p h o s p h a te  

d e h y d ro g e n a s e  d e f ic ie n c y , p a th o p h y s io lo g ic  c o n s e q u e n c e s  a re  m o re  

a p p a re n t  in  re d  b lo o d  c e l ls  (R B C )  th a n  in  o th e r  c e l ls  s u c h  a s  in  th e  liv e r . 

W h ic h  o n e  o f  th e  fo llo w in g  p ro v id e s  th e  m o s t  r e a s o n a b le  e x p la n a t io n  fo r  

th is  d if f e r e n t  r e s p o n s e ?

A . E x c e s s  g lu c o s e  6 -p h o s p h a te  in  th e  l iv e r , b u t  n o t  in  R B C , c a n  b e  

c h a n n e le d  to  g ly c o g e n , th e re b y  a v e r t in g  c e l lu la r  d a m a g e .

B . L iv e r  c e lls ,  in  c o n t r a s t  to  R B C , h a v e  a l te rn a t iv e  m e c h a n is m s  fo r  

s u p p ly in g  th e  r e d u c e d  n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te  

re q u ire d  fo r  m a in ta in in g  c e l l  in te g r i ty .

C . B e c a u s e  R B C  d o  n o t  h a v e  m ito c h o n d r ia ,  p r o d u c t io n  o f  A T P  r e q u ire d  to  

m a in ta in  c e l l  in te g r i ty  d e p e n d s  e x c lu s iv e ly  o n  th e  s h u n tin g  o f  g lu c o s e  

6 -p h o s p h a te  to  th e  p e n to s e  p h o s p h a te  p a th w a y .

D . In  R B C , in  c o n t r a s t  to  l iv e r  c e lls , g lu c o s e  6 -p h o s p h a ta s e  a c t iv i ty  

d e c re a s e s  th e  le v e l  o f  g lu c o s e  6 -p h o s p h a te ,  r e s u lt in g  in  c e l l  d a m a g e .

C o r r e c t  a n s w e r  = B . C e l lu la r  d a m a g e  is  d ire c tly  re la te d  to  d e c re a s e d  a b i l i ty  o f  

th e  c e ll  to  re g e n e ra te  re d u c e d  g lu ta th io n e , fo r  w h ic h  la rg e  a m o u n ts  o f  r e d u c e d



n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te  (N A D P H )  a re  n e e d e d , a n d  R B C  

h a v e  n o  m e a n s  o th e r  th a n  th e  p e n to s e  p h o s p h a te  p a th w a y  o f  g e n e ra t in g  

N A D P H . I t  is  d e c re a s e d  p ro d u c t  (N A D P H ) , n o t  in c re a s e d  s u b s t r a te  (g lu c o s e  6- 

p h o s p h a te ) ,  th a t  is  th e  p ro b le m . R B C  d o  n o t  h a v e  g lu c o s e  6 -p h o s p h a ta s e .  T h e  

p e n to s e  p h o s p h a te  p a th w a y  d o e s  n o t  g e n e ra te  A T P .

3 .5 . A n  e s s e n t ia l  c o e n z y m e  fo r  s e v e ra l  e n z y m e s  o f  m e ta b o l is m  is  d e r iv e d  f ro m  

th e  v i ta m in  th ia m in e . M e a s u re m e n t  o f  th e  a c t iv i ty  o f  w h a t  e n z y m e  in  re d  

b lo o d  c e l ls  c o u ld  b e  u s e d  to  d e te rm in e  th ia m in e  s ta tu s  in  th e  b o d y ?

R e d  b lo o d  c e lls  d o  n o t  h a v e  m ito c h o n d r ia  a n d , so , d o  n o t  c o n ta in  

m i to c h o n d r ia l  e n z y m e s  s u c h  a s  p y ru v a te  d e h y d ro g e n a s e  th a t  r e q u ire  th e  

th ia m in e -d e r iv e d  c o e n z y m e  th ia m in e  p y r o p h o s p h a te  (T P P ) . H o w e v e r ,  th e y  d o  

c o n ta in  th e  c y to s o l ic  T P P - re q u ir in g  tr a n s k e to la s e ,  w h o s e  a c t iv i ty  is  u s e d  

c l in ic a lly  to  a s s e s s  th ia m in e  s ta tu s .
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Proteoglycans,

Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. GLYCOSAMINOGLYCAN OVERVIEW

G ly c o s a m in o g ly c a n s  (G A G ) a re  la rg e  c o m p le x e s  o f  n e g a t iv e ly  c h a rg e d  

h e te ro p o ly s a c c h a r id e  c h a in s . T h e y  a re  g e n e ra lly  a s s o c ia te d  w i th  a  s m a l l  a m o u n t  

o f  p ro te in  (c o re  p ro te in ) ,  fo rm in g  p ro te o g ly c a n s ,  w h ic h  ty p ic a l ly  c o n s is t  o f  u p  to  

9 5 %  c a rb o h y d ra te .  G A G  h a v e  th e  s p e c ia l  a b i l i ty  to  b in d  la rg e  a m o u n ts  o f  w a te r ,  

th e re b y  p ro d u c in g  th e  g e l- l ik e  m a tr ix  th a t  fo rm s  th e  b a s is  o f  th e  b o d y ’s g ro u n d  

s u b s ta n c e , w h ic h , a lo n g  w ith  f ib ro u s  s tru c tu ra l  p ro te in s  s u c h  a s  c o lla g e n , e la s tin , 

a n d  f ib r i l l in -1 , a n d  a d h e s iv e  p ro te in s  s u c h  a s  f ib ro n e c tin ,  m a k e s  u p  th e  

e x tr a c e l lu la r  m a tr ix  (E C M ). T h e  h y d ra te d  G A G  s e rv e  a s  a  f le x ib le  s u p p o r t  fo r  

th e  E C M , in te ra c t in g  w i th  th e  s tru c tu ra l  a n d  a d h e s iv e  p ro te in s ,  a n d  as  a  

m o le c u la r  s ie v e , in f lu e n c in g  m o v e m e n t  o f  m a te r ia ls  th ro u g h  th e  E C M . T h e  

v is c o u s ,  lu b r ic a t in g  p ro p e r t ie s  o f  m u c o u s  s e c re t io n s  a lso  r e s u l t  f ro m  th e  

p r e s e n c e  o f  G A G , w h ic h  le d  to  th e  o r ig in a l  n a m in g  o f  th e s e  c o m p o u n d s  as  

m u c o p o ly s a c c h a r id e s .

II. STRUCTURE

G A G  a re  lo n g , u n b ra n c h e d ,  h e te ro p o ly s a c c h a r id e  c h a in s  c o m p o s e d  o f  a  

re p e a t in g  d is a c c h a r id e  u n i t  [ a c id ic  s u g a r - a m in o  s u g a r ]n (F ig . 1 4 .1 ). [N o te : A  

s in g le  e x c e p t io n  is  k e ra ta n  su lfa te , w h ic h  c o n ta in s  g a la c to s e  r a th e r  th a n  a n  a c id ic  

s u g a r .]  T h e  a m in o  s u g a r  is  e i th e r  D-g lu c o s a m in e  o r  D-g a la c to s a m in e ,  in  w h ic h  

th e  a m in o  g ro u p  is  u s u a lly  a c e ty la te d , th u s  e l im in a t in g  its  p o s i t iv e  c h a rg e . T h e



a m in o  s u g a r  m a y  a lso  b e  s u lf a te d  o n  c a rb o n  4  o r  6 o r  o n  a  n o n a c e ty la te d  

n it ro g e n . T h e  a c id ic  s u g a r  is  e i th e r  D-g lu c u ro n ic  a c id  o r  i ts  C -5  e p im e r  l- 
id u ro n ic  a c id  (F ig . 1 4 .2 ). T h e s e  u ro n ic  s u g a rs  c o n ta in  c a rb o x y l  g ro u p s  th a t  a re  

n e g a t iv e ly  c h a rg e d  a t  p h y s io lo g ic  p H  a n d , to g e th e r  w i th  th e  s u lf a te  g ro u p s  

( - S O 42 -), g iv e  G A G  th e ir  s tro n g ly  n e g a t iv e  n a tu re .

F ig u re  1 4 .1  R e p e a tin g  d is a c c h a r id e  u n i t  o f  g ly c o s a m in o g ly c a n s .



F ig u re  1 4 .2  S o m e  m o n o s a c c h a r id e  u n its  f o u n d  in  g ly c o s a m in o g ly c a n s .



A. Structure-function relationship
B e c a u s e  o f  th e  h ig h  c o n c e n tr a t io n  o f  n e g a t iv e  c h a rg e s ,  th e s e  

h e te ro p o ly s a c c h a r id e  c h a in s  te n d  to  b e  e x te n d e d  in  s o lu tio n . T h e y  re p e l  

e a c h  o th e r  a n d  a re  s u r ro u n d e d  b y  a  s h e ll  o f  w a te r  m o le c u le s .  W h e n  b ro u g h t  

to g e th e r ,  th e y  s l id e  p a s t  e a c h  o th e r , m u c h  a s  tw o  m a g n e ts  w i th  th e  s a m e  

p o la r i ty  s e e m  to  s lid e  p a s t  e a c h  o th e r . T h is  p ro d u c e s  th e  s l ip p e ry  

c o n s is te n c y  o f  m u c o u s  s e c re t io n s  a n d  s y n o v ia l  f lu id . W h e n  a  s o lu tio n  o f  

G A G  is  c o m p re s s e d ,  th e  w a te r  is  s q u e e z e d  o u t, a n d  th e  G A G  a re  fo rc e d  to  

o c c u p y  a  s m a l le r  v o lu m e . W h e n  th e  c o m p re s s io n  is  r e le a s e d , th e  G A G  

s p r in g  b a c k  to  th e ir  o r ig in a l ,  h y d ra te d  v o lu m e  b e c a u s e  o f  th e  r e p u ls io n  o f  

th e ir  n e g a t iv e  c h a rg e s .  T h is  p ro p e r ty  c o n tr ib u te s  to  th e  re s i l ie n c e  o f  

s y n o v ia l  f lu id  a n d  th e  v i t r e o u s  h u m o r  o f  th e  e y e  (F ig . 1 4 .3 ).



Relaxed



F ig u re  1 4 .3  R e s i l ie n c e  o f  g ly c o s a m in o g ly c a n s .

B. Classification
T h e  s ix  m a jo r  ty p e s  o f  G A G  a re  d iv id e d  a c c o rd in g  to  m o n o m e r ic  

c o m p o s i t io n , ty p e  o f  g ly c o s id ic  l in k a g e s , a n d  d e g re e  a n d  lo c a t io n  o f  s u lfa te  

u n its .  T h e  s tru c tu re  o f  th e  G A G  a n d  th e ir  d is tr ib u t io n  in  th e  b o d y  is  

i l lu s tr a te d  in  F ig u re  1 4 .4 . A l l  G A G , e x c e p t  fo r  h y a lu ro n ic  a c id , a re  s u lf a te d  

a n d  a re  fo u n d  c o v a le n tly  a t ta c h e d  to  p ro te in ,  fo rm in g  p ro te o g ly c a n  

m o n o m e rs .



F ig u re  1 4 .4  S tru c tu re  o f  r e p e a t in g  u n its  in  a n d  d is tr ib u t io n  o f  

g ly c o s a m in o g ly c a n s  (G A G ). S u lfa te  g ro u p s  () a re  s h o w n  in  a l l  p o s s ib le  

p o s it io n s .  G lc U A  a n d  Id U A  =  g lu c u ro n ic  a n d  id u ro n ic  a c id s ;  G a lN A c  =  N - 

a c e ty lg a la c to s a m in e ;  G lc N A c  =  N -a c e ty lg lu c o s a m in e ;  G lc N  =  g lu c o s a m in e ;  G a l 

=  g a la c to s e .



C. Proteoglycans
P ro te o g ly c a n s  a re  fo u n d  in  th e  E C M  a n d  o n  th e  o u te r  s u r fa c e  o f  c e lls .

1. M o n o m e r  s tru c tu re : A  p ro te o g ly c a n  m o n o m e r  fo u n d  in  c a r t i la g e  c o n s is ts  

o f  a  c o re  p ro te in  to  w h ic h  u p  to  1 0 0  l in e a r  c h a in s  o f  G A G  a re  c o v a le n tly  

a t ta c h e d . T h e s e  c h a in s , w h ic h  m a y  e a c h  b e  c o m p o s e d  o f  u p  to  2 0 0  

d is a c c h a r id e  u n its ,  e x te n d  o u t  f ro m  th e  c o re  p ro te in  a n d  r e m a in  s e p a ra te d  

f ro m  e a c h  o th e r  b e c a u s e  o f  c h a rg e  r e p u ls io n . T h e  r e s u l t in g  s tru c tu re  

re s e m b le s  a  b o t t le  b ru s h  (F ig . 1 4 .5 ). In  c a r t i la g e  p ro te o g ly c a n s ,  th e  

s p e c ie s  o f  G A G  in c lu d e  c h o n d ro i t in  s u lf a te  a n d  k e ra ta n  su lfa te .  [N o te : 

P ro te o g ly c a n s  a re  g ro u p e d  in to  g e n e  f a m ilie s  th a t  e n c o d e  c o re  p ro te in s  

w ith  c o m m o n  s tru c tu ra l  f e a tu re s .  T h e  a g g re c a n  fa m ily  (a g g re c a n , 

v e rs ic a n , n e u ro c a n , a n d  b re v ic a n ) ,  a b u n d a n t  in  c a r t i la g e , is  a n  e x a m p le .]

Core Chondroitin
protein sulfate

\

Keratan
(Side view) sulfate (Top view)

F ig u re  1 4 .5  B o tt le  b ru s h  m o d e l  o f  a  c a r t i la g e  p ro te o g ly c a n  m o n o m e r .



2. G A G - p r o te in  l in k a g e : T h is  c o v a le n t  l in k a g e  is  m o s t  c o m m o n ly  th ro u g h  

a  t r ih e x o s id e  (g a la c to s e -g a la c to s e -x y lo s e )  a n d  a  s e r in e  r e s id u e  in  th e  

p ro te in .  A n  O -g ly c o s id ic  b o n d  (s e e  p . 8 6 )  is  fo rm e d  b e tw e e n  th e  x y lo s e  

a n d  th e  h y d ro x y l  g ro u p  o f  th e  s e r in e  (F ig . 1 4 .6 ).

F ig u re  1 4 .6  G ly c o s a m in o g ly c a n  l in k a g e  re g io n s .

3. A g g re g a te  fo rm a tio n :  M a n y  p ro te o g ly c a n  m o n o m e rs  c a n  a s s o c ia te  w ith  

o n e  m o le c u le  o f  h y a lu ro n ic  a c id  to  fo rm  p ro te o g ly c a n  a g g re g a te s .  T h e  

a s s o c ia t io n  is  n o t  c o v a le n t  a n d  o c c u rs  p r im a r i ly  th ro u g h  io n ic  

in te ra c t io n s  b e tw e e n  th e  c o re  p ro te in  a n d  th e  h y a lu ro n ic  a c id . T h e  

a s s o c ia t io n  is  s ta b i l iz e d  b y  a d d i t io n a l  s m a l l  p ro te in s  c a l le d  l in k  p ro te in s  

(F ig . 1 4 .7 ).



F ig u re  1 4 .7  P ro te o g ly c a n  a g g re g a te .  G A G  = g ly c o s a m in o g ly c a n .

III. SYNTHESIS

T h e  h e te ro p o ly s a c c h a r id e  c h a in s  a re  e lo n g a te d  b y  th e  s e q u e n t ia l  a d d i t io n  o f  

a l te rn a t in g  a c id ic  a n d  a m in o  s u g a rs  d o n a te d  p r im a r i ly  b y  th e ir  u r id in e  

d ip h o s p h a te  (U D P )  d e r iv a tiv e s .  T h e  re a c t io n s  a re  c a ta ly z e d  b y  a  f a m ily  o f  

s p e c if ic  glycosyltransferases. B e c a u s e  G A G  a re  p ro d u c e d  fo r  e x p o r t  f ro m  th e  

c e ll, th e ir  s y n th e s is  o c c u rs  p r im a r i ly  in  th e  G o lg i  a n d  n o t  in  th e  c y to so l .

A. Amino sugar synthesis
A m in o  s u g a rs  a re  e s s e n tia l  c o m p o n e n ts  o f  g ly c o c o n ju g a te s  s u c h  a s  

p ro te o g ly c a n s ,  g ly c o p ro te in s ,  a n d  g ly c o lip id s .  T h e  s y n th e t ic  p a th w a y  o f  

a m in o  s u g a rs  (h e x o s a m in e s )  is  v e ry  a c t iv e  in  c o n n e c tiv e  t i s s u e s ,  w h e re  as  

m u c h  a s  2 0 %  o f  g lu c o s e  f lo w s  th ro u g h  th is  p a th w a y .

1. N -A c e ty lg lu c o s a m in e  a n d  N -a c e ty lg a la c to s a m in e :  T h e  m o n o s a c c h a r id e  

f ru c to s e  6 -p h o s p h a te  is  th e  p re c u r s o r  o f  N -a c e ty lg lu c o s a m in e  (G lc N A c )  

a n d  N -a c e ty lg a la c to s a m in e  (G a lN A c ) . A  h y d ro x y l  g ro u p  o n  th e  f ru c to s e  

is  r e p la c e d  b y  th e  a m id e  n i t ro g e n  o f  a  g lu ta m in e , a n d  th e  g lu c o s a m in e  6 - 

p h o s p h a te  p r o d u c t  g e ts  a c e ty la te d , is o m e r iz e d , a n d  a c t iv a te d , p ro d u c in g  

th e  n u c le o tid e  s u g a r  U D P -G lc N A c  (F ig . 1 4 .8 ). U D P -G a lN A c  is  

g e n e ra te d  b y  th e  e p im e r iz a t io n  o f  U D P -G lc N A c . I t  is  th e se  n u c le o tid e  

s u g a r  fo rm s  o f  th e  a m in o  s u g a rs  th a t  a re  u s e d  to  e lo n g a te  th e  

c a rb o h y d ra te  c h a in s .



Glutamine Glutamate

Glucose 
6-phosphate '

A
ADP

ATP

Fructose
6-phosphate

Glucosamine
6-phosphate

Glucose

Sialic acid, 
gangliosides, L 
glycoproteins ^

UTP

Glucosamine ^
^  1-phosphateAmidotransferase

Acetyl-CoA — J
^ T > C 0 A

N-Acetylglucosamine 6-phosphate

>  *
N-acetylglucosamine 1-phosphate 

N-Acetylmannosamine 6-phosphate
PEP~^- U T P ^

N-acetylneuraminic acid (NANA)

CTPH ^^>ppi

^  PP:

CMP-NANA UDP-N-acetylglucosamine

\
UDP-N-acetylgalactosamine

UDP-
Glucosamine

PPi

Glycosaminoglycans

Glycosaminoglycans,
glycoproteins

F ig u re  1 4 .8  S y n th e s is  o f  th e  a m in o  s u g a rs . A D P  =  a d e n o s in e  d ip h o s p h a te ;  U T P  

a n d  U D P  =  u r id in e  tr i -  a n d  d ip h o s p h a te s ;  C o A  =  c o e n z y m e  A ; P E P  = 

p h o s p h o e n o lp y ru v a te ;  C T P  a n d  C M P  =  c y t id in e  t r i -  a n d  m o n o p h o s p h a te s ;  P P i =

p y ro p h o s p h a te .

2. N -A c e ty ln e u ra m in ic  a c id : N A N A , a  n in e -c a rb o n ,  a c id ic  m o n o s a c c h a r id e  

( s e e  F ig . 1 7 .1 5 , p . 2 0 9 ) , is  a  m e m b e r  o f  th e  f a m ily  o f  s ia l ic  a c id s , e a c h  o f  

w h ic h  is  a c y la te d  a t  a  d if f e r e n t  s ite . T h e s e  c o m p o u n d s  a re  u s u a l ly  fo u n d  

a s  te rm in a l  c a rb o h y d ra te  r e s id u e s  o f  o l ig o s a c c h a r id e  s id e  c h a in s  o f  

g ly c o p ro te in s ,  o f  g ly c o lip id s ,  o r, le s s  f r e q u e n tly ,  o f  G A G . N - 

A c e ty lm a n n o s a m in e  6 -p h o s p h a te  (d e r iv e d  f ro m  f ru c to s e  6 -p h o s p h a te )  

a n d  p h o s p h o e n o lp y ru v a te  (a n  in te rm e d ia te  in  g ly c o ly s is ;  se e  p . 1 0 2 ) a re  

th e  im m e d ia te  s o u rc e s  o f  th e  c a rb o n s  a n d  n i t ro g e n s  fo r  N A N A  s y n th e s is  

( s e e  F ig . 1 4 .8 ). B e fo re  N A N A  c a n  b e  a d d e d  to  a  g ro w in g  

o lig o s a c c h a r id e ,  i t  m u s t  b e  a c t iv a te d  to  c y t id in e  m o n o p h o s p h a te  (C M P )-  

N A N A  b y  re a c t in g  w i th  c y t id in e  tr ip h o s p h a te  (C T P ) . CM P-N AN A  

synthetase  c a ta ly z e s  th e  re a c tio n . [N o te : C M P -N A N A  is  th e  o n ly  

n u c le o t id e  s u g a r  in  h u m a n  m e ta b o l is m  in  w h ic h  th e  c a r r ie r  n u c le o tid e  is  

a  m o n o p h o s p h a te  r a th e r  th a n  a  d ip h o s p h a te .]

B. Acidic sugar synthesis
D-G lu c u ro n ic  a c id , w h o s e  s tru c tu re  is  th a t  o f  g lu c o s e  w i th  a n  o x id iz e d  

c a rb o n  6  ( - C H 2O H  - C O O H ) ,  a n d  its  C -5  e p im e r ,  L- id u ro n ic  a c id , a re

e s s e n tia l  c o m p o n e n ts  o f  G A G . G lu c u ro n ic  a c id  is  a lso  r e q u ire d  fo r  th e  

d e to x if ic a t io n  o f  l ip o p h il ic  c o m p o u n d s , s u c h  a s  b i l i r u b in  (se e  p . 2 8 2 ) ,



s te ro id s  ( s e e  p . 2 4 0 ) , a n d  m a n y  d ru g s , in c lu d in g  th e  s ta t in s  ( s e e  p . 2 2 4 ) , 

b e c a u s e  c o n ju g a t io n  w ith  g lu c u ro n a te  (g lu c u ro n id a t io n )  in c re a s e s  w a te r  

s o lu b il i ty .  In  p la n ts  a n d  m a m m a ls  (o th e r  th a n  g u in e a  p ig s  a n d  p r im a te s ,  

in c lu d in g  h u m a n s ) ,  g lu c u ro n ic  a c id  is  a  p re c u r s o r  o f  a s c o rb ic  a c id  (v ita m in  

C ) a s  s h o w n  in  F ig u re  1 4 .9 . T h is  u ro n ic  a c id  p a th w a y  a lso  p ro v id e s  a 

m e c h a n is m  b y  w h ic h  d ie ta ry  D-x y lu lo s e  c a n  e n te r  th e  c e n tra l  m e ta b o l ic  

p a th w a y s .

D -G L U C U R O N IC  A C ID

NADPH-DEPENDENT XYLULOSE REDUCTASE

•  Its deficiency causes essential pentosuria.

•  L-Xylulose is found in significant amounts in urine.

•  This is a common, benign, autosomal-recessive 
condition in Ashkenazi Jews.

D -X Y L U L O S E  5 -P H O S P H A T E

>  L-Gulonate

co2<<^
L-Xylulose

Xylitol

D-Xylulose Diet

t i l .
L -A S C O R B IC  A C ID

L-GULONOLACTONE o x id a s e

•  The enzyme is absent in primates 
and guinea pigs.

•  Therefore, in these animals 
(including humans), ascorbic acid 
is an essential vitamin in the diet.

>  P E N T O S E  P H O S P H A T E  P A T H W A Y

F ig u re  1 4 .9  M e ta b o lis m  o f  g lu c u ro n ic  a c id . N A D P H  = r e d u c e d  n ic o tin a m id e  

a d e n in e  d in u c le o t id e  p h o s p h a te ;  C O 2 = c a rb o n  d io x id e .

1. G lu c u ro n ic  a c id : G lu c u ro n ic  a c id  c a n  b e  o b ta in e d  in  s m a ll  a m o u n ts  f ro m  

th e  d ie t  a n d  f ro m  th e  ly s o s o m a l d e g ra d a t io n  o f  G A G . I t  a lso  c a n  b e  

s y n th e s iz e d  b y  th e  u ro n ic  a c id  p a th w a y , in  w h ic h  g lu c o s e  1 -p h o s p h a te  

r e a c ts  w ith  u r id in e  t r ip h o s p h a te  (U T P )  a n d  is  c o n v e r te d  to  U D P -g lu c o s e .  

O x id a t io n  o f  U D P -g lu c o s e  p ro d u c e s  U D P -g lu c u ro n ic  a c id , th e  fo rm  th a t  

s u p p lie s  g lu c u ro n ic  a c id  fo r  G A G  s y n th e s is  a n d  g lu c u ro n id a t io n  (F ig . 

1 4 .1 0 ). T h e  e n d  p r o d u c t  o f  g lu c u ro n ic  a c id  m e ta b o l is m  in  h u m a n s  is  d- 
x y lu lo s e  5 -p h o s p h a te ,  w h ic h  c a n  e n te r  th e  p e n to s e  p h o s p h a te  p a th w a y  

a n d  p ro d u c e  th e  g ly c o ly tic  in te rm e d ia te s  g ly c e ra ld e h y d e  3 -p h o s p h a te  a n d  

f ru c to s e  6 -p h o s p h a te  ( s e e  F ig . 1 4 .9 ; s e e  a lso  F ig . 1 3 .2 , p . 1 4 6 ).



Glucose Uridine diphosphate (UDP)
>

o

N C 

O ' SHo  o

O -P -O -P -O -C H p  JQ
OH 0 0 'C

\  /

ç— ?
OH OH

UDP-Glucose

HoO

UDP-Glucose
dehydrogenase

COOH

UDP-Glucuronic acid

Conjugation to less polar compounds 
(for example, bilirubin, steroids, 

and many drugs)



F ig u re  1 4 .1 0  O x id a t io n  o f  U D P -g lu c o s e  to  U D P -g lu c u ro n ic  a c id . N A D (H )  = 

n ic o t in a m id e  a d e n in e  d in u c le o t id e .

2. l - Id u ro n ic  a c id : S y n th e s is  o f  L- id u ro n ic  a c id  o c c u rs  a f te r  D-g lu c u ro n ic  

a c id  h a s  b e e n  in c o rp o ra te d  in to  th e  c a rb o h y d ra te  c h a in . U ronosyl 5- 
epim erase  c a u s e s  e p im e r iz a t io n  o f  th e  d- to  th e  L-su g a r .

C. Core protein synthesis
T h e  c o re  p ro te in  is  m a d e  b y  r ib o s o m e s  o n  th e  ro u g h  e n d o p la s m ic  r e t ic u lu m  

(R E R ), e n te r s  th e  R E R  lu m e n , a n d  th e n  m o v e s  to  th e  G o lg i, w h e re  i t  is  

g ly c o s y la te d  b y  m e m b ra n e -b o u n d  glycosyltransferases.

D. Carbohydrate chain synthesis
C a rb o h y d ra te  c h a in  fo rm a t io n  is  in i t ia te d  b y  s y n th e s is  o f  a  s h o r t  l in k e r  o n  

th e  c o re  p ro te in  o n  w h ic h  c a rb o h y d ra te  c h a in  s y n th e s is  w i l l  o c c u r . T h e  

m o s t  c o m m o n  l in k e r  is  a  t r ih e x o s id e  fo rm e d  b y  th e  t r a n s fe r  o f  a  x y lo s e  

f ro m  U D P -x y lo s e  to  th e  h y d ro x y l  g ro u p  o f  a  s e r in e  (o r  th re o n in e )  c a ta ly z e d  

b y  xylosyltransferase. T w o  g a la c to s e  m o le c u le s  a re  th e n  a d d e d , c o m p le t in g  

th e  tr ih e x o s id e .  T h is  is  f o l lo w e d  b y  s e q u e n t ia l  a d d i t io n  o f  a l te rn a t in g  a c id ic  

a n d  a m in o  s u g a rs  (F ig . 1 4 .1 1 ) a n d  e p im e r iz a t io n  o f  s o m e  D-g lu c u ro n y l  to  l- 
id u ro n y l  re s id u e s .





F ig u re  1 4 .1 1  S y n th e s is  o f  c h o n d ro i t in  su lfa te .  P A P -  = 3 '- p h o s p h o a d e n o s y l - 5 '-  

p h o s p h o s u lfa te ;  S e r  = s e r in e .

E. Sulfate group addition
S u lfa t io n  o f  a  G A G  o c c u rs  a f te r  th e  m o n o s a c c h a r id e  to  b e  s u lf a te d  h a s  b e e n  

in c o rp o ra te d  in to  th e  g ro w in g  c a rb o h y d ra te  c h a in . T h e  s o u rc e  o f  th e  s u lfa te  

is  3 '- p h o s p h o a d e n o s y l - 5 '- p h o s p h o s u l f a te  ( [P A P S ]  a  m o le c u le  o f  a d e n o s in e  

m o n o p h o s p h a te  w i th  a  s u lfa te  g ro u p  a t ta c h e d  to  th e  5 '- p h o s p h a te ;  s e e  F ig . 

1 7 .1 6 , p . 2 1 0 ) . T h e  s u lf a t io n  r e a c t io n  is  c a ta ly z e d  b y  sulfotransferases. 
S y n th e s is  o f  th e  s u lfa te d  G A G  c h o n d ro i t in  s u lfa te  is  s h o w n  in  F ig u re  1 4 .1 1 . 

[N o te : P A P S  is  a lso  th e  s u lfu r  d o n o r  in  g ly c o s p h in g o lip id  s y n th e s is  (s e e  p . 

2 1 0 ) .]

A  d e fe c t  in  th e  s u lf a t io n  o f  th e  g ro w in g  G A G  c h a in s  r e s u lts  in  o n e  o f  

s e v e ra l  a u to s o m a l- re c e s s iv e  d is o rd e rs ,  th e  c h o n d ro d y s tro p h ie s ,  w h ic h  

a f fe c t  th e  p ro p e r  d e v e lo p m e n t  a n d  m a in te n a n c e  o f  th e  s k e le ta l  sy s te m .

IV. DEGRADATION

G A G  a re  d e g ra d e d  in  ly s o s o m e s ,  w h ic h  c o n ta in  h y d ro ly t ic  e n z y m e s  th a t  a re  

m o s t  a c t iv e  a t  a  p H  o f  ~ 5 . T h e re fo re ,  as  a  g ro u p , th e s e  e n z y m e s  a re  c a l le d  acid  
hydrolases. [N o te : T h e  lo w  p H  o p tim u m  is  a  p ro te c t iv e  m e c h a n is m  th a t  p re v e n ts  

th e  e n z y m e s  f ro m  d e s tro y in g  th e  c e l l  s h o u ld  le a k a g e  o c c u r  in to  th e  c y to s o l  

w h e re  th e  p H  is  n e u tra l .]  T h e  h a lf - l iv e s  o f  G A G  v a ry  f ro m  m in u te s  to  m o n th s  

a n d  a re  in f lu e n c e d  b y  th e  ty p e  o f  G A G  a n d  its  lo c a t io n  in  th e  b o d y .

A. GAG phagocytosis
B e c a u s e  G A G  a re  e x tr a c e l lu la r  o r  c e l l - s u r fa c e  c o m p o u n d s , th e y  m u s t  f ir s t  

b e  e n g u lfe d  b y  in v a g in a t io n  o f  th e  c e l l  m e m b ra n e  (p h a g o c y to s is ) ,  fo rm in g  a  

v e s ic le  in s id e  o f  w h ic h  a re  th e  G A G  to  b e  d e g ra d e d . T h is  v e s ic le  th e n  fu se s  

w ith  a  ly s o s o m e , fo rm in g  a  s in g le  d ig e s t iv e  v e s ic le  in  w h ic h  th e  G A G  a re  

e f f ic ie n t ly  d e g ra d e d  (s e e  p . 1 5 0  fo r  a  d is c u s s io n  o f  p h a g o c y to s is ) .



B. Lysosomal degradation
T h e  ly s o s o m a l d e g ra d a t io n  o f  G A G  re q u ire s  a  la rg e  n u m b e r  o f  acid  
hydrolases  fo r  c o m p le te  d ig e s t io n . F ir s t ,  th e  p o ly s a c c h a r id e  c h a in s  a re  

c le a v e d  b y  endoglycosidases, p ro d u c in g  o l ig o s a c c h a r id e s .  F u r th e r  

d e g ra d a t io n  o f  th e  o l ig o s a c c h a r id e s  o c c u rs  s e q u e n t ia l ly  f ro m  th e  

n o n re d u c in g  e n d  (s e e  p . 1 2 7 ) o f  e a c h  c h a in , th e  la s t  g ro u p  (s u lfa te  o r  s u g a r )  

a d d e d  d u r in g  s y n th e s is  b e in g  th e  f i r s t  g ro u p  r e m o v e d  (b y  sulfatases  o r  

exoglycosidases). E x a m p le s  o f  s o m e  o f  th e s e  e n z y m e s  a n d  th e  b o n d s  th e y  

h y d ro ly z e  a re  s h o w n  in  F ig u re  1 4 .1 2 . [N o te : Endo- a n d  exoglycosidases  a re  

a lso  in v o lv e d  in  th e  ly s o s o m a l d e g ra d a t io n  o f  g ly c o p ro te in s  (s e e  p . 1 7 0 ) 

a n d  g ly c o l ip id s  (s e e  p . 2 1 0 ) . D e f ic ie n c ie s  in  th e s e  e n z y m e s  r e s u l t  in  th e  

a c c u m u la t io n  o f  p a r t ia l ly  d e g ra d e d  c a rb o h y d ra te s ,  c a u s in g  t i s s u e  d a m a g e .]



F ig u re  1 4 .1 2  D e g ra d a t io n  o f  th e  g ly c o s a m in o g ly c a n  h e p a ra n  s u lfa te  b y  

ly s o s o m a l e n z y m e s , in d ic a t in g  s ite s  o f  e n z y m e  d e f ic ie n c ie s  in  so m e  

r e p re s e n ta t iv e  m u c o p o ly s a c c h a r id o s e s  (M P S ) . [N o te : D e f ic ie n c ie s  in

galactosam ine 6-sulfatase  a n d  P-galactosidase  th a t  d e g ra d e  k e ra ta n  su lfa te  

r e s u l t  in  M o rq u io  s y n d ro m e  (M P S  IV ), A  a n d  B , re s p e c t iv e ly . D e f ic ie n c ie s  in  

arylsulfatase B  th a t  d e g ra d e s  d e rm a ta n  s u lfa te  r e s u l t  in  M a ro te a u x -L a m y  

s y n d ro m e  (M P S  V I) .]  G lc U A  a n d  Id U A  = g lu c u ro n ic  a n d  id u ro n ic  a c id s ; 

G a lN A c  = N -a c e ty lg a la c to s a m in e ;  G lc N A c  = N -a c e ty lg lu c o s a m in e ;  G lc N  =



glucosamine; S = sulfate.

M u ltip le  su lfatase  d e f ic ie n c y  (A u s t in  d is e a s e )  is  a  r a re  ly s o s o m a l s to ra g e  

d is e a s e  in  w h ic h  a l l  su lfatases  a re  n o n fu n c t io n a l  b e c a u s e  o f  a  d e f e c t  in  th e  

fo rm a t io n  o f  fo rm y lg ly c in e ,  a n  a m in o  a c id  d e r iv a t iv e  r e q u ire d  a t  th e  a c t iv e  

s ite  fo r  e n z y m ic  a c t iv i ty  to  o c c u r .

V. MUCOPOLYSACCHARIDOSES

T h e  m u c o p o ly s a c c h a r id o s e s  a re  h e re d i ta ry  d is e a s e s  (a p p ro x im a te ly  1 :2 5 ,0 0 0  l iv e  

b ir th s )  c a u s e d  b y  a  d e f ic ie n c y  o f  a n y  o n e  o f  th e  ly s o s o m a l hydrolases  n o rm a lly  

in v o lv e d  in  th e  d e g ra d a t io n  o f  h e p a ra n  s u lfa te  a n d /o r  d e rm a ta n  s u lfa te  (s e e  F ig . 

1 4 .1 2 ). T h e y  a re  p ro g re s s iv e  d is o rd e r s  c h a ra c te r iz e d  b y  ly s o s o m a l a c c u m u la t io n  

o f  G A G  in  v a r io u s  t is s u e s ,  c a u s in g  a  r a n g e  o f  s y m p to m s , s u c h  a s  s k e le ta l  a n d  

E C M  d e fo rm itie s ,  a n d  in te l le c tu a l  d is a b i l i ty .  A l l  a re  a u to s o m a l- re c e s s iv e  

d is o rd e rs  e x c e p t  H u n te r  s y n d ro m e , w h ic h  is  X  l in k e d . C h ild re n  w h o  a re  

h o m o z y g o u s  fo r  a n y  o n e  o f  th e s e  d is e a s e s  a re  a p p a re n t ly  n o rm a l  a t  b i r th  a n d  

th e n  g r a d u a l ly  d e te r io ra te .  In  s e v e re  d e f ic ie n c ie s ,  d e a th  o c c u rs  in  c h ild h o o d . 

T h e re  c u r re n t ly  is  n o  c u re . I n c o m p le te  ly s o s o m a l d e g ra d a t io n  o f  G A G  re s u l ts  in  

th e  p r e s e n c e  o f  o l ig o s a c c h a r id e s  in  th e  u r in e . T h e s e  f ra g m e n ts  c a n  b e  u s e d  to  

d ia g n o s e  th e  s p e c if ic  m u c o p o ly s a c c h a r id o s is  b y  id e n t ify in g  th e  s tru c tu re  p re s e n t  

o n  th e  n o n re d u c in g  e n d  o f  th e  o lig o s a c c h a r id e ,  b e c a u s e  th a t  r e s id u e  w o u ld  h a v e  

b e e n  th e  s u b s t r a te  fo r  th e  m is s in g  e n z y m e . D ia g n o s is  is  c o n f i rm e d  b y  m e a s u r in g  

th e  p a t ie n t ’s c e l lu la r  le v e l  o f  th e  ly s o s o m a l hydrolases. B o n e  m a r ro w  a n d  c o rd  

b lo o d  tr a n s p la n ts ,  in  w h ic h  t r a n s p la n te d  m a c ro p h a g e s  p ro d u c e  th e  e n z y m e s  th a t  

d e g ra d e  G A G , h a v e  b e e n  u s e d  to  t r e a t  H u r le r  a n d  H u n te r  s y n d ro m e s , w ith  

l im i te d  s u c c e s s .  E n z y m e  r e p la c e m e n t  th e ra p y  is  a v a i la b le  fo r  b o th  s y n d ro m e s  

b u t  d o e s  n o t  p r e v e n t  n e u ro lo g ic  d a m a g e .

VI. GLYCOPROTEIN OVERVIEW

G ly c o p ro te in s  a re  p ro te in s  to  w h ic h  o l ig o s a c c h a r id e s  (g ly c a n s )  a re  c o v a le n tly  

a t ta c h e d . [N o te : G ly c o s y la t io n  is  th e  m o s t  c o m m o n  p o s t t r a n s la t io n a l

m o d if ic a t io n  o f  p ro te in s .]  T h e y  d if fe r  f ro m  th e  p ro te o g ly c a n s  in  s e v e ra l



im p o r ta n t  w a y s . G ly c o p ro te in s  c o n ta in  h ig h ly  v a r ia b le  a m o u n ts  o f  c a rb o h y d ra te  

b u t  ty p ic a l ly  le s s  th a n  th a t  o f  p ro te o g ly c a n s .  F o r  e x a m p le , th e  g ly c o p ro te in  

im m u n o g lo b u lin  G  ( Ig G ) c o n ta in s  < 4 %  o f  i ts  m a s s  a s  c a rb o h y d ra te ,  w h e re a s  th e  

p r o te o g ly c a n  a g g re c a n  c o n ta in s  > 8 0 % . In  g ly c o p ro te in s ,  th e  g ly c a n  is  r e la t iv e ly  

s h o r t  (u s u a lly  tw o  to  te n  s u g a r  r e s id u e s  in  le n g th , a l th o u g h  i t  c a n  b e  lo n g e r ) ;  

d o e s  n o t  c o n ta in  re p e a t in g  d is a c c h a r id e  u n its  a n d , c o n s e q u e n t ly ,  is  s tru c tu ra lly  

d iv e rs e ; is  o f te n  b r a n c h e d  in s te a d  o f  l in e a r ;  a n d  m a y  o r  m a y  n o t  b e  n e g a t iv e ly  

c h a rg e d . M e m b ra n e -b o u n d  g ly c o p ro te in s  p a r t ic ip a te  in  a  b ro a d  ra n g e  o f  c e l lu la r  

p h e n o m e n a , in c lu d in g  c e l l - s u r fa c e  r e c o g n i t io n  (b y  o th e r  c e lls ,  h o rm o n e s ,  a n d  

v iru s e s ) ,  c e l l - s u r fa c e  a n t ig e n ic i ty  ( s u c h  as  th e  b lo o d  g ro u p  a n t ig e n s ) ,  a n d  as  

c o m p o n e n ts  o f  th e  E C M  a n d  o f  th e  m u c in s  o f  th e  g a s tro in te s t in a l  a n d  u ro g e n i ta l  

tra c ts , w h e re  th e y  a c t  a s  p ro te c t iv e  b io lo g ic  lu b r ic a n ts .  In  a d d i tio n , a lm o s t  a l l  o f  

th e  g lo b u la r  p ro te in s  p r e s e n t  in  h u m a n  p la s m a  a re  g ly c o p ro te in s ,  a l th o u g h  

a lb u m in  is  a n  e x c e p tio n . F ig u re  1 4 .1 3  s u m m a r iz e s  s o m e  g ly c o p ro te in  fu n c t io n s .





F ig u re  1 4 .1 3  F u n c t io n s  o f  g ly c o p ro te in s .

VII. OLIGOSACCHARIDE STRUCTURE

T h e  o l ig o s a c c h a r id e  (g ly c a n )  c o m p o n e n ts  o f  g ly c o p ro te in s  a re  g e n e ra lly  

b r a n c h e d  h e te ro p o ly m e rs  c o m p o s e d  p r im a r i ly  o f  D-h e x o s e s ,  w i th  th e  a d d i t io n  in  

s o m e  c a s e s  o f  n e u ra m in ic  a c id  (a  n o n o s e )  a n d  o f  L- fu c o s e , a  6 -d e o x y h e x o s e .

A. Carbohydrate-protein linkage
T h e  g ly c a n  m a y  b e  a t ta c h e d  to  th e  p ro te in  th ro u g h  a n  N - o r  a n  O -g ly c o s id ic  

l in k  ( s e e  p . 8 6 ) . In  th e  fo rm e r  c a se , th e  s u g a r  c h a in  is  a t ta c h e d  to  th e  a m id e  

g ro u p  o f  a n  a s p a ra g in e  s id e  c h a in  a n d , in  th e  la t te r  c a se , to  th e  h y d ro x y l  

g ro u p  o f  e i th e r  a  s e r in e  o r  th re o n in e  s id e  c h a in . [N o te : In  th e  c a s e  o f  

c o l la g e n , th e re  is  a n  O -g ly c o s id ic  l in k a g e  b e tw e e n  g a la c to s e  o r  g lu c o s e  a n d  

th e  h y d ro x y l  g ro u p  o f  h y d ro x y ly s in e  (s e e  p . 4 7 ) .]

B. N- and O-Linked oligosaccharides
A  g ly c o p ro te in  m a y  c o n ta in  o n ly  o n e  ty p e  o f  g ly c o s id ic  l in k a g e  (N  o r  O

lin k e d )  o r  m a y  h a v e  b o th  ty p e s  w ith in  th e  s a m e  m o le c u le .

1. O -L in k e d : T h e  O - l in k e d  g ly c a n s  m a y  h a v e  o n e  o r  m o re  o f  a  w id e  v a r ie ty  

o f  s u g a rs  a r r a n g e d  in  e i th e r  a  l in e a r  o r  a  b r a n c h e d  p a t te rn . M a n y  a re  

fo u n d  in  e x tr a c e l lu la r  g ly c o p ro te in s  o r  as  m e m b ra n e  g ly c o p ro te in  

c o m p o n e n ts .  F o r  e x a m p le , O - l in k e d  o lig o s a c c h a r id e s  o n  th e  s u r fa c e  o f  

re d  b lo o d  c e l ls  h e lp  p ro v id e  th e  A B O  b lo o d  g ro u p  d e te rm in a n ts .  I f  th e  

te rm in a l  s u g a r  o n  th e  g ly c a n  is  G a lN A c , th e  b lo o d  g ro u p  is  A . I f  i t  is  

g a la c to s e , th e  b lo o d  g ro u p  is  B . I f  n e i th e r  G a lN A c  n o r  g a la c to s e  is  

p re s e n t ,  th e  b lo o d  g ro u p  is  O .

2. N -L in k e d : T h e  N - l in k e d  g ly c a n s  fa l l  in to  tw o  b ro a d  c la s se s :  c o m p le x  

o lig o s a c c h a r id e s  a n d  h ig h -m a n n o s e  o lig o s a c c h a r id e s .  B o th  c o n ta in  th e  

s a m e  p e n ta s a c c h a r id e  c o re  s h o w n  in  F ig u re  1 4 .1 4 , b u t  th e  c o m p le x  

o lig o s a c c h a r id e s  c o n ta in  a  d iv e r s e  g ro u p  o f  a d d i t io n a l  s u g a rs , fo r  

e x a m p le , G lc N A c , G a lN A c , L- fu c o s e , a n d  N A N A , w h e re a s  th e  h ig h -



m a n n o s e  o l ig o s a c c h a r id e s  c o n ta in  p r im a r i ly  m a n n o se .





F ig u re  1 4 .1 4  C o m p le x  ( to p )  a n d  h ig h -m a n n o s e  (b o tto m )  N - lin k e d  

o lig o s a c c h a r id e s .  [N o te : M e m b e rs  o f  e a c h  c la s s  c o n ta in  th e  s a m e

p e n ta s a c c h a r id e  c o re  ( s h o w n  in s id e  th e  b o x ) .]  N A N A  = N -a c e ty ln e u ra m in ic  

a c id ; G a l = g a la c to s e ;  G lc N A c  = N -a c e ty lg lu c o s a m in e ;  M a n  = m a n n o s e ;  F u c  = 

fu c o se ; A s n  = a s p a ra g in e .

VIII. GLYCOPROTEIN SYNTHESIS

P ro te in s  d e s t in e d  to  fu n c t io n  in  th e  c y to p la s m  a re  s y n th e s iz e d  o n  f re e  c y to s o l ic  

r ib o s o m e s . H o w e v e r ,  p ro te in s ,  in c lu d in g  g ly c o p ro te in s ,  th a t  a re  d e s t in e d  fo r  

c e l lu la r  m e m b ra n e s ,  ly s o s o m e s ,  o r  to  b e  e x p o r te d  f ro m  th e  c e ll, a re  s y n th e s iz e d  

o n  r ib o s o m e s  a t ta c h e d  to  th e  R E R . T h e s e  p ro te in s  c o n ta in  s p e c if ic  s ig n a l  

s e q u e n c e s  th a t  a c t  a s  m o le c u la r  a d d re s s e s ,  ta rg e t in g  th e  p ro te in s  to  th e ir  p ro p e r  

d e s tin a tio n s .  A n  N - te rm in a l  h y d ro p h o b ic  s e q u e n c e  in i t ia l ly  d ire c ts  th e s e  p ro te in s  

to  th e  R E R , a l lo w in g  th e  g ro w in g  p o ly p e p tid e  to  b e  e x tru d e d  in to  th e  lu m e n  (se e  

p . 4 5 9 ) . T h e  p ro te in s  a re  th e n  t r a n s p o r te d  v ia  s e c re to ry  v e s ic le s  to  th e  G o lg i, 

w h ic h  a c ts  a s  a  s o r t in g  c e n te r  (F ig . 1 4 .1 5 ). In  th e  G o lg i, th o s e  g ly c o p ro te in s  th a t  

a re  to  b e  s e c re te d  f ro m  th e  c e l l  (o r  a re  ta rg e te d  fo r  ly s o s o m e s )  a re  p a c k a g e d  in to  

v e s ic le s  th a t  fu s e  w ith  th e  c e l l  (o r  ly s o s o m a l)  m e m b ra n e  a n d  r e le a s e  th e ir  

c o n te n ts .  T h o s e  th a t  a re  d e s t in e d  to  b e c o m e  c o m p o n e n ts  o f  th e  c e l l  m e m b ra n e  

a re  in te g ra te d  in to  th e  G o lg i  m e m b ra n e ,  w h ic h  b u d s  o ff , fo rm in g  v e s ic le s  th a t  

a d d  th e ir  m e m b ra n e -b o u n d  g ly c o p ro te in s  to  th e  c e l l  m e m b ra n e .  [N o te : 

T h e re fo re ,  th e  m e m b ra n e  g ly c o p ro te in s  a re  o r ie n te d  w i th  th e  c a rb o h y d ra te  

p o r t io n  o n  th e  o u ts id e  o f  th e  c e l l  ( s e e  F ig . 1 4 .1 5 ).]



F ig u re  1 4 .1 5  T ra n s p o r t  o f  g ly c o p ro te in s  to  a n d  th ro u g h  th e  G o lg i  a n d  th e ir  

s u b s e q u e n t  s e c re t io n  o r  in c o rp o ra t io n  in to  a  ly s o s o m e  o r  th e  c e l l  m e m b ra n e .

A. Carbohydrate components



T h e  p re c u r s o r s  o f  th e  c a rb o h y d ra te  c o m p o n e n ts  o f  g ly c o p ro te in s  a re  

n u c le o t id e  s u g a rs , w h ic h  in c lu d e  U D P -g lu c o s e ,  U D P -g a la c to s e ,  U D P -  

G lc N A c , a n d  U D P -G a lN A c . In  a d d i tio n , g u a n o s in e  d ip h o s p h a te  (G D P )-  

m a n n o s e , G D P -L- fu c o s e  (w h ic h  is  s y n th e s iz e d  f ro m  G D P -m a n n o s e ) ,  a n d  

C M P -N A N A  m a y  d o n a te  s u g a rs  to  th e  g ro w in g  c h a in . [N o te : W h e n  th e  

a c id ic  N A N A  is  p re s e n t ,  th e  o l ig o s a c c h a r id e  h a s  a  n e g a t iv e  c h a rg e  a t  

p h y s io lo g ic  p H .]  T h e  o lig o s a c c h a r id e s  a re  c o v a le n t ly  a t ta c h e d  to  th e  s id e  

c h a in s  o f  s p e c if ic  a m in o  a c id s  in  th e  p ro te in ,  w h e re  th e  th r e e -d im e n s io n a l  

s tru c tu re  o f  th e  p ro te in  d e te rm in e s  w h e th e r  o r  n o t  a  s p e c if ic  a m in o  a c id  is  

g ly c o s y la te d .

B. O-Linked glycoprotein synthesis
S y n th e s is  o f  th e  O - l in k e d  g ly c o p ro te in s  is  v e ry  s im ila r  to  th a t  o f  th e  G A G  

(se e  p . 1 5 8 ). F ir s t ,  th e  p ro te in  to  w h ic h  s u g a rs  a re  to  b e  a t ta c h e d  is  

s y n th e s iz e d  o n  th e  R E R  a n d  e x tru d e d  in to  its  lu m e n . G ly c o s y la t io n  b e g in s  

w ith  th e  t r a n s f e r  o f  G a lN A c  ( f ro m  U D P -G a lN A c )  to  th e  h y d ro x y l  g ro u p  o f  

a  s p e c if ic  s e r in e  o r  th re o n in e  re s id u e s .  T h e  glycosyltransferases  r e s p o n s ib le  

fo r  th e  s te p w is e  s y n th e s is  ( f ro m  in d iv id u a l  s u g a rs )  o f  th e  o l ig o s a c c h a r id e s  

a re  b o u n d  to  th e  m e m b ra n e s  o f  th e  G o lg i. T h e y  a c t  in  a  s p e c if ic  o rd e r , 

w i th o u t  u s in g  a  te m p la te  as  is  r e q u ire d  fo r  D N A , r ib o n u c le ic  a c id  (R N A ), 

a n d  p ro te in  s y n th e s is  (s e e  U n i t  V II) ,  b u t  in s te a d  b y  re c o g n iz in g  th e  a c tu a l  

s tru c tu re  o f  th e  g ro w in g  o l ig o s a c c h a r id e  a s  th e  a p p ro p r ia te  su b s tra te .

C. N-Linked glycoprotein synthesis
S y n th e s is  o f  N - l in k e d  g ly c o p ro te in s  o c c u rs  in  th e  lu m e n  o f  th e  R E R  a n d  

re q u ire s  th e  p a r t ic ip a t io n  o f  th e  p h o s p h o ry la te d  fo rm  o f  d o l ic h o l  (d o lic h o l 

p y ro p h o s p h a te ) ,  a  l ip id  o f  th e  R E R  m e m b ra n e  (F ig . 1 4 .1 6 ). T h e  in i t ia l  

p ro d u c t  is  p ro c e s s e d  in  th e  R E R  a n d  G o lg i.



F ig u re  1 4 .1 6  S y n th e s is  o f  N - l in k e d  g ly c o p ro te in s .  o  =  N -a c e ty lg lu c o s a m in e ;  □  

=  m a n n o s e ;  • =  g lu c o se ; ■  =  g a la c to s e ;  o  o r <  =  te rm in a l  g ro u p  ( fu c o s e  o r  N - 

a c e ty ln e u ra m in ic  a c id ) ; m R N A  = m e s s e n g e r  R N A ; A s n  =  a s p a ra g in e .

1. D o l ic h o l- l in k e d  o l ig o s a c c h a r id e  sy n th e s is :  A s  w ith  th e  O - lin k e d  

g ly c o p ro te in s ,  th e  p ro te in  is  s y n th e s iz e d  o n  th e  R E R  a n d  e n te rs  its  

lu m e n . H o w e v e r ,  i t  d o e s  n o t  b e c o m e  g ly c o s y la te d  w i th  in d iv id u a l  su g a rs . 

In s te a d , a  l ip id - l in k e d  o l ig o s a c c h a r id e  is  f i r s t  c o n s tru c te d . T h is  c o n s is ts  

o f  d o l ic h o l  (a n  R E R  m e m b ra n e  l ip id  m a d e  f ro m  a n  in te rm e d ia te  o f 

c h o le s te ro l  s y n th e s is ;  s e e  p . 2 2 1 )  a t ta c h e d  th ro u g h  a  p y ro p h o s p h a te  

l in k a g e  to  a n  o l ig o s a c c h a r id e  c o n ta in in g  G lc N A c , m a n n o s e ,  a n d  g lu c o se . 

T h e  s u g a rs  to  b e  a d d e d  s e q u e n t ia l ly  to  th e  d o lic h o l b y  m e m b ra n e -b o u n d  

glycosyltransferases  a re  f i r s t  G lc N A c , fo l lo w e d  b y  m a n n o s e  a n d  g lu c o se  

(s e e  F ig . 1 4 .1 6 ). T h e  e n tire  1 4 -s u g a r  o lig o s a c c h a r id e  is  th e n  t r a n s fe r re d  

f ro m  d o lic h o l to  th e  a m id e  n i t ro g e n  o f  a n  a s p a ra g in e  re s id u e  in  th e  

p ro te in  to  b e  g ly c o s y la te d  b y  a  pro tein -o ligosacch aride transferase  
p re s e n t  in  th e  R E R . [N o te : T u n ic a m y c in  in h ib its  N - l in k e d  g ly c o s y la tio n .]



C o n g e n i ta l  d is o rd e r s  o f  g ly c o s y la t io n  (C D G ) a re  s y n d ro m e s  c a u s e d  

p r im a r i ly  b y  d e fe c ts  in  th e  N - l in k e d  g ly c o s y la t io n  o f  p ro te in s ,  e i th e r  

o l ig o s a c c h a r id e  a s s e m b ly  ( ty p e  I) o r  p ro c e s s in g  ( ty p e  II).

2. N -L in k e d  o l ig o s a c c h a r id e  p ro c e s s in g :  A f te r  a d d i t io n  to  th e  p ro te in ,  th e  

N - l in k e d  o l ig o s a c c h a r id e  is  p ro c e s s e d  b y  th e  r e m o v a l  o f  s p e c if ic  

m a n n o s y l  a n d  g lu c o s y l  r e s id u e s  a s  th e  g ly c o p ro te in  m o v e s  th ro u g h  th e  

R E R . F in a l ly ,  th e  o l ig o s a c c h a r id e  c h a in s  a re  c o m p le te d  in  th e  G o lg i  b y  

a d d i t io n  o f  a  v a r ie ty  o f  s u g a rs  ( fo r  e x a m p le , G lc N A c , G a lN A c , a n d  

a d d i t io n a l  m a n n o s e s  a n d  th e n  fu c o s e  o r  N A N A  as  te rm in a l  g ro u p s )  to  

p ro d u c e  a  c o m p le x  g ly c o p ro te in .  A lte rn a t iv e ly ,  th e y  a re  n o t  p ro c e s s e d  

fu r th e r , le a v in g  b ra n c h e d ,  m a n n o s e -c o n ta in in g  c h a in s  in  a  h ig h -m a n n o s e  

g ly c o p ro te in  (s e e  F ig . 1 4 .1 6 ). T h e  u l t im a te  fa te  o f  N - l in k e d  g ly c o p ro te in s  

is  th e  s a m e  as  th a t  o f  th e  O - l in k e d  g ly c o p ro te in s  ( fo r  e x a m p le , th e y  c a n  

b e  re le a s e d  b y  th e  c e l l  o r  b e c o m e  p a r t  o f  a  c e l l  m e m b ra n e ) .  In  a d d i tio n , 

N - l in k e d  g ly c o p ro te in s  c a n  b e  ta rg e te d  to  th e  ly s o s o m e s .  [N o te : 

N o n e n z y m a tic  g ly c o s y la t io n  o f  p ro te in s  is  k n o w n  a s  g ly c a t io n  ( s e e  p . 

3 3 ).]

3. L y s o s o m a l e n z y m e s : N -L in k e d  g ly c o p ro te in s  b e in g  p ro c e s s e d  in  th e  

G o lg i  c a n  b e  p h o s p h o ry la te d  o n  c a rb o n  6 o f  o n e  o r  m o re  m a n n o s y l  

re s id u e s .  U D P -G lc N A c  p ro v id e s  th e  p h o s p h a te  in  a  r e a c t io n  c a ta ly z e d  b y  

a  phosphotransferase. R e c e p to rs ,  lo c a te d  in  th e  G o lg i  m e m b ra n e ,  b in d  

th e  m a n n o s e  6 -p h o s p h a te  re s id u e s  o f  th e s e  p ro te in s ,  w h ic h  a re  th e n  

p a c k a g e d  in to  v e s ic le s  a n d  s e n t  to  th e  ly s o s o m e s  (F ig . 1 4 .1 7 ). I -C e l l  

d is e a s e  is  a  r a re  ly s o s o m a l s to ra g e  d is e a s e  in  w h ic h  th e  

phosphotransferase  is  d e f ic ie n t .  T h is  c a u s e s  th e  p ro te in s  to  b e  s e c re te d , 

r a th e r  th a n  b e in g  ta rg e te d  to  ly s o s o m e s .  C o n s e q u e n t ly ,  th e  acid  
hydrolases  n o rm a lly  fo u n d  in  th e  ly s o s o m a l m a tr ix  a re  a b s e n t, r e s u lt in g  

in  a n  a c c u m u la t io n  o f  th e  s u b s t ra te s  fo r  th e s e  m is s in g  e n z y m e s . [N o te : I- 

C e l l  d is e a s e  is  so  n a m e d  b e c a u s e  o f  th e  la rg e  in c lu s io n  b o d ie s  s e e n  in  

c e lls  o f  p a t ie n ts  w ith  th is  d is e a se .]  In  a d d i tio n , h ig h  a m o u n ts  o f  

ly s o s o m a l e n z y m e s  a re  fo u n d  in  th e  p a t ie n t ’s p la s m a  a n d  u r in e , 

in d ic a t in g  th a t  th e  ta rg e t in g  p ro c e s s  to  ly s o s o m e s  ( ra th e r  th a n  th e  

s y n th e t ic  p a th w a y  o f  th e s e  e n z y m e s )  is  d e f ic ie n t .  I -C e l l  d is e a s e  is  

c h a ra c te r iz e d  b y  s k e le ta l  a b n o rm a li t ie s ,  r e s tr ic te d  jo in t  m o v e m e n t ,  c o a rs e  

(d y s m o rp h ic )  fa c ia l  fe a tu re s , a n d  s e v e re  p s y c h o m o to r  im p a irm e n t.  [N o te :



B e c a u s e  I -c e l l  d is e a s e  h a s  f e a tu re s  in  c o m m o n  w ith  th e  

m u c o p o ly s a c c h a r id o s e s  a n d  s p h in g o lip id o s e s  (s e e  p . 2 1 0 ) , i t  is  te rm e d  a  

m u c o lip id o s is  ( ty p e  II ) .]  C u r re n t ly ,  th e re  is  n o  c u re , a n d  d e a th  f ro m  

c a rd io p u lm o n a ry  c o m p lic a tio n s  u s u a l ly  o c c u rs  in  e a r ly  c h i ld h o o d .

TRANS GOLGI/  ROUGH \  
ENDOPLASMIC 

RETICULUM

M a n -^

Prelysosomal
enzyme

recycledLYSOSOME

TRANSPORT
VESICLE

■M an-^

CYTOSOL
CIS GOLGI Phosphorylated

m a n n o s e

N - L i n k e dP r o t e i n

oligosaccharide Mannose 6-P
receptor

Receptor

l-CELL DISEASE

•  Caused by a deficiency in the enzyme
that phosphorylâtes mannose at C 6

•  Characterized by skeletal
abnormalities, restricted joint
movement, coarse facial features,
and severe psychomotor impairment

•  Death usually occurring in early
c h i l d h o o d

F ig u re  1 4 .1 7  M e c h a n is m  fo r  t r a n s p o r t  o f  N - l in k e d  g ly c o p ro te in s  to  th e  

ly s o s o m e s . A s n  =  a s p a ra g in e ;  M a n  =  m a n n o s e ;  =  p h o s p h a te ;  P t =  in o rg a n ic  

p h o s p h a te .

IX. LYSOSOMAL GLYCOPROTEIN 
DEGRADATION

D e g ra d a t io n  o f  g ly c o p ro te in s  is  s im ila r  to  th a t  o f  th e  G A G  (se e  p . 1 6 3 ). T h e  

ly s o s o m a l acid  hydrolases  a re  e a c h  g e n e ra lly  s p e c if ic  fo r  th e  r e m o v a l  o f  o n e  

c o m p o n e n t  o f  th e  g ly c o p ro te in .  T h e y  a re  p r im a r i ly  e x o e n z y m e s  th a t  r e m o v e  

th e ir  r e s p e c t iv e  g ro u p s  in  th e  r e v e rs e  o rd e r  o f  th e ir  in c o rp o ra t io n  ( la s t  o n , f ir s t  

o ff) . I f  a n y  o n e  d e g ra d a tiv e  e n z y m e  is  m is s in g , d e g ra d a t io n  b y  th e  o th e r  

e x o e n z y m e s  c a n n o t  c o n t in u e . A  g ro u p  o f  v e ry  ra re  a u to s o m a l- re c e s s iv e  d is e a s e s  

c a l le d  th e  g ly c o p ro te in  s to ra g e  d is e a s e s  (o lig o s a c c h a r id o s e s ) ,  c a u s e d  b y  a



d e f ic ie n c y  o f  a n y  o n e  o f  th e  d e g ra d a t iv e  e n z y m e s , re s u lts  in  a c c u m u la t io n  o f  

p a r t ia l ly  d e g ra d e d  s tru c tu re s  in  th e  ly s o s o m e s .  F o r  e x a m p le , a -m a n n o s id o s is  

ty p e  3 is  a  s e v e re ,  p ro g re s s iv e ,  f a ta l  d e f ic ie n c y  o f  th e  e n z y m e  a-m annosidase. 
P re s e n ta t io n  is  s im ila r  to  H u r le r  s y n d ro m e , b u t  im m u n e  d e f ic ie n c y  is  a lso  se e n . 

M a n n o s e - r ic h  o l ig o s a c c h a r id e  f r a g m e n ts  a p p e a r  in  th e  u r in e . D ia g n o s is  is  b y  

e n z y m e  a s sa y .



X. CHAPTER SUMMARY

G ly c o s a m in o g ly c a n s  (G A G ) a re  lo n g , n e g a t iv e ly  c h a rg e d , u n b ra n c h e d , 

h e te ro p o ly s a c c h a r id e  c h a in s  g e n e ra l ly  c o m p o s e d  o f  a  r e p e a tin g  

d is a c c h a r id e  u n i t  [ a c id ic  s u g a r - a m in o  s u g a r ]n (F ig . 1 4 .1 8 ). T h e  a m in o  

s u g a r  is  e i th e r  D-g lu c o s a m in e  o r  D-g a la c to s a m in e  in  w h ic h  th e  a m in o  g ro u p  

is  u s u a lly  a c e ty la te d , th u s  e l im in a t in g  i ts  p o s i t iv e  c h a rg e . T h e  a m in o  s u g a r  

m a y  a lso  b e  s u lf a te d  o n  c a rb o n  4  o r  6 o r  o n  a  n o n a c e ty la te d  n i t ro g e n . T h e  

a c id ic  s u g a r  is  e i th e r  D-g lu c u ro n ic  a c id  o r  i ts  C -5  e p im e r  L- id u ro n ic  a c id . 

G A G  b in d  la rg e  a m o u n ts  o f  w a te r ,  th e re b y  p ro d u c in g  th e  g e l- l ik e  m a tr ix  

th a t  fo rm s  th e  b a s is  o f  th e  b o d y ’s g ro u n d  s u b s ta n c e . T h e  v is c o u s , 

lu b r ic a t in g  p ro p e r t ie s  o f  m u c o u s  s e c re t io n s  a re  a lso  c a u s e d  b y  th e  p re s e n c e  

o f  G A G , w h ic h  le d  to  th e  o r ig in a l  n a m in g  o f  th e s e  c o m p o u n d s  as  

m u c o p o ly s a c c h a r id e s .  T h e re  a re  s ix  m a jo r  ty p e s  o f  G A G , in c lu d in g  

c h o n d ro i t in  4 -  a n d  6 -s u lfa te s ,  k e ra ta n  su lfa te ,  d e rm a ta n  su lfa te ,  h e p a r in ,  

h e p a ra n  su lfa te ,  a n d  h y a lu ro n ic  a c id . A l l  G A G , e x c e p t  h y a lu ro n ic  a c id , a re  

fo u n d  c o v a le n t ly  a t ta c h e d  to  a  c o re  p ro te in ,  fo rm in g  p ro te o g ly c a n  

m o n o m e rs .  M a n y  p ro te o g ly c a n  m o n o m e rs  a s s o c ia te  w i th  a  m o le c u le  o f  

h y a lu ro n ic  a c id  to  fo rm  p r o te o g ly c a n  a g g re g a te s .  G A G  a re  s y n th e s iz e d  in  

th e  G o lg i. T h e  p o ly s a c c h a r id e  c h a in s  a re  e lo n g a te d  b y  th e  s e q u e n t ia l  

a d d i t io n  o f  a l te rn a t in g  a c id ic  a n d  a m in o  s u g a rs , d o n a te d  b y  th e ir  U D P  

d e r iv a tiv e s .  D-G lu c u ro n a te  m a y  b e  e p im e r iz e d  to  L- id u ro n a te .  T h e  la s t  s te p  

in  s y n th e s is  is  s u lf a t io n  o f  s o m e  o f  th e  a m in o  s u g a rs . T h e  s o u rc e  o f  th e  

s u lfa te  is  3 '- p h o s p h o a d e n o s y l-5 '- p h o s p h o s u lf a te  (P A P S ) . T h e  c o m p le te d  

p ro te o g ly c a n s  a re  s e c re te d  in to  th e  e x tr a c e l lu la r  m a tr ix  (E C M ) o r  r e m a in  

a s s o c ia te d  w i th  th e  o u te r  s u r fa c e  o f  c e lls .  G A G  a re  d e g ra d e d  b y  ly s o s o m a l 

acid  hydrolases. T h e y  a re  f ir s t  b r o k e n  d o w n  to  o lig o s a c c h a r id e s ,  w h ic h  a re  

d e g ra d e d  s e q u e n t ia l ly  f ro m  th e  n o n re d u c in g  e n d  o f  e a c h  c h a in . A  

d e f ic ie n c y  o f  a n y  o n e  o f  th e  hydrolases  r e s u lts  in  a  m u c o p o ly s a c c h a r id o s is .  

T h e s e  a re  h e re d i ta ry  d is o rd e r s  in  w h ic h  G A G  a c c u m u la te  in  tis s u e s ,  

c a u s in g  s y m p to m s  s u c h  a s  s k e le ta l  a n d  E C M  d e fo rm it ie s  a n d  in te l le c tu a l  

d is a b i l i ty .  E x a m p le s  o f  th e s e  g e n e t ic  d is e a s e s  in c lu d e  H u n te r  (X -l in k e d )  

a n d  H u r le r  s y n d ro m e s . G ly c o p ro te in s  a re  p ro te in s  to  w h ic h  

o l ig o s a c c h a r id e s  (g ly c a n s )  a re  c o v a le n t ly  a t ta c h e d . T h e y  d if fe r  f ro m  th e  

p ro te o g ly c a n s  in  th a t  th e  le n g th  o f  th e  g ly c o p r o te in ’s c a rb o h y d ra te  c h a in  is



r e la t iv e ly  s h o r t  (u s u a lly  tw o  to  te n  s u g a r  r e s id u e s  lo n g , a l th o u g h  i t  c a n  b e  

lo n g e r ) ,  m a y  b e  b ra n c h e d ,  a n d  d o e s  n o t  c o n ta in  s e r ia l  d is a c c h a r id e  u n its .  

M e m b ra n e -b o u n d  g ly c o p ro te in s  p a r t ic ip a te  in  a  b ro a d  ra n g e  o f  c e l lu la r  

p h e n o m e n a ,  in c lu d in g  c e l l - s u r fa c e  r e c o g n i t io n  (b y  o th e r  c e lls ,  h o rm o n e s , 

a n d  v iru s e s ) ,  c e l l - s u r fa c e  a n t ig e n ic i ty  ( s u c h  as  th e  b lo o d  g ro u p  a n tig e n s ) ,  

a n d  as  c o m p o n e n ts  o f  th e  E C M  a n d  o f  th e  m u c in s  o f  th e  g a s tro in te s t in a l  

a n d  u ro g e n i ta l  t ra c ts ,  w h e re  th e y  a c t  a s  p ro te c t iv e  b io lo g ic  lu b r ic a n ts .  In  

a d d i tio n , a lm o s t  a l l  o f  th e  g lo b u la r  p ro te in s  p r e s e n t  in  h u m a n  p la s m a  a re  

g ly c o p ro te in s .  G ly c o p ro te in s  a re  s y n th e s iz e d  in  th e  ro u g h  e n d o p la s m ic  

r e t ic u lu m  (R E R )  a n d  th e  G o lg i. T h e  p re c u r s o r s  o f  th e  c a rb o h y d ra te  

c o m p o n e n ts  o f  g ly c o p ro te in s  a re  n u c le o t id e  s u g a rs . O -L in k e d  g ly c o p ro te in s  

a re  s y n th e s iz e d  in  th e  G o lg i  b y  th e  s e q u e n t ia l  t r a n s fe r  o f  s u g a rs  f ro m  th e ir  

n u c le o t id e  c a r r ie r s  to  th e  h y d ro x y l  g ro u p  o f  a  s e r in e  o r  th re o n in e  r e s id u e  in  

th e  p ro te in .  N -L in k e d  g ly c o p ro te in s  a re  s y n th e s iz e d  b y  th e  t r a n s f e r  o f  a  

p re fo rm e d  o l ig o s a c c h a r id e  f ro m  its  R E R  m e m b ra n e  l ip id  c a r r ie r ,  d o lic h o l 

p y ro p h o s p h a te ,  to  th e  a m id e  N  o f  a n  a s p a ra g in e  r e s id u e  in  th e  p ro te in .  T h e y  

c o n ta in  v a ry in g  a m o u n ts  o f  m a n n o s e . A  d e f ic ie n c y  in  th e  

phosphotransferase  th a t  p h o s p h o ry la te s  m a n n o s e  r e s id u e s  a t  c a rb o n  6 in  

N - l in k e d  g ly c o p ro te in  e n z y m e s  d e s t in e d  fo r  th e  ly s o s o m e s  re s u lts  in  I -c e l l  

d is e a se . G ly c o p ro te in s  a re  d e g ra d e d  in  ly s o s o m e s  b y  acid  hydrolases. A  

d e f ic ie n c y  o f  a n y  o n e  o f  th e s e  e n z y m e s  r e s u l ts  in  a  ly s o s o m a l  g ly c o p ro te in  

s to ra g e  d is e a s e  (o l ig o s a c c h a r id o s is ) ,  r e s u lt in g  in  a c c u m u la t io n  o f  p a r t ia l ly  

d e g ra d e d  s tru c tu re s  in  th e  ly s o s o m e .



F ig u re  1 4 .1 8  K e y  c o n c e p t  m a p  fo r  g ly c o s a m in o g ly c a n s  a n d  g ly c o p ro te in s .  E C M  

=  e x tra c e l lu la r  m a tr ix .

Study Questions

Choose th e  O N E  b e s t  a n s w e r .

4 .1 . M u c o p o ly s a c c h a r id o s e s  a re  h e r e d i ta ry  ly s o s o m a l s to ra g e  d is e a se s .  T h e y  a re  

c a u s e d  b y :

A . d e fe c ts  in  th e  d e g ra d a t io n  o f  g ly c o s a m in o g ly c a n s .



B . d e fe c ts  in  th e  ta rg e t in g  o f  e n z y m e s  to  ly s o s o m e s .

C . a n  in c r e a s e d  ra te  o f  s y n th e s is  o f  th e  c a rb o h y d ra te  c o m p o n e n t  o f  

p ro te o g ly c a n s .

D . a n  in s u f f ic ie n t  ra te  o f  s y n th e s is  o f  p r o te o ly t ic  e n z y m e s .

E . th e  s y n th e s is  o f  a b n o rm a lly  s m a l l  a m o u n ts  o f  c o re  p ro te in s .

F . th e  s y n th e s is  o f  h e te ro p o ly s a c c h a r id e s  w i th  a n  a l te re d  s tru c tu re .

C o r r e c t  a n s w e r  = A . T h e  m u c o p o ly s a c c h a r id o s e s  a re  c a u s e d  b y  d e f ic ie n c ie s  in  

a n y  o n e  o f  th e  ly s o s o m a l  a c id  h y d ro la s e s  re s p o n s ib le  fo r  th e  d e g ra d a t io n  o f  

g ly c o s a m in o g ly c a n s  (n o t  p ro te in s ) .  T h e  e n z y m e  is  c o r re c tly  ta rg e te d  to  th e  

ly s o s o m e , so  b lo o d  le v e ls  o f  th e  e n z y m e  d o  n o t  in c re a s e , b u t  i t  is  

n o n fu n c t io n a l .  In  th e s e  d is e a se s ,  s y n th e s is  o f  th e  p ro te in  a n d  c a rb o h y d ra te  

c o m p o n e n ts  o f  p ro te o g ly c a n s  is  u n a f fe c te d ,  in  te rm s  o f  b o th  s tru c tu re  a n d  

a m o u n t.

4 .2 . T h e  p r e s e n c e  o f  th e  fo l lo w in g  c o m p o u n d  in  th e  u r in e  o f  a  p a t ie n t  s u g g e s ts  a  

d e f ic ie n c y  in  w h ic h  o n e  o f  th e  e n z y m e s  l i s te d  b e lo w ?

A . G a la c to s id a s e

B . G lu c u ro n id a s e

C . Id u ro n id a s e

D . M a n n o s id a s e

E . S u lfa ta s e

C o r r e c t  a n s w e r  = E . D e g ra d a t io n  o f  g ly c o p ro te in s  fo llo w s  th e  ru le : la s t  o n , f ir s t  

o ff . B e c a u s e  s u lf a t io n  is  th e  la s t  s te p  in  th e  s y n th e s is  o f  th is  s e q u e n c e , a  

s u lf a ta s e  is  r e q u ire d  fo r  th e  n e x t  s te p  in  th e  d e g ra d a t io n  o f  th e  c o m p o u n d  

s h o w n .

4 .3 . A n  8 -m o n th -o ld  b o y  w ith  c o a rs e  fa c ia l  f e a tu re s ,  s k e le ta l  a b n o rm a li t ie s ,  a n d  

d e la y s  in  b o th  g ro w th  a n d  d e v e lo p m e n t  is  d ia g n o s e d  w ith  I - c e l l  d is e a s e  

b a s e d  o n  h is  p r e s e n ta t io n  a n d  o n  h is to lo g ic  a n d  b io c h e m ic a l  te s t in g . I -C e l l  

d is e a s e  is  c h a ra c te r iz e d  b y :

A . d e c re a s e d  p ro d u c t io n  o f  c e l l  s u r fa c e  O - l in k e d  g ly c o p ro te in s .

B . e le v a te d  le v e ls  o f  a c id  h y d ro la s e s  in  th e  b lo o d .

C . in a b il i ty  to  N -g ly c o s y la te  p ro te in s .



D . in c re a s e d  s y n th e s is  o f  p ro te o g ly c a n s .

E . o l ig o s a c c h a r id e s  in  th e  u r in e .

C o r r e c t  a n s w e r  = B . I -C e l l  d is e a s e  is  a  ly s o s o m a l s to ra g e  d is e a s e  c a u s e d  b y  

d e f ic ie n c y  o f  th e  p h o s p h o tr a n s f e r a s e  n e e d e d  fo r  s y n th e s is  o f  th e  m a n n o s e  6- 

p h o s p h a te  s ig n a l  th a t  ta rg e ts  a c id  h y d ro la s e s  to  th e  ly s o s o m a l m a tr ix .  T h is  

r e s u lts  in  s e c re t io n  o f  th e s e  e n z y m e s  f ro m  th e  c e ll  a n d  a c c u m u la t io n  o f  

m a te r ia ls  w ith in  th e  ly s o s o m e  b e c a u s e  o f  im p a ire d  d e g ra d a tio n . N o n e  o f  th e  

o th e r  c h o ic e s  r e la te s  to  I - c e l l  d is e a s e  o r  ly s o s o m a l fu n c t io n . O lig o s a c c h a r id e s  

in  th e  u r in e  a re  c h a ra c te r is t ic  o f  th e  m u c o -  a n d  p o ly s a c c h a r id o s e s  b u t  n o t  I -c e l l  

d is e a s e  (a  ty p e  II  m u c o lip id o s is ) .

4 .4 . A n  in f a n t  w i th  c o rn e a l  c lo u d in g  h a s  d e rm a ta n  s u lfa te  a n d  h e p a ra n  s u lfa te  in  

h is  u r in e . D e c re a s e d  a c t iv i ty  o f  w h ic h  o f  th e  e n z y m e s  l i s te d  b e lo w  w o u ld  

c o n f i rm  th e  s u s p e c te d  d ia g n o s is  o f  H u r le r  s y n d ro m e ?

A . a - L- Id u ro n id a s e

B . a -G lu c u ro n id a s e

C . G ly c o s y l t r a n s fe ra s e

D . Id u ro n a te  s u lfa ta s e

C o r r e c t  a n s w e r  = A . H u r le r  s y n d ro m e , a  d e fe c t  in  th e  ly s o s o m a l  d e g ra d a t io n  o f  

g ly c o s a m in o g ly c a n s  (G A G ) w ith  c o rn e a l  c lo u d in g , is  d u e  to  a  d e f ic ie n c y  in  a -  

L- id u ro n id a s e . P -G lu c u ro n id a s e  is  d e f ic ie n t  in  S ly  s y n d ro m e , a n d  id u ro n a te  

s u lf a ta s e  is  d e f ic ie n t  in  H u n te r  s y n d ro m e . G ly c o s y l t r a n s fe ra s e s  a re  e n z y m e s  o f  

G A G  sy n th e s is .

4 .5 . D is t in g u is h  b e tw e e n  g ly c o p ro te in s  a n d  p ro te o g ly c a n s .

G ly c o p ro te in s  a re  p ro te in s  to  w h ic h  sh o r t ,  b ra n c h e d ,  s t ru c tu ra l ly  d iv e rs e  

o l ig o s a c c h a r id e  c h a in s  (g ly c a n s )  a re  a t ta c h e d . P ro te o g ly c a n s  c o n s is t  o f  a  c o re  

p ro te in  to  w h ic h  lo n g , u n b ra n c h e d ,  g ly c o s a m in o g ly c a n  (G A G ) c h a in s  a re  

a t ta c h e d . G A G  a re  la rg e  c o m p le x e s  o f  n e g a t iv e ly  c h a rg e d  

h e te ro p o ly s a c c h a r id e s  c o m p o s e d  o f  re p e a t in g  [a c id ic  s u g a r -a m in o  s u g a r ]n 

d is a c c h a r id e  u n its .
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Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

L ip id s  a re  a  h e te ro g e n e o u s  g ro u p  o f  w a te r - in s o lu b le  (h y d ro p h o b ic )  o rg a n ic  

m o le c u le s  (F ig . 1 5 .1 ). B e c a u s e  o f  th e ir  in s o lu b i l i ty  in  a q u e o u s  s o lu tio n s ,  b o d y  

l ip id s  a re  g e n e ra lly  fo u n d  c o m p a r tm e n ta l iz e d ,  a s  in  th e  c a s e  o f  m e m b ra n e -  

a s s o c ia te d  l ip id s  o r  d ro p le ts  o f  t r ia c y lg ly c e ro l  in  a d ip o c y te s ,  o r  t r a n s p o r te d  in  

b lo o d  in  a s s o c ia t io n  w i th  p ro te in ,  a s  in  l ip o p ro te in  p a r t ic le s  (s e e  p . 2 2 7 )  o r  o n  

a lb u m in . L ip id s  a re  a  m a jo r  s o u rc e  o f  e n e rg y  fo r  th e  b o d y , a n d  th e y  a lso  p ro v id e  

th e  h y d r o p h o b ic  b a r r ie r  th a t  p e rm its  p a r t i t io n in g  o f  th e  a q u e o u s  c o n te n ts  o f  c e lls  

a n d  s u b c e l lu la r  s tru c tu re s .  L ip id s  s e rv e  a d d i t io n a l  fu n c t io n s  in  th e  b o d y  (fo r  

e x a m p le , s o m e  fa t - s o lu b le  v i ta m in s  h a v e  r e g u la to ry  o r  c o e n z y m e  fu n c t io n s ,  a n d  

th e  p ro s ta g la n d in s  a n d  s te ro id  h o rm o n e s  p la y  m a jo r  ro le s  in  th e  c o n tro l  o f  th e  

b o d y ’s h o m e o s ta s is ) .  D e f ic ie n c ie s  o r  im b a la n c e s  o f  l ip id  m e ta b o l is m  c a n  le a d  to  

s o m e  o f  th e  m a jo r  c l in ic a l  p ro b le m s  e n c o u n te re d  b y  p h y s ic ia n s ,  s u c h  as  

a th e ro s c le ro s is ,  d ia b e te s ,  a n d  o b e s ity .
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F ig u re  1 5 .1  S tru c tu re s  o f  s o m e  c o m m o n  c la s s e s  o f  lip id s .  H y d ro p h o b ic  p o r t io n s  

o f  th e  m o le c u le s  a re  s h o w n  in  o ra n g e .

II. DIGESTION, ABSORPTION,
SECRETION, AND UTILIZATION

T h e  a v e ra g e  d a i ly  in ta k e  o f  l ip id s  b y  U .S . a d u l ts  is  ~ 7 8  g , o f  w h ic h  > 9 0 %  is  

t r ia c y lg ly c e ro l  ( [T A G ], f o rm e r ly  c a l le d  t r ig ly c e r id e  [T G ]) , th a t  c o n s is ts  o f  th re e  

fa t ty  a c id s  (F A ) e s te r i f ie d  to  a  g ly c e ro l  b a c k b o n e  (se e  F ig . 1 5 .1 ). T h e  r e m a in d e r  

o f  th e  d ie ta ry  l ip id s  c o n s is ts  p r im a r i ly  o f  c h o le s te ro l ,  c h o le s te ry l  e s te rs , 

p h o s p h o lip id s ,  a n d  n o n e s te r i f ie d  ( f re e )  F A  (F F A ) . T h e  d ig e s t io n  o f  d ie ta ry  l ip id s  

b e g in s  in  th e  s to m a c h  a n d  is  c o m p le te d  in  th e  s m a ll  in te s t in e . T h e  p ro c e s s  is  

s u m m a r iz e d  in  F ig u re  1 5 .2 .

F ig u re  1 5 .2  O v e rv ie w  o f  l ip id  d ig e s t io n .



A. Digestion in the stomach
L ip id  d ig e s t io n  in  th e  s to m a c h  is  l im ite d . I t  is  c a ta ly z e d  b y  lingual lipase  
th a t  o r ig in a te s  f ro m  g la n d s  a t  th e  b a c k  o f  th e  to n g u e  a n d  gastric lipase  th a t  

is  s e c re te d  b y  th e  g a s tr ic  m u c o s a . B o th  e n z y m e s  a re  r e la t iv e ly  a c id  s ta b le , 

w ith  o p t im a l  p H  v a lu e s  o f  4  to  6. T h e s e  acid  lipases  h y d ro ly z e  F A  f ro m  

T A G  m o le c u le s ,  p a r t ic u la r ly  th o s e  c o n ta in in g  s h o r t-  o r  m e d iu m -c h a in -  

le n g th  (< 1 2  c a rb o n s )  F A  s u c h  as  a re  fo u n d  in  m ilk  fa t. C o n s e q u e n t ly ,  th e s e  

lipases  p la y  a  p a r t ic u la r ly  im p o r ta n t  ro le  in  l ip id  d ig e s t io n  in  in fa n ts  fo r  

w h o m  m ilk  fa t  is  th e  p r im a ry  s o u rc e  o f  c a lo r ie s .  T h e y  a lso  b e c o m e  

im p o r ta n t  d ig e s t iv e  e n z y m e s  in  in d iv id u a ls  w i th  p a n c re a t ic  in s u f f ic ie n c y  

s u c h  as  th o s e  w i th  c y s tic  f ib ro s is  (C F ). L ingual a n d  gastric lipases  a id  

th e s e  p a t ie n ts  in  d e g ra d in g  T A G  m o le c u le s  ( e s p e c ia l ly  th o s e  w i th  s h o r t-  to  

m e d iu m -c h a in  F A )  d e s p i te  a  n e a r  o r  c o m p le te  a b s e n c e  o f  pancreatic lipase  
( s e e  S e c t io n  D .1 . b e lo w ) .

B. Cystic fibrosis
C F  is  th e  m o s t  c o m m o n  le th a l  g e n e t ic  d is e a s e  in  C a u c a s ia n s  o f  N o r th e rn  

E u ro p e a n  a n c e s t ry  a n d  h a s  a  p re v a le n c e  o f  ~ 1 :3 ,3 0 0  b ir th s  in  th e  U n ite d  

S ta te s . C F  is  a n  a u to s o m a l- re c e s s iv e  d is o rd e r  c a u s e d  b y  m u ta t io n s  to  th e  

g e n e  fo r  th e  C F  tr a n s m e m b ra n e  c o n d u c ta n c e  r e g u la to r  (C F T R )  p ro te in  th a t  

fu n c t io n s  a s  a  c h lo r id e  c h a n n e l  o n  e p i th e l iu m  in  th e  p a n c re a s ,  lu n g s , te s te s , 

a n d  s w e a t  g la n d s . D e fe c t iv e  C F T R  re s u lts  in  d e c re a s e d  s e c re t io n  o f  

c h lo r id e  a n d  in c re a s e d  u p ta k e  o f  s o d iu m  a n d  w a te r .  In  th e  p a n c re a s ,  th e  

d e p le t io n  o f  w a te r  o n  th e  c e l l  s u r fa c e  re s u lts  in  th ic k e n e d  m u c u s  th a t  c lo g s  

th e  p a n c re a t ic  d u c ts , p re v e n t in g  p a n c re a t ic  e n z y m e s  f ro m  re a c h in g  th e  

in te s t in e , th e re b y  le a d in g  to  p a n c re a t ic  in s u f f ic ie n c y .  T re a tm e n t  in c lu d e s  

r e p la c e m e n t  o f  th e s e  e n z y m e s  a n d  s u p p le m e n ta t io n  w ith  f a t - s o lu b le  

v ita m in s . [N o te : C F  a lso  c a u s e s  c h ro n ic  lu n g  in fe c t io n s  w i th  p ro g re s s iv e  

p u lm o n a ry  d is e a s e  a n d  m a le  in fe r t i l i ty .]

C. Emulsification in the small intestine
T h e  c r i t ic a l  p ro c e s s  o f  d ie ta ry  l ip id  e m u ls if ic a t io n  o c c u rs  in  th e  d u o d e n u m . 

E m u ls if ic a t io n  in c re a s e s  th e  s u r fa c e  a re a  o f  th e  h y d ro p h o b ic  l ip id  d ro p le ts  

so  th a t  th e  d ig e s t iv e  e n z y m e s , w h ic h  w o rk  a t  th e  in te r f a c e  o f  th e  d ro p le t  a n d



th e  s u r ro u n d in g  a q u e o u s  s o lu tio n , c a n  a c t  e f fe c tiv e ly . E m u ls if ic a t io n  is  

a c c o m p lis h e d  b y  tw o  c o m p le m e n ta ry  m e c h a n is m s ,  n a m e ly , u s e  o f  th e  

d e te rg e n t  p ro p e r t ie s  o f  th e  c o n ju g a te d  b i le  s a lts  a n d  m e c h a n ic a l  m ix in g  d u e  

to  p e r is ta ls is .  B ile  s a lts ,  m a d e  in  th e  l iv e r  a n d  s to re d  in  th e  g a l lb la d d e r ,  a re  

a m p h ip a th ic  d e r iv a t iv e s  o f  c h o le s te ro l  (s e e  p . 2 2 4 ) . C o n ju g a te d  b i le  s a lts  

c o n s is t  o f  a  h y d ro x y la te d  s te ro l  r in g  s tru c tu re  w i th  a  s id e  c h a in  to  w h ic h  a  

m o le c u le  o f  g ly c in e  o r  ta u r in e  is  c o v a le n tly  a t ta c h e d  b y  a n  a m id e  l in k a g e  

(F ig . 1 5 .3 ). T h e s e  e m u ls ify in g  a g e n ts  in te r a c t  w ith  th e  d ie ta ry  l ip id  d ro p le ts  

a n d  th e  a q u e o u s  d u o d e n a l  c o n te n ts ,  th e re b y  s ta b i l iz in g  th e  d ro p le ts  a s  th e y  

b e c o m e  s m a l le r  f ro m  p e r is ta ls is  a n d  p re v e n t in g  th e m  f ro m  c o a le s c in g . 

[N o te : S e e  p . 2 2 5  fo r  a  m o re  c o m p le te  d is c u s s io n  o f  b i le  s a l t  m e ta b o l is m .]



F ig u re  1 5 .3  S tru c tu re  o f  g ly c o c h o lic  a c id .

D. Degradation by pancreatic enzymes
T h e  d ie ta ry  T A G , c h o le s te ry l  e s te rs , a n d  p h o s p h o lip id s  a re  e n z y m a tic a l ly  

d e g ra d e d  (d ig e s te d )  in  th e  s m a l l  in te s t in e  b y  p a n c re a t ic  e n z y m e s , w h o s e  

s e c re t io n  is  h o rm o n a lly  c o n tro lle d .

1. T r ia c y lg ly c e ro l  d e g ra d a tio n :  T A G  m o le c u le s  a re  to o  la rg e  to  b e  ta k e n  u p  

e f f ic ie n t ly  b y  th e  m u c o s a l  c e lls  ( e n te ro c y te s )  o f  th e  in te s t in a l  v il l i .  

T h e re fo re ,  th e y  a re  h y d ro ly z e d  b y  a n  esterase, pancreatic lipase, w h ic h  

p re fe re n t ia l ly  r e m o v e s  th e  F A  a t  c a rb o n s  1 a n d  3. T h e  p r im a ry  p ro d u c ts  

o f  h y d ro ly s is  a re , th u s , a  m ix tu re  o f  2 - m o n o a c y lg ly c e ro l  (2 -M A G )  a n d  

F F A  (s e e  F ig . 1 5 .2 ). [N o te : Pancreatic lipase  is  fo u n d  in  h ig h  

c o n c e n tra t io n s  in  p a n c re a t ic  s e c re t io n s  ( 2 % - 3 %  o f  th e  to ta l  p ro te in  

p re s e n t) ,  a n d  i t  is  h ig h ly  e f f ic ie n t  c a ta ly t ic a lly ,  th u s  in s u r in g  th a t  o n ly  

s e v e re  p a n c re a t ic  d e f ic ie n c y , s u c h  a s  th a t  s e e n  in  C F , r e s u lts  in  

s ig n if ic a n t  m a la b s o rp t io n  o f  fa t .]  A  s e c o n d  p ro te in ,  colipase, a lso  

s e c re te d  b y  th e  p a n c re a s ,  b in d s  th e  lipase  a t  a  r a t io  o f  1 :1  a n d  a n c h o rs  i t  

a t  th e  l i p id - a q u e o u s  in te r fa c e . C olipase  r e s to re s  a c t iv i ty  to  lipase  in  th e  

p r e s e n c e  o f  in h ib i to ry  s u b s ta n c e s  l ik e  b i le  s a lts  th a t  b in d  th e  m ic e l le s .  

[N o te : Colipase  is  s e c re te d  as  th e  z y m o g e n , p ro c o l ip a s e ,  w h ic h  is  

a c t iv a te d  in  th e  in te s t in e  b y  trypsin.] O r lis ta t ,  a n  a n t io b e s i ty  d ru g , 

in h ib its  gastric  a n d  pancreatic lipases, th e re b y  d e c re a s in g  f a t  a b s o rp tio n , 

r e s u lt in g  in  w e ig h t  lo s s .

2. C h o le s te ry l  e s te r  d e g ra d a tio n :  M o s t  d ie ta ry  c h o le s te ro l  is  p r e s e n t  in  th e  

f re e  (n o n e s te r i f ie d )  fo rm , w i th  1 0 % - 1 5 %  p r e s e n t  in  th e  e s te r i f ie d  fo rm . 

C h o le s te ry l  e s te rs  a re  h y d ro ly z e d  b y  p a n c re a t ic  cholesteryl ester 
hydrolase (cholesterol esterase), w h ic h  p ro d u c e s  c h o le s te ro l  p lu s  F F A  

(s e e  F ig . 1 5 .2 ). A c tiv i ty  o f  th is  e n z y m e  is  g re a t ly  in c r e a s e d  in  th e  

p r e s e n c e  o f  b i le  s a lts .

3. P h o s p h o l ip id  d e g ra d a tio n :  P a n c re a t ic  ju ic e  is  r ic h  in  th e  p ro e n z y m e  o f  

phospholipase A 2 th a t,  l ik e  p ro c o l ip a s e , is  a c t iv a te d  b y  trypsin  a n d , l ik e

cholesteryl ester hydrolase, r e q u ire s  b i le  s a lts  fo r  o p t im u m  a c tiv ity . 

Phospholipase A 2 r e m o v e s  o n e  F A  f ro m  c a rb o n  2 o f  a  p h o s p h o lip id ,

le a v in g  a  ly s o p h o s p h o lip id .  F o r  e x a m p le , p h o s p h a t id y lc h o l in e  ( th e  

p r e d o m in a n t  p h o s p h o lip id  o f  d ig e s t io n )  b e c o m e s



ly s o p h o s p h a t id y lc h o l in e .  T h e  re m a in in g  F A  a t c a rb o n  1 c a n  b e  r e m o v e d  

b y  lysophospholipase, le a v in g  a  g ly c e ry lp h o s p h o ry l  b a s e  ( fo r  e x a m p le , 

g ly c e ry lp h o s p h o ry lc h o l in e ,  s e e  F ig . 1 5 .2 ) th a t  m a y  b e  e x c re te d  in  th e  

fe c e s , fu r th e r  d e g ra d e d , o r  a b s o rb e d .

4 . C o n tro l:  P a n c re a t ic  s e c re t io n  o f  th e  h y d ro ly t ic  e n z y m e s  th a t  d e g ra d e  

d ie ta ry  l ip id s  in  th e  s m a l l  in te s t in e  is  h o rm o n a lly  c o n tro l le d  (F ig . 1 5 .4 ). 

C e lls  in  th e  m u c o s a  o f  th e  lo w e r  d u o d e n u m  a n d  je ju n u m  p ro d u c e  th e  

p e p t id e  h o rm o n e  c h o le c y s to k in in  (C C K ), in  r e s p o n s e  to  th e  p r e s e n c e  o f  

l ip id s  a n d  p a r t ia l ly  d ig e s te d  p ro te in s  e n te r in g  th e s e  re g io n s  o f  th e  u p p e r  

s m a l l  in te s t in e . C C K  a c ts  o n  th e  g a l lb la d d e r  (c a u s in g  i t  to  c o n tra c t  a n d  

re le a s e  b ile , a  m ix tu re  o f  b i le  s a lts ,  p h o s p h o lip id s ,  a n d  f re e  c h o le s te ro l)  

a n d  o n  th e  e x o c r in e  c e l ls  o f  th e  p a n c re a s  (c a u s in g  th e m  to  re le a s e  

d ig e s t iv e  e n z y m e s ) .  I t  a lso  d e c re a s e s  g a s tr ic  m o ti l i ty ,  r e s u lt in g  in  a  

s lo w e r  r e le a s e  o f  g a s tr ic  c o n te n ts  in to  th e  s m a l l  in te s t in e  (s e e  p . 3 5 3 ). 

O th e r  in te s t in a l  c e lls  p ro d u c e  a n o th e r  p e p t id e  h o rm o n e ,  s e c re t in ,  in  

r e s p o n s e  to  th e  lo w  p H  o f  th e  c h y m e  e n te r in g  th e  in te s t in e  f ro m  th e  

s to m a c h . S e c re t in  c a u s e s  th e  p a n c re a s  to  r e le a s e  a  s o lu t io n  r ic h  in  

b ic a rb o n a te  th a t  h e lp s  n e u tra l iz e  th e  p H  o f  th e  in te s t in a l  c o n te n ts ,  

b r in g in g  th e m  to  th e  a p p ro p r ia te  p H  fo r  d ig e s t iv e  a c t iv i ty  b y  p a n c re a t ic  

e n z y m e s .





F ig u re  1 5 .4  H o rm o n a l  c o n tro l  o f  l ip id  d ig e s t io n  in  th e  s m a l l  in te s t in e . [N o te : T h e  

s m a l l  in te s t in e  is  d iv id e d  in to  th re e  p a r ts : th e  d u o d e n u m  (u p p e r  5 % ), th e  

je ju n u m , a n d  th e  i le u m  ( lo w e r  5 5 % ).]

E. Absorption by enterocytes
F F A , f re e  c h o le s te ro l ,  a n d  2 -M A G  a re  th e  p r im a ry  p ro d u c ts  o f  l ip id  

d ig e s t io n  in  th e  je ju n u m . T h e se , p lu s  b i le  s a lts  a n d  fa t - s o lu b le  v i ta m in s  (A , 

D , E , a n d  K ), fo rm  m ix e d  m ic e l le s  ( th a t  is , d is c - s h a p e d  c lu s te r s  o f  a  

m ix tu re  o f  a m p h ip a th ic  l ip id s  th a t  c o a le s c e  w ith  th e ir  h y d ro p h o b ic  g ro u p s  

o n  th e  in s id e  a n d  th e ir  h y d ro p h il ic  g ro u p s  o n  th e  o u ts id e ) .  T h e re fo re ,  m ix e d  

m ic e l le s  a re  s o lu b le  in  th e  a q u e o u s  e n v i ro n m e n t  o f  th e  in te s t in a l  lu m e n  

(F ig . 1 5 .5 ). T h e s e  p a r t ic le s  a p p ro a c h  th e  p r im a ry  s ite  o f  l ip id  a b s o rp tio n , 

th e  b ru s h  b o rd e r  m e m b ra n e  o f  th e  e n te ro c y te s .  T h is  m ic ro v i l l i - r ic h  a p ic a l  

m e m b ra n e  is  s e p a ra te d  f ro m  th e  l iq u id  c o n te n ts  o f  th e  in te s t in a l  lu m e n  b y  

a n  u n s t i r r e d  w a te r  la y e r  th a t  m ix e s  p o o r ly  w ith  th e  b u lk  f lu id . T h e  

h y d ro p h il ic  s u r fa c e  o f  th e  m ic e l le s  fa c i l i ta te s  th e  t r a n s p o r t  o f  th e  

h y d ro p h o b ic  l ip id s  th ro u g h  th e  u n s t i r r e d  w a te r  la y e r  to  th e  b ru s h  b o rd e r  

m e m b ra n e  w h e re  th e y  a re  a b s o rb e d . B ile  s a lts  a re  a b s o rb e d  in  th e  te rm in a l  

i le u m , w i th  < 5 %  b e in g  lo s t  in  th e  fe c e s . [N o te : R e la tiv e  to  o th e r  d ie ta ry  

l ip id s , c h o le s te ro l  is  o n ly  p o o r ly  a b s o rb e d  b y  th e  e n te ro c y te s .  D ru g  th e ra p y  

( fo r  e x a m p le , w i th  e z e tim ib e )  c a n  fu r th e r  r e d u c e  c h o le s te ro l  a b s o rp t io n  in  

th e  s m a l l  in te s t in e .]  B e c a u s e  s h o r t-  a n d  m e d iu m -c h a in  F A  a re  w a te r  

so lu b le ,  th e y  d o  n o t  r e q u ire  th e  a s s is ta n c e  o f  m ix e d  m ic e l le s  fo r  a b s o rp tio n  

b y  th e  in te s t in a l  m u c o sa .





F ig u re  1 5 .5  A b s o rp t io n  o f  l ip id s  c o n ta in e d  in  a  m ix e d  m ic e l le  b y  a n  in te s t in a l  

m u c o s a l  c e ll. T h e  m ic e l le  i t s e lf  is  n o t  a b s o rb e d . [N o te : S h o r t-  a n d  m e d iu m -  

c h a in - le n g th  fa t ty  a c id s  d o  n o t r e q u ire  in c o rp o ra t io n  in to  m ic e l le s .]

F. Triacylglycerol and cholesteryl ester resynthesis
T h e  m ix tu re  o f  l ip id s  a b s o rb e d  b y  th e  e n te ro c y te s  m ig ra te s  to  th e  s m o o th  

e n d o p la s m ic  r e t ic u lu m  (S E R )  w h e re  b io s y n th e s is  o f  c o m p le x  l ip id s  ta k e s  

p la c e . T h e  lo n g -c h a in  F A  a re  f ir s t  c o n v e r te d  in to  th e ir  a c t iv a te d  fo rm  b y  

fatty acyl coenzym e A  (C o A ) synthetase (thiokinase), a s  s h o w n  in  F ig u re  

1 5 .6 . U s in g  th e  fa t ty  a c y l  C o A  d e r iv a tiv e s ,  th e  2 -M A G  a b s o rb e d  b y  th e  

e n te ro c y te s  a re  c o n v e r te d  to  T A G  th ro u g h  s e q u e n t ia l  r e a c y la t io n s  b y  tw o  

acyltransferases, acyl C oA :m onoacylglycerol acyltransferase  a n d  acyl 
CoA :diacylglycerol acyltransferase. L y s o p h o s p h o lip id s  a re  re a c y la te d  to  

fo rm  p h o s p h o lip id s  b y  a  f a m ily  o f  acyltransferases , a n d  c h o le s te ro l  is  

a c y la te d  p r im a r i ly  b y  acyl C oA :cholesterol acyltransferase  (s e e  p . 2 3 2 ). 

[N o te : V ir tu a l ly  a l l  lo n g -c h a in  F A  e n te r in g  th e  e n te ro c y te s  a re  u s e d  in  th is  

f a s h io n  to  fo rm  T A G , p h o s p h o lip id s ,  a n d  c h o le s te ry l  e s te rs . S h o r t-  a n d  

m e d iu m -c h a in  F A  a re  n o t  c o n v e r te d  to  th e ir  C o A  d e r iv a t iv e s  a n d  a re  n o t  

r e e s te r i f ie d  to  2 -M A G . In s te a d , th e y  a re  r e le a s e d  in to  th e  p o r ta l  c irc u la t io n , 

w h e re  th e y  a re  c a r r ie d  b y  s e ru m  a lb u m in  to  th e  l iv e r .]

F ig u re  1 5 .6  A s s e m b ly  a n d  s e c re t io n  o f  c h y lo m ic ro n s  b y  in te s t in a l  m u c o s a l  c e lls . 

[N o te : S h o r t-  a n d  m e d iu m -c h a in - le n g th  fa t ty  a c id s  d o  n o t  r e q u ire  in c o rp o ra t io n  

in to  c h y lo m ic ro n s  a n d  d ir e c tly  e n te r  in to  th e  b lo o d .]  C o A  = c o e n z y m e  A ; A M P  

= a d e n o s in e  m o n o p h o s p h a te ;  P P i = p y ro p h o s p h a te .



G. Lipid malabsorption
L ip id  m a la b s o rp t io n ,  r e s u l t in g  in  in c re a s e d  l ip id  ( in c lu d in g  th e  f a t - s o lu b le  

v i ta m in s  a n d  e s s e n t ia l  F A , s e e  p . 1 8 2 ) in  th e  fe c e s , a  c o n d i t io n  k n o w n  as  

s te a to r rh e a , c a n  b e  c a u s e d  b y  d is tu rb a n c e s  in  l ip id  d ig e s t io n  a n d /o r  

a b s o rp t io n  (F ig . 1 5 .7 ). S u c h  d is tu rb a n c e s  c a n  r e s u l t  f ro m  s e v e ra l  

c o n d it io n s ,  in c lu d in g  C F  (c a u s in g  p o o r  d ig e s t io n )  a n d  s h o r t  b o w e l  

s y n d ro m e  (c a u s in g  d e c re a s e d  a b s o rp tio n ) .
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Figure 15.7 Possible causes of steatorrhea.

T h e  a b i l i ty  o f  s h o r t-  a n d  m e d iu m -c h a in  F A  to  b e  ta k e n  u p  b y  e n te ro c y te s  

w i th o u t  th e  a id  o f  m ix e d  m ic e l le s  h a s  m a d e  th e m  im p o r ta n t  in  m e d ic a l  

n u tr i t io n  th e ra p y  fo r  in d iv id u a ls  w i th  m a la b s o rp t io n  d is o rd e rs .

H. Secretion from enterocytes
T h e  n e w ly  r e s y n th e s iz e d  T A G  a n d  c h o le s te ry l  e s te rs  a re  v e ry  h y d ro p h o b ic  

a n d  a g g re g a te  in  a n  a q u e o u s  e n v iro n m e n t .  T h e re fo re ,  th e y  m u s t  b e  

p a c k a g e d  as  p a r t ic le s  o f  l ip id  d ro p le ts  s u r ro u n d e d  b y  a  th in  la y e r  c o m p o s e d  

o f  p h o s p h o lip id s ,  n o n e s te r i f ie d  c h o le s te ro l ,  a n d  a  m o le c u le  o f  th e  p ro te in  

a p o l ip o p ro te in  (a p o )  B -4 8  (s e e  p . 2 2 8 ) . T h is  la y e r  s ta b i l iz e s  th e  p a r t ic le  a n d  

in c re a s e s  its  s o lu b il i ty ,  th e re b y  p re v e n t in g  m u l t ip le  p a r t ic le s  f ro m  

c o a le s c in g . [N o te : M ic ro s o m a l t r ig ly c e r id e  t r a n s fe r  p ro te in  is  e s s e n t ia l  fo r  

th e  a s s e m b ly  o f  a l l  T A G -r ic h  a p o  B - c o n ta in in g  p a r t ic le s  in  th e  E R  (s e e  p . 

2 2 8 ) .]  T h e  l ip o p ro te in  p a r t ic le s  a re  r e le a s e d  b y  e x o c y to s is  f ro m  e n te ro c y te s  

in to  th e  la c te a ls  ( ly m p h a tic  v e s s e ls  in  th e  v i l l i  o f  th e  s m a l l  in te s t in e ) .  T h e  

p r e s e n c e  o f  th e s e  p a r t ic le s  in  th e  ly m p h  a f te r  a  l ip id - r ic h  m e a l  g iv e s  i t  a  

m ilk y  a p p e a ra n c e . T h is  ly m p h  is  c a l le d  c h y le  (a s  o p p o s e d  to  c h y m e , th e  

n a m e  g iv e n  to  th e  s e m if lu id  m a s s  o f  p a r t ia l ly  d ig e s te d  fo o d  th a t  p a s s e s  f ro m  

th e  s to m a c h  to  th e  d u o d e n u m ) , a n d  th e  p a r t ic le s  a re  n a m e d  c h y lo m ic ro n s . 

C h y lo m ic ro n s  fo l lo w  th e  ly m p h a tic  s y s te m  to  th e  th o ra c ic  d u c t  a n d  a re  th e n  

c o n v e y e d  to  th e  le f t  s u b c la v ia n  v e in , w h e re  th e y  e n te r  th e  b lo o d . T h e  s te p s  

in  th e  p r o d u c t io n  o f  c h y lo m ic ro n s  a re  s u m m a r iz e d  in  F ig u re  1 5 .6 . [N o te : 

O n c e  re le a s e d  in to  b lo o d , th e  n a s c e n t  ( im m a tu re )  c h y lo m ic ro n s  p ic k  u p  

a p o l ip o p ro te in s  E  a n d  C -I I  f ro m  h ig h -d e n s i ty  l ip o p ro te in s  a n d  m a tu re .  (F o r  

a  m o re  d e ta i le d  d e s c r ip t io n  o f  c h y lo m ic ro n  s tru c tu re  a n d  m e ta b o l is m , s e e  p . 

2 2 7 .)]

I. Use by the tissues
M o s t o f  th e  T A G  c o n ta in e d  in  c h y lo m ic ro n s  is  b ro k e n  d o w n  in  th e  c a p i l la ry  

b e d s  o f  s k e le ta l  a n d  c a rd ia c  m u s c le  a n d  a d ip o s e  t is s u e . T h e  T A G  is  

d e g ra d e d  to  F F A  a n d  g ly c e ro l  b y  lipoprotein  lipase  (L P L ) . T h is  e n z y m e  is



s y n th e s iz e d  a n d  s e c re te d  p r im a r i ly  b y  a d ip o c y te s  a n d  m u s c le  c e lls .  S e c re te d  

LPL  is  a n c h o re d  to  th e  lu m in a l  s u r fa c e  o f  e n d o th e l ia l  c e l ls  in  th e  c a p i l la r ie s  

o f  m u s c le  a n d  a d ip o s e  t is s u e s .  [N o te : F a m il ia l  c h y lo m ic ro n e m ia  ( ty p e  I 

h y p e r l ip o p ro te in e m ia )  is  a  ra re , a u to s o m a l- re c e s s iv e  d is o rd e r  c a u s e d  b y  a  

d e f ic ie n c y  o f  LPL  o r  its  c o e n z y m e  a p o  C -II  ( s e e  p . 2 2 8 ) . T h e  r e s u l t  is  

f a s t in g  c h y lo m ic ro n e m ia  a n d  s e v e re  h y p e r t r ia c y lg ly c e ro le m ia ,  w h ic h  c a n  

c a u s e  p a n c re a ti t is .]

1. F a te  o f  f re e  fa t ty  a c id s : T h e  F F A  d e r iv e d  f ro m  th e  h y d ro ly s is  o f  T A G  

m a y  e i th e r  d ire c tly  e n te r  a d ja c e n t  m u s c le  c e l ls  a n d  a d ip o c y te s  o r  b e  

t r a n s p o r te d  in  th e  b lo o d  in  a s s o c ia t io n  w ith  s e ru m  a lb u m in  u n t i l  th e y  a re  

ta k e n  u p  b y  c e lls .  [N o te : H u m a n  s e ru m  a lb u m in  is  a  la rg e  p ro te in  

s e c re te d  b y  th e  l iv e r . I t  t r a n s p o r ts  a  n u m b e r  o f  p r im a r i ly  h y d ro p h o b ic  

c o m p o u n d s  in  th e  c i rc u la t io n , in c lu d in g  F F A  a n d  s o m e  d ru g s .]  M o s t  c e lls  

c a n  o x id iz e  F A  to  p ro d u c e  e n e rg y  (s e e  p . 1 9 0 ). A d ip o c y te s  c a n  a lso  

r e e s te r i fy  F F A  to  p ro d u c e  T A G  m o le c u le s ,  w h ic h  a re  s to re d  u n t i l  th e  F A  

a re  n e e d e d  b y  th e  b o d y  (s e e  p . 1 8 8 ).

2. F a te  o f  g ly c e ro l:  G ly c e ro l  r e le a s e d  f ro m  T A G  is  ta k e n  u p  f ro m  th e  b lo o d  

a n d  p h o s p h o ry la te d  b y  h e p a t ic  glycerol kinase  to  p ro d u c e  g ly c e ro l  3- 

p h o s p h a te ,  w h ic h  c a n  e n te r  e i th e r  g ly c o ly s is  o r  g lu c o n e o g e n e s is  b y  

o x id a t io n  to  d ih y d ro x y a c e to n e  p h o s p h a te  (s e e  p . 1 0 1 ) o r  b e  u s e d  in  T A G  

s y n th e s is  (s e e  p . 1 8 9 ).

3. F a te  o f  c h y lo m ic ro n  re m n a n ts :  A f te r  m o s t  o f  th e  T A G  h a s  b e e n  re m o v e d , 

th e  c h y lo m ic ro n  r e m n a n ts  (w h ic h  c o n ta in  c h o le s te ry l  e s te rs , 

p h o s p h o lip id s ,  a p o l ip o p ro te in s ,  f a t - s o lu b le  v i ta m in s ,  a n d  a  s m a l l  a m o u n t  

o f  T A G )  b in d  to  r e c e p to r s  o n  th e  l iv e r  (a p o  E  is  th e  l ig a n d ; s e e  p . 2 2 9 )  

a n d  a re  e n d o c y to s e d . T h e  in t r a c e l lu la r  r e m n a n ts  a re  h y d ro ly z e d  to  th e ir  

c o m p o n e n t  p a r ts .  C h o le s te ro l  a n d  th e  n i t ro g e n o u s  b a s e s  o f  p h o s p h o lip id s  

( fo r  e x a m p le , c h o l in e )  c a n  b e  r e c y c le d  b y  th e  b o d y . [N o te : I f  r e m o v a l  o f  

r e m n a n ts  b y  th e  l iv e r  is  d e c re a s e d  b e c a u s e  o f  im p a ire d  b in d in g  to  th e ir  

re c e p to r ,  th e y  a c c u m u la te  in  th e  p la s m a . T h is  is  s e e n  in  th e  r a re  ty p e  III  

h y p e r l ip o p ro te in e m ia  (a lso  c a l le d  f a m il ia l  d y s b e ta l ip o p ro te in e m ia  o r  

b ro a d  b e ta  d is e a se , s e e  p . 2 3 1 ) .]



III. CHAPTER SUMMARY

D ie ta ry  l ip id  d ig e s t io n  b e g in s  in  th e  s to m a c h  a n d  c o n t in u e s  in  th e  s m a ll  

in te s t in e  (F ig . 1 5 .8 ). C h o le s te ry l  e s te rs , p h o s p h o lip id s ,  a n d  t r ia c y lg ly c e ro ls  

(T A G ) c o n ta in in g  lo n g - c h a in - le n g th  fa t ty  a c id s  (F A ) a re  d e g ra d e d  in  th e  

s m a l l  in te s t in e  b y  p a n c re a t ic  e n z y m e s . T h e  m o s t  im p o r ta n t  o f  th e se  

e n z y m e s  a re  cholesterol esterase, phospholipase A 2, a n d  pan crea tic  lipase. 

In  c y s tic  f ib ro s is ,  th ic k e n e d  m u c u s  p re v e n ts  th e s e  e n z y m e s  re a c h in g  th e  

in te s t in e . In  c o n tra s t ,  T A G  in  m i lk  f a t  c o n ta in  s h o r t-  to  m e d iu m -c h a in -  

le n g th  F A  a n d  a re  d e g ra d e d  in  th e  s to m a c h  b y  acid  lipases (lingual lipase  
a n d  gastric lipase). T h e  h y d ro p h o b ic  n a tu re  o f  l ip id s  r e q u ire s  th a t  d ie ta ry  

l ip id s  b e  e m u ls if ie d  fo r  e f f ic ie n t  d e g ra d a tio n . E m u ls if ic a t io n  o c c u rs  in  th e  

s m a l l  in te s t in e  u s in g  p e r is ta l t ic  a c t io n  (m e c h a n ic a l  m ix in g )  a n d  b i le  s a lts  

(d e te rg e n ts ) .  T h e  p r im a ry  p ro d u c ts  o f  d ie ta ry  l ip id  d e g ra d a t io n  a re  2- 

m o n o a c y lg ly c e ro l ,  n o n e s te r i f ie d  ( f re e )  c h o le s te ro l ,  a n d  f re e  F A . T h e s e  

c o m p o u n d s , p lu s  th e  fa t - s o lu b le  v ita m in s ,  fo rm  m ix e d  m ic e l le s  th a t  

f a c i l i ta te  d ie ta ry  l ip id  a b s o rp t io n  b y  in te s t in a l  m u c o s a l  c e lls  ( e n te ro c y te s ) .  

T h e s e  c e lls  u s e  a c t iv a te d  lo n g -c h a in  F A  to  r e g e n e ra te  T A G  a n d  c h o le s te ry l  

e s te rs  a n d  a lso  s y n th e s iz e  p ro te in  ( a p o l ip o p ro te in  [a p o ] B -4 8 ) , a l l  o f  w h ic h  

a re  th e n  a s s e m b le d  w ith  th e  f a t - s o lu b le  v i ta m in s  in to  l ip o p ro te in  p a r t ic le s  

c a l le d  c h y lo m ic ro n s . S h o rt-  a n d  m e d iu m -c h a in  F A  e n te r  b lo o d  d ire c tly . 

C h y lo m ic ro n s  a re  f i r s t  r e le a s e d  in to  th e  ly m p h  a n d  th e n  e n te r  th e  b lo o d , 

w h e re  th e ir  l ip id  c o re  is  d e g ra d e d  b y  lipoprotein  lipase  (w ith  a p o  C -I I  as  

th e  c o e n z y m e )  in  th e  c a p i l la r ie s  o f  m u s c le  a n d  a d ip o s e  t is s u e s .  T h u s , 

d ie ta ry  l ip id s  a re  m a d e  a v a i la b le  to  th e  p e r ip h e ra l  t is s u e s .  F a t  m a ld ig e s t io n  

o r  m a la b s o rp t io n  c a u s e s  s te a to r rh e a  ( l ip id  in  th e  fe c e s ) . A  d e f ic ie n c y  in  th e  

a b i l i ty  to  d e g ra d e  c h y lo m ic ro n  c o m p o n e n ts ,  o r  r e m o v e  c h y lo m ic ro n  

r e m n a n ts  a f te r  T A G  h a s  b e e n  d e g ra d e d , r e s u l ts  in  a c c u m u la t io n  o f  th e se  

p a r t ic le s  in  b lo o d .



F ig u re  1 5 .8  K e y  c o n c e p t  m a p  fo r  m e ta b o l is m  o f  d ie ta ry  lip id s .  T A G  = 

tr ia c y lg ly c e ro ls .



Study Questions

Choose th e  O N E  b e s t  a n s w e r .

5 .1 . W h ic h  o n e  o f  th e  fo l lo w in g  s ta te m e n ts  a b o u t  l ip id  d ig e s t io n  is  c o r re c t?

A . L a rg e  l ip id  d ro p le ts  a re  e m u ls if ie d  (h a v e  th e ir  s u r fa c e  a re a  in c re a s e d )  

in  th e  m o u th  th ro u g h  th e  a c t  o f  c h e w in g  (m a s t ic a t io n ) .

B . T h e  e n z y m e  c o l ip a s e  f a c i l i ta te s  th e  b in d in g  o f  b i le  s a lts  to  m ix e d  

m ic e l le s ,  m a x im iz in g  th e  a c t iv i ty  o f  p a n c re a t ic  l ip a s e .

C . T h e  p e p t id e  h o rm o n e  s e c re t in  c a u s e s  th e  g a l lb la d d e r  to  c o n tra c t  a n d  

re le a s e  b ile .

D . P a tie n ts  w ith  c y s tic  f ib ro s is  h a v e  d if f ic u lt ie s  w ith  d ig e s t io n  b e c a u s e  

th e ir  p a n c re a t ic  s e c re t io n s  a re  le s s  a b le  to  r e a c h  th e  s m a l l  in te s t in e , th e  

p r im a ry  s i te  o f  l ip id  d ig e s tio n .

E . F o rm a t io n  o f  tr ia c y lg ly c e ro l - r ic h  c h y lo m ic ro n s  is  in d e p e n d e n t  o f  

p ro te in  s y n th e s is  in  th e  in te s t in a l  m u c o sa .

C o r r e c t  a n s w e r  = D . P a tie n ts  w i th  c y s tic  f ib ro s is ,  a  g e n e t ic  d is e a s e  r e s u lt in g  in  

a  d e f ic ie n c y  o f  a  fu n c t io n a l  c h lo r id e  tr a n s p o r te r ,  h a v e  th ic k e n e d  m u c u s  th a t  

im p e d e s  th e  f lo w  o f  p a n c re a t ic  e n z y m e s  in to  th e  d u o d e n u m . E m u ls if ic a t io n  

o c c u rs  th ro u g h  p e r is ta ls is ,  w h ic h  p ro v id e s  m e c h a n ic a l  m ix in g , a n d  b i le  s a lts  

th a t  fu n c t io n  as  d e te rg e n ts .  C o lip a s e  re s to re s  a c t iv i ty  to  p a n c re a t ic  l ip a s e  in  th e  

p r e s e n c e  o f  in h ib i to ry  b i le  s a lts  th a t  b in d  th e  m ic e l le s .  C h o le c y s to k in in  is  th e  

h o rm o n e  th a t  c a u s e s  c o n tra c t io n  o f  th e  g a l lb la d d e r  a n d  r e le a s e  o f  s to re d  b ile , 

a n d  s e c re t in  c a u s e s  r e le a s e  o f  b ic a rb o n a te .  C h y lo m ic ro n  fo rm a t io n  r e q u ire s  

s y n th e s is  o f  a p o l ip o p ro te in  B -4 8 .

5 .2 . W h ic h  o n e  o f  th e  fo llo w in g  s ta te m e n ts  a b o u t  l ip id  a b s o rp t io n  f ro m  th e

in te s t in e  is  c o r re c t?

A . D ie ta ry  t r ia c y lg ly c e ro l  m u s t  b e  c o m p le te ly  h y d ro ly z e d  to  f re e  fa t ty  

a c id s  a n d  g ly c e ro l  b e fo re  a b s o rp tio n .

B . T h e  t r ia c y lg ly c e ro l  c a r r ie d  b y  c h y lo m ic ro n s  is  d e g ra d e d  b y  l ip o p ro te in  

l ip a s e , p ro d u c in g  fa t ty  a c id s  th a t  a re  ta k e n  u p  b y  m u s c le  a n d  a d ip o s e  

t i s s u e s  a n d  g ly c e ro l  th a t  is  ta k e n  u p  b y  th e  liv e r .

C . F a tty  a c id s  th a t  c o n ta in  < 1 2  c a rb o n  a to m s  a re  a b s o rb e d  a n d  e n te r  th e  

c i r c u la t io n  p r im a r i ly  v ia  th e  ly m p h a tic  sy s te m .



D . D e f ic ie n c ie s  in  th e  a b i l i ty  to  a b s o rb  f a t  r e s u l t  in  e x c e s s iv e  a m o u n ts  o f  

c h y lo m ic ro n s  in  th e  b lo o d .

C o r r e c t  a n s w e r  = B . T h e  t r ia c y lg ly c e ro ls  (T A G ) in  c h y lo m ic ro n s  a re  d e g ra d e d  

to  fa t ty  a c id s  (F A ) a n d  g ly c e ro l  b y  l ip o p ro te in  l ip a s e  o n  c a p i l la ry  e n d o th e l ia l  

s u r fa c e s  in  m u s c le  a n d  a d ip o s e  t is s u e , th u s  p ro v id in g  a  s o u rc e  o f  F A  to  th e se  

t is s u e s  fo r  d e g ra d a t io n  o r  s to ra g e  a n d  p ro v id in g  g ly c e ro l  fo r  h e p a t ic  

m e ta b o l is m . In  th e  d u o d e n u m , T A G  a re  d e g ra d e d  to  o n e  2 -m o n o a c y lg ly c e ro l  + 

tw o  f re e  F A  th a t  g e t  a b s o rb e d . M e d iu m -  a n d  s h o r t- c h a in  F A  e n te r  d ire c tly  in to  

b lo o d  (n o t ly m p h ) , a n d  th e y  n e i th e r  r e q u ire  m ic e l le s  n o r  g e t  p a c k a g e d  in to  

c h y lo m ic ro n s . B e c a u s e  c h y lo m ic ro n s  c o n ta in  d ie ta ry  l ip id s  th a t  w e re  d ig e s te d  

a n d  a b s o rb e d , a  d e f e c t  in  f a t  a b s o rp t io n  w o u ld  r e s u l t  in  d e c re a s e d  p ro d u c t io n  

o f  c h y lo m ic ro n s .



Fatty Acid, Triacylglycerol, and Ketone 
Body Metabolism 16

Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

F a tty  a c id s  e x is t  f r e e  in  th e  b o d y  ( th a t  is , th e y  a re  n o n e s te r i f ie d )  a n d  a s  fa t ty  a c y l  

e s te rs  in  m o re  c o m p le x  m o le c u le s  s u c h  a s  t r ia c y lg ly c e ro ls  (T A G ). L o w  le v e ls  o f  

f re e  fa t ty  a c id s  (F F A )  o c c u r  in  a l l  t is s u e s ,  b u t  s u b s ta n t ia l  a m o u n ts  c a n  s o m e tim e s  

b e  fo u n d  in  th e  p la s m a , p a r t ic u la r ly  d u r in g  fa s tin g . P la s m a  F F A  ( tr a n s p o r te d  o n  

s e ru m  a lb u m in )  a re  in  ro u te  f ro m  th e ir  p o in t  o f  o r ig in  (T A G  o f  a d ip o s e  t i s s u e  o r  

c i r c u la t in g  l ip o p ro te in s )  to  th e ir  s i te  o f  c o n s u m p tio n  (m o s t  t is s u e s ) .  F F A  c a n  b e  

o x id iz e d  b y  m a n y  tis s u e s ,  p a r t ic u la r ly  l iv e r  a n d  m u s c le ,  to  p ro v id e  e n e rg y  a n d , 

in  th e  l iv e r , to  p ro v id e  th e  s u b s t r a te  fo r  k e to n e  b o d y  s y n th e s is .  F a tty  a c id s  a re  

a lso  s tru c tu ra l  c o m p o n e n ts  o f  m e m b ra n e  lip id s ,  s u c h  a s  p h o s p h o lip id s  a n d  

g ly c o lip id s  (s e e  p . 2 0 1 ) . F a tty  a c id s  a t ta c h e d  to  c e r ta in  p ro te in s  e n h a n c e  th e  

a b i l i ty  o f  th o s e  p ro te in s  to  a s s o c ia te  w i th  m e m b ra n e s  (s e e  p . 2 0 6 ) . F a tty  a c id s  

a re  a lso  p re c u r s o r s  o f  th e  h o rm o n e - l ik e  p ro s ta g la n d in s  (s e e  p . 2 1 3 ) . E s te r if ie d  

fa t ty  a c id s , in  th e  fo rm  o f  T A G  s to re d  in  w h i te  a d ip o s e  t i s s u e  (W A T ), s e rv e  as 

th e  m a jo r  e n e rg y  r e s e rv e  o f  th e  b o d y . A lte ra t io n s  in  fa t ty  a c id  m e ta b o l is m  a re  

a s s o c ia te d  w i th  o b e s ity  a n d  d ia b e te s .  F ig u re  1 6 .1  i l lu s tr a te s  th e  m e ta b o l ic  

p a th w a y s  o f  fa t ty  a c id  s y n th e s is  a n d  d e g ra d a t io n  a n d  th e ir  r e la t io n s h ip  to  

c a rb o h y d ra te  m e ta b o lis m .



I
6-P Gluconate Glycogen f

I  ̂ (
Ribulose 5-P 6-P Gluconolactone I UDP-Glucose

^ 7 /  \  v /

/ /  \  n  _
- Xylulose 5-P Glucose 6-P Glucose

I t
Fructose 6-P

Galactose

1
Galactose 1-P 

UDP-GalactoseJ
■ Sedoheptulose 7-P

Erythrose 4-P

Glyceraldehyde 3-P

Fructose 1,6-bis-PM  ,6-bis-P^—  Glyceraldehyde

Fructose

1
Fructose 1-P

i Î

Glyceraldehyde 3-P Z Ï Dihydroxyacetone-P

I t  I t
1,3-bis-Phosphoglycerate Glycerol-P <-------  Glycerol

I t
3-Phosphoglycerate

I t
2-Phosphoglycerate

I t
Phosphoenolpyruvate

T
' amo’

L

HCO,NH

Carbamoyl-P

^>-*T riacylglycerol —^

t
Fatty acyl CoA«

t  
Î

Malonyl CoA

i
-Fatty acid

Acetyl CoA 
Asn

o
Aspartate Oxaloacetaté

/ /

Acetoacetate <—  <— 

\ \
IJ-Hydroxybutyrate

Leu
Phe
Tyr
Trp
Lys

rCitrulline /

f  Malate

/  Arqininos
Ornithine

Argininosuccinate

Isocitrate Gin
Vco2 Ç)

a-Ketoglutarate Glu <—  •

A coa
Succinyl CoA «—  Methylmalonyl CoA

Î
Propionyl CoA

t*A ce ty l CoA

Pro
His
Arg

Glycerol 3-phosphate
I

Glycerol
t

^>Triacylglycerol —<

t I
Fatty acyl CoA <----- Fatty acid

/  f/  t

/  Malonyl CoA
/ /

Acetyl CoA



Figure 16.1 Triacylglycerol synthesis and degradation. CoA = coenzyme A.

II. FATTY ACID STRUCTURE

A  fa t ty  a c id  c o n s is ts  o f  a  h y d ro p h o b ic  h y d ro c a rb o n  c h a in  w i th  a  te rm in a l  

c a rb o x y l  g ro u p  th a t  h a s  a  p K a (s e e  p . 6 ) o f  ~ 4 .8  (F ig . 1 6 .2 ). A t  p h y s io lo g ic  p H ,

th e  te rm in a l  c a rb o x y l  g ro u p  ( - C O O H )  io n iz e s ,  b e c o m in g  - C O O - . [N o te : W h e n  

th e  p H  is  a b o v e  th e  p K , th e  d e p ro to n a te d  fo rm  p re d o m in a te s  ( s e e  p . 7 ).]  T h is  

a n io n ic  g ro u p  h a s  a n  a f f in i ty  fo r  w a te r ,  g iv in g  th e  fa t ty  a c id  its  a m p h ip a th ic  

n a tu re  (h a v in g  b o th  a  h y d ro p h il ic  a n d  a  h y d ro p h o b ic  r e g io n ) .  H o w e v e r ,  fo r  lo n g -  

c h a in - le n g th  fa t ty  a c id s  (L C F A ), th e  h y d ro p h o b ic  p o r t io n  is  p re d o m in a n t .  T h e s e  

m o le c u le s  a re  h ig h ly  w a te r  in s o lu b le  a n d  m u s t  b e  t r a n s p o r te d  in  th e  c i r c u la t io n  

in  a s s o c ia t io n  w ith  p ro te in .  M o re  th a n  9 0 %  o f  th e  fa t ty  a c id s  fo u n d  in  p la s m a  a re  

in  th e  fo rm  o f  fa t ty  a c id  e s te rs  (p r im a r ily  T A G , c h o le s te ry l  e s te rs , a n d  

p h o s p h o lip id s )  c o n ta in e d  in  c i r c u la t in g  l ip o p ro te in  p a r t ic le s  ( s e e  p . 2 2 7 ) . F F A  

a re  t r a n s p o r te d  in  th e  c i r c u la t io n  in  a s s o c ia t io n  w i th  a lb u m in , th e  m o s t  a b u n d a n t  

p ro te in  in  s e ru m .

COO

Hydrophobic 
hydrocarbon chain

Hydrophilic 
carboxyl group 

(ionized at pH 7)

F ig u re  1 6 .2  S tru c tu re  o f  a  fa t ty  a c id .

A. Fatty acid saturation
F a tty  a c id  c h a in s  m a y  c o n ta in  n o  d o u b le  b o n d s  ( th a t  is , b e  s a tu ra te d )  o r  

c o n ta in  o n e  o r  m o re  d o u b le  b o n d s  ( th a t  is , b e  m o n o -  o r  p o ly u n s a tu ra te d ) .  In  

h u m a n s , th e  m a jo r i ty  a re  s a tu ra te d  o r  m o n o u n s a tu ra te d .  W h e n  d o u b le



b o n d s  a re  p re s e n t ,  th e y  a re  n e a r ly  a lw a y s  in  th e  c is  r a th e r  th a n  in  th e  tra n s  

c o n f ig u ra tio n .  T h e  in t ro d u c t io n  o f  a  c is  d o u b le  b o n d  c a u s e s  th e  fa t ty  a c id  to  

b e n d  o r  k in k  a t  th a t  p o s i t io n  (F ig . 1 6 .3 ). I f  th e  fa t ty  a c id  h a s  tw o  o r  m o re  

d o u b le  b o n d s , th e y  a re  a lw a y s  s p a c e d  a t  th r e e - c a rb o n  in te rv a ls .  [N o te : In  

g e n e ra l,  a d d i t io n  o f  d o u b le  b o n d s  d e c re a s e s  th e  m e lt in g  te m p e ra tu re  (T m) o f  

a  fa t ty  a c id , w h e re a s  in c re a s in g  th e  c h a in  le n g th  in c re a s e s  th e  T m. B e c a u s e  

m e m b ra n e  l ip id s  ty p ic a l ly  c o n ta in  L C F A , th e  p r e s e n c e  o f  d o u b le  b o n d s  in  

s o m e  fa t ty  a c id s  h e lp s  m a in ta in  th e  f lu id  n a tu re  o f  th o s e  l ip id s . S e e  p . 3 6 3  

fo r  a  d is c u s s io n  o f  th e  d ie ta ry  o c c u r re n c e  o f  c is  a n d  tra n s  u n s a tu r a te d  fa t ty  

a c id s .]



F ig u re  1 6 .3  A  s a tu ra te d  (A ) a n d  a n  u n s a tu ra te d  (B ) fa t ty  a c id . O ra n g e  d e n o te s  

h y d ro p h o b ic  p o r t io n s  o f  th e  m o le c u le s .  [N o te : C is  d o u b le  b o n d s  c a u s e  a  fa t ty  

a c id  to  k in k .]

B. Fatty acid chain length and double bond positions
T h e  c o m m o n  n a m e s  a n d  s tru c tu re s  o f  s o m e  fa t ty  a c id s  o f  p h y s io lo g ic



im p o r ta n c e  a re  l i s te d  in  F ig u re  1 6 .4 . In  h u m a n s , f a t ty  a c id s  w ith  a n  e v e n  

n u m b e r  o f  c a rb o n  a to m s  (1 6 , 18 , o r  2 0 ) p re d o m in a te ,  w i th  lo n g e r  fa t ty  a c id s  

(> 2 2  c a rb o n s )  b e in g  fo u n d  in  th e  b ra in .  T h e  c a rb o n  a to m s  a re  n u m b e re d , 

b e g in n in g  w ith  th e  c a rb o n y l  c a rb o n  a s  c a rb o n  1. T h e  n u m b e r  b e fo re  th e  

c o lo n  in d ic a te s  th e  n u m b e r  o f  c a rb o n s  in  th e  c h a in , a n d  th o s e  a f te r  th e  c o lo n  

in d ic a te  th e  n u m b e rs  a n d  p o s it io n s  ( re la t iv e  to  th e  c a rb o x y l  e n d )  o f  d o u b le  

b o n d s . F o r  e x a m p le , a s  d e n o te d  in  F ig u re  1 6 .4 , a ra c h id o n ic  a c id , 

2 0 :4 (5 ,8 ,1 1 ,1 4 ) ,  is  2 0  c a rb o n s  lo n g  a n d  h a s  fo u r  d o u b le  b o n d s  (b e tw e e n  

c a rb o n s  5 - 6 ,  8 - 9 ,  1 1 - 1 2 ,  a n d  1 4 - 1 5 ) .  [N o te : C a rb o n  2, th e  c a rb o n  to  w h ic h  

th e  c a rb o x y l  g ro u p  is  a t ta c h e d , is  a lso  c a l le d  th e  a - c a rb o n ,  c a rb o n  3 is  th e  p- 

c a rb o n , a n d  c a rb o n  4  is  th e  Y -carb o n . T h e  c a rb o n  o f  th e  te rm in a l  m e th y l  

g ro u p  is  c a l le d  th e  « - c a r b o n  r e g a rd le s s  o f  th e  c h a in  le n g th .]  T h e  d o u b le  

b o n d s  in  a  fa t ty  a c id  c a n  a lso  b e  r e f e r e n c e d  r e la t iv e  to  th e  «  (m e th y l)  e n d  o f  

th e  c h a in . A ra c h id o n ic  a c id  is  r e f e r r e d  to  as  a n  « - 6  fa t ty  a c id  b e c a u s e  th e  

te rm in a l  d o u b le  b o n d  is  s ix  b o n d s  f ro m  th e  «  e n d  (F ig . 1 6 .5 A ). [N o te : T h e  

e q u iv a le n t  d e s ig n a t io n  o f  n -6  m a y  a lso  b e  u s e d  (F ig . 1 6 .5 B ).] A n o th e r  « - 6  

fa t ty  a c id  is  th e  e s s e n t ia l  l in o le ic  a c id  1 8 :2 (9 ,1 2 ) . In  c o n tra s t ,  a - l in o le n ic  

a c id , 1 8 :3 (9 ,1 2 ,1 5 ) ,  is  a n  e s s e n t ia l  « - 3  fa t ty  a c id .



Fatty acids with chain lengths of 
4 to 10 carbons are found in 
significant quantities in milk.

Structural lipids and triacylglycerols 
contain primarily fatty acids of at 
least 16 carbons.

I  COMMON
II NAME s t r u c t u r e ]

Formic acid
1 /  /

Acetic acid 2 :0  / /
Propionic acid

3 : 0  / /

Pj Butyric acid
4 : 0  /

Capric acid
1 0 : 0  J l

Palmitic acid 16:0 ^
Palmitoleic acid 16:1(9)
Stearic acid 18:0
Oleic acid 18:1(9)

rj Linoleic acid 18:2(9,12)

L-ia-Linolenic acid 18:3(9,12,15)
N

Arachidonic acid 20:4(5,8,11,1^
Lignoceric acid 24:0
Nervonic acid 24:1(15)

Precursor of prostaglandins

Essential fatty acids



F ig u re  1 6 .4  S o m e  fa t ty  a c id s  o f  p h y s io lo g ic  im p o r ta n c e . [N o te : A  fa t ty  a c id  

c o n ta in in g  2 - 4  c a rb o n s  is  c o n s id e re d  s h o r t;  6 - 1 2 ,  m e d iu m ; 1 4 - 2 0 ,  lo n g ; a n d  

> 2 2 , v e ry  lo n g .]



F ig u re  1 6 .5  A ra c h id o n ic  a c id , 2 0 :4 (5 ,8 ,1 1 ,1 4 ) ,  i l lu s tr a t in g  th e  p o s i t io n  o f  th e  

d o u b le  b o n d s . A . A ra c h id o n ic  a c id  is  a n  « - 6  fa t ty  a c id  b e c a u s e  th e  f i r s t  d o u b le  

b o n d  f ro m  th e  «  e n d  is  6 c a rb o n s  f ro m  th a t  e n d . B . I t  is  a lso  r e f e r r e d  to  as  a n  n -6  

fa t ty  a c id  b e c a u s e  th e  la s t  d o u b le  b o n d  f ro m  th e  c a rb o x y l  e n d  is  1 4  c a rb o n s  f ro m  

th a t  en d : 2 0  -  1 4  = 6 = n . T h u s , th e  “ « ” a n d  “ n ” d e s ig n a t io n s  a re  e q u iv a le n t  (s e e  

*).

C. Essential fatty acids
L in o le ic  a c id , th e  p re c u r s o r  o f  « - 6  a ra c h id o n ic  a c id  th a t  is  th e  s u b s t r a te  fo r  

p ro s ta g la n d in  s y n th e s is  (s e e  p . 2 1 3 ) , a n d  a - l in o le n ic  a c id , th e  p r e c u r s o r  o f  

« - 3  fa t ty  a c id s  th a t  a re  im p o r ta n t  fo r  g ro w th  a n d  d e v e lo p m e n t ,  a re  d ie ta ry  

e s s e n tia ls  in  h u m a n s  b e c a u s e  w e  la c k  th e  e n z y m e s  n e e d e d  to  s y n th e s iz e  

th e m . P la n ts  p ro v id e  u s  w i th  th e s e  e s s e n t ia l  f a t ty  a c id s . [N o te : A ra c h id o n ic  

a c id  b e c o m e s  e s s e n t ia l  i f  l in o le ic  a c id  is  d e f ic ie n t  in  th e  d ie t. S e e  p . 3 6 2  fo r  

a  d is c u s s io n  o f  th e  n u tr i t io n a l  s ig n if ic a n c e  o f  « - 3  a n d  « - 6  fa t ty  a c id s .]

E s s e n t ia l  f a t ty  a c id  d e f ic ie n c y  ( ra re )  c a n  r e s u l t  in  a  d ry , s c a ly  d e rm a ti t is  as  

a  r e s u l t  o f  a n  in a b i l i ty  to  s y n th e s iz e  m o le c u le s  th a t  p ro v id e  th e  w a te r  

b a r r ie r  in  s k in  (s e e  p . 2 0 6 ) .

III. FATTY ACID DE NOVO SYNTHESIS

C a rb o h y d ra te s  a n d  p ro te in s  o b ta in e d  f ro m  th e  d ie t  in  e x c e s s  o f  th e  b o d y ’s n e e d s  

fo r  th e s e  n u tr ie n ts  c a n  b e  c o n v e r te d  to  fa t ty  a c id s . In  a d u lts , d e  n o v o  fa t ty  a c id  

s y n th e s is  o c c u rs  p r im a r i ly  in  th e  l iv e r  a n d  la c ta t in g  m a m m a ry  g la n d s  a n d , to  a  

le s s e r  e x te n t, in  a d ip o s e  t is s u e . T h is  c y to s o l ic  p ro c e s s  is  e n d e rg o n ic  ( s e e  p . 70 ) 

a n d  r e d u c t iv e . I t  in c o rp o ra te s  c a rb o n s  f ro m  a c e ty l  c o e n z y m e  A  (C o A )  in to  th e  

g ro w in g  fa t ty  a c id  c h a in , u s in g  A T P  a n d  r e d u c e d  n ic o t in a m id e  a d e n in e  

d in u c le o t id e  p h o s p h a te  (N A D P H ) . [N o te : D ie ta ry  T A G  a lso  s u p p ly  fa t ty  a c id s . 

S e e  p . 3 2 1  fo r  a  d is c u s s io n  o f  th e  m e ta b o l is m  o f  d ie ta ry  n u tr ie n ts  in  th e  w e ll - fe d  

s ta te .]

A. Cytosolic acetyl CoA production



T h e  f i r s t  s te p  in  fa t ty  a c id  s y n th e s is  is  th e  t r a n s fe r  o f  a c e ta te  u n its  f ro m  

m i to c h o n d r ia l  a c e ty l  C o A  to  th e  c y to so l .  M ito c h o n d r ia l  a c e ty l  C o A  is  

p ro d u c e d  b y  th e  o x id a t io n  o f  p y ru v a te  (s e e  p . 1 0 9 ) a n d  b y  th e  c a ta b o lis m  o f  

c e r ta in  a m in o  a c id s  (s e e  p . 2 6 6 ) . H o w e v e r ,  th e  C o A  p o r t io n  o f  a c e ty l  C o A  

c a n n o t  c ro s s  th e  in n e r  m i to c h o n d r ia l  m e m b ra n e ,  a n d  o n ly  th e  a c e ty l  p o r t io n  

e n te rs  th e  c y to so l .  I t  d o e s  so  as  p a r t  o f  c i tr a te  p ro d u c e d  b y  th e  c o n d e n s a t io n  

o f  a c e ty l  C o A  w ith  o x a lo a c e ta te  (O A A ) b y  citrate synthase  (F ig . 1 6 .6 ). 

[N o te : T h e  t r a n s p o r t  o f  c i tr a te  to  th e  c y to s o l  o c c u rs  w h e n  th e  m i to c h o n d r ia l  

c i tr a te  c o n c e n tr a t io n  is  h ig h . T h is  is  o b s e rv e d  w h e n  isocitrate  
dehydrogenase  o f  th e  t r ic a rb o x y lic  a c id  (T C A ) c y c le  is  in h ib i te d  b y  th e  

p r e s e n c e  o f  la rg e  a m o u n ts  o f  A T P , c a u s in g  c i tr a te  a n d  is o c i t r a te  to  

a c c u m u la te  ( s e e  p . 1 1 2 ). T h e re fo re ,  c y to s o l ic  c i tr a te  m a y  b e  v ie w e d  a s  a  

h ig h -e n e rg y  s ig n a l . B e c a u s e  a  la rg e  a m o u n t  o f  A T P  is  n e e d e d  fo r  fa t ty  a c id  

s y n th e s is ,  th e  in c re a s e  in  b o th  A T P  a n d  c i tr a te  e n h a n c e s  th is  p a th w a y .]  In  

th e  c y to so l ,  c i tr a te  is  c le a v e d  to  O A A  a n d  a c e ty l  C o A  b y  A T P  citrate lyase.
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F ig u re  1 6 .6  P ro d u c t io n  o f  c y to s o l ic  a c e ty l  c o e n z y m e  A  (C o A ). [N o te : C it r a te  is  

t r a n s p o r te d  b y  th e  t r ic a rb o x y la te  t r a n s p o r te r  s y s te m .]  A D P  = a d e n o s in e  

m o n o p h o s p h a te ;  Pj = in o rg a n ic  p h o s p h a te .

B. Acetyl CoA carboxylation to malonyl CoA
T h e  e n e rg y  fo r  th e  c a rb o n - to - c a rb o n  c o n d e n s a t io n s  in  fa t ty  a c id  s y n th e s is  is  

s u p p lie d  b y  th e  c a rb o x y la t io n  a n d  th e n  d e c a rb o x y la t io n  o f  a c y l  g ro u p s  in  

th e  c y to so l .  T h e  c a rb o x y la t io n  o f  a c e ty l  C o A  to  m a lo n y l  C o A  is  c a ta ly z e d  

b y  acetyl CoA carboxylase (ACC) (F ig . 1 6 .7 ). A C C  t r a n s fe r s  c a rb o n  

d io x id e  ( C 0 2) f ro m  b ic a rb o n a te  ( ( H C 0 3 )) [n  a n  A T P - re q u ir in g  r e a c tio n . 

T h e  c o e n z y m e  is  b io t in  (v ita m in  B 7), w h ic h  is  c o v a le n t ly  b o u n d  to  a  ly s y l  

r e s id u e  o f  th e  carboxylase  ( s e e  F ig . 2 8 .1 6 , p . 3 8 5 ) . A C C  c a rb o x y la te s  th e  

b o u n d  b io t in ,  w h ic h  tr a n s fe r s  th e  a c t iv a te d  c a rb o x y l  g ro u p  to  a c e ty l  C o A .
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F ig u re  1 6 .7  A llo s te r ic  r e g u la t io n  o f  m a lo n y l  c o e n z y m e  A  (C o A )  s y n th e s is  b y  

acetyl CoA carboxylase. T h e  c a rb o x y l  g ro u p  c o n tr ib u te d  b y  b ic a rb o n a te  

( HCO; ) i s s h o w n  in  b lu e . Pj = in o rg a n ic  p h o s p h a te ;  A D P  = a d e n o s in e

d ip h o s p h a te .

1. A c e ty l  C o A  c a rb o x y la s e  s h o r t- te rm  re g u la tio n :  T h is  c a rb o x y la t io n  is  

b o th  th e  ra te - l im it in g  a n d  th e  r e g u la te d  s te p  in  fa t ty  a c id  s y n th e s is  (s e e  

F ig . 1 6 .7 ). T h e  in a c t iv e  fo rm  o f  A C C  is  a  p ro to m e r  ( c o m p le x  o f  > 2  

p o ly p e p tid e s ) .  T h e  e n z y m e  is  a l lo s te r ic a l ly  a c t iv a te d  b y  c i tra te , w h ic h  

c a u s e s  p ro to m e rs  to  p o ly m e r iz e ,  a n d  a l lo s te r ic a l ly  in a c t iv a te d  b y  

p a lm ito y l  C o A  ( th e  e n d  p ro d u c t  o f  th e  p a th w a y ) ,  w h ic h  c a u s e s  

d e p o ly m e r iz a tio n .  A  s e c o n d  m e c h a n is m  o f  s h o r t- te rm  r e g u la t io n  is  b y  

r e v e r s ib le  p h o s p h o ry la t io n .  A denosine m onophosphate-activa ted  
protein  kinase (AM PK) p h o s p h o ry la te s  a n d  in a c t iv a te s  A C C . A M P K  
i t s e lf  is  a c t iv a te d  a l lo s te r ic a l ly  b y  A M P  a n d  c o v a le n t ly  b y  

p h o s p h o ry la t io n  v ia  s e v e ra l  kinases . A t  le a s t  o n e  o f  th e s e  A M P K  kinases 

is  a c t iv a te d  b y  cyclic A M P  (cA M P )-depen den t protein  kinase A  (PKA). 
T h u s , in  th e  p r e s e n c e  o f  c o u n te r re g u la to ry  h o rm o n e s ,  s u c h  as  

e p in e p h r in e  a n d  g lu c a g o n , A C C  is  p h o s p h o ry la te d  a n d  in a c t iv e  (F ig . 

1 6 .8 ). In  th e  p re s e n c e  o f  in s u lin ,  A C C  is  d e p h o s p h o ry la te d  a n d  a c tiv e . 

[N o te : T h is  is  a n a lo g o u s  to  th e  r e g u la t io n  o f  glycogen synthase  ( s e e  p . 

1 3 1 ).]
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F ig u re  1 6 .8  C o v a le n t  r e g u la t io n  o f  acetyl CoA carboxylase  b y  A M PK , w h ic h  

i t s e lf  is  r e g u la te d  b o th  c o v a le n t ly  a n d  a l lo s te r ic a lly .  C o A  = c o e n z y m e  A ; A D P  

a n d  A M P  = a d e n o s in e  d i-  a n d  m o n o p h o s p h a te s ;  =  p h o s p h a te ;  Pj = in o rg a n ic  

p h o s p h a te .

2. A c e ty l  C o A  c a rb o x y la s e  lo n g - te rm  re g u la tio n :  P ro lo n g e d  c o n s u m p tio n  o f  

a  d ie t  c o n ta in in g  e x c e s s  c a lo r ie s  (p a r t ic u la r ly  h ig h -c a rb o h y d ra te ,  lo w - fa t  

d ie ts )  c a u s e s  a n  in c re a s e  in  A C C  s y n th e s is ,  th e re b y  in c re a s in g  fa t ty  a c id  

s y n th e s is .  A  lo w -c a lo r ie  o r  a  h ig h - fa t ,  lo w -c a rb o h y d ra te  d ie t  h a s  th e  

o p p o s ite  e f fe c t.  [N o te : A C C  s y n th e s is  is  u p re g u la te d  b y  c a rb o h y d ra te  

( s p e c if ic a l ly  g lu c o s e )  v ia  th e  tr a n s c r ip t io n  fa c to r  c a rb o h y d ra te  re s p o n s e  

e le m e n t - b in d in g  p ro te in  (C h R E B P )  a n d  b y  in s u l in  v ia  th e  t r a n s c r ip t io n  

fa c to r  s te ro l  r e g u la to ry  e le m e n t - b in d in g  p r o t e in - l c  ( S R E B P - lc ) .  F atty  
acid  synthase  ( s e e  C . b e lo w )  is  s im ila r ly  r e g u la te d . T h e  fu n c t io n  a n d  

r e g u la t io n  o f  S R E B P  a re  d e s c r ib e d  o n  p . 2 2 2 .]  M e tfo rm in , u s e d  in  th e  

t r e a tm e n t  o f  ty p e  2 d ia b e te s ,  lo w e rs  p la s m a  T A G  th ro u g h  a c t iv a t io n  o f  

A M P K , r e s u l t in g  in  in h ib i t io n  o f  A C C  a c t iv i ty  (b y  p h o s p h o ry la t io n )  a n d  

in h ib i t io n  o f  A C C  a n d  fa tty  acid  synthase  e x p re s s io n  (b y  d e c re a s in g  

S R E B P - lc ) .  M e tfo rm in  lo w e rs  b lo o d  g lu c o s e  b y  in c re a s in g  A M PK - 
m e d ia te d  g lu c o s e  u p ta k e  b y  m u s c le .

C. Eukaryotic fatty acid synthase
T h e  r e m a in in g  s e r ie s  o f  r e a c t io n s  o f  fa t ty  a c id  s y n th e s is  in  e u k a ry o te s  is  

c a ta ly z e d  b y  th e  m u l t i fu n c t io n a l ,  h o m o d im e r ic  e n z y m e  fa tty  acid  synthase  
(FAS). T h e  p ro c e s s  in v o lv e s  th e  a d d i t io n  o f  tw o  c a rb o n s  f ro m  m a lo n y l  

C o A  to  th e  c a rb o x y l  e n d  o f  a  s e r ie s  o f  a c y l  a c c e p to rs .  E a c h  FAS  m o n o m e r  

is  a  m u l t ic a ta ly t ic  p o ly p e p tid e  w i th  s ix  d if f e r e n t  e n z y m ic  d o m a in s  p lu s  a  4 '-  

p h o s p h o p a n te th e in e -c o n ta in in g  a c y l  c a r r ie r  p ro te in  (A C P )  d o m a in . 4 '-  

P h o s p h o p a n te th e in e ,  a  d e r iv a t iv e  o f  p a n to th e n ic  a c id  (v ita m in  B 5, s e e  p . 

3 8 5 ) , c a r r ie s  a c y l  u n its  o n  i ts  te rm in a l  th io l  ( - S H )  g ro u p  a n d  p re s e n ts  th e m  

to  th e  c a ta ly t ic  d o m a in s  o f  FAS  d u r in g  fa t ty  a c id  s y n th e s is .  I t  a lso  is  a  

c o m p o n e n t  o f  C o A . [N o te : In  p ro k a ry o te s ,  FAS  is  a  m u l t ie n z y m e  

c o m p le x .]  T h e  r e a c t io n  n u m b e rs  in  b ra c k e ts  b e lo w  r e fe r  to  F ig u re  1 6 .9 .



F ig u re  1 6 .9  S y n th e s is  o f  p a lm ita te  (1 6 :0 )  b y  m u l t i fu n c t io n a l  fatty acid  synthase. 
[N o te : N u m b e rs  in  b ra c k e ts  c o r re s p o n d  to  b r a c k e te d  n u m b e rs  in  th e  te x t. A  

s e c o n d  r e p e t i t io n  o f  th e  s te p s  is  in d ic a te d  b y  n u m b e rs  w ith  a n  a s te r is k  (* ). 

C a rb o n s  p ro v id e d  d ir e c t ly  b y  a c e ty l  c o e n z y m e  A  (C o A )  a re  s h o w n  in  re d .]  A C P  

= a c y l c a r r ie r  p ro te in  d o m a in ;  C O 2 = c a rb o n  d io x id e ; N A D P (H )  = n ic o tin a m id e  

a d e n in e  d in u c le o t id e  p h o s p h a te .



1. A n  a c e ty l  g ro u p  is  t r a n s f e r r e d  f ro m  a c e ty l  C o A  to  th e  - S H  g ro u p  o f  th e  

A C P . D o m a in : M alonyl/acetyl C oA -A C P  transacylase.

2. N e x t, th is  tw o -c a rb o n  f r a g m e n t  is  tr a n s f e r r e d  to  a  te m p o ra ry  h o ld in g  s ite , 

th e  - S H  g ro u p  o f  a  c y s te in e  r e s id u e  o n  th e  c o n d e n s in g  e n z y m e  d o m a in  

( s e e  [4 ] b e lo w ) .

3. T h e  n o w -v a c a n t  A C P  a c c e p ts  a  th r e e - c a rb o n  m a lo n y l  g ro u p  f ro m  

m a lo n y l  C o A . D o m a in : M alonyl/acetyl C oA -A C P  transacylase.

4 . T h e  a c e ty l  g ro u p  o n  th e  c y s te in e  re s id u e  c o n d e n s e s  w i th  th e  m a lo n y l  

g ro u p  o n  A C P  a s  th e  C O 2 o r ig in a lly  a d d e d  b y  A C C  is  re le a s e d . T h e  

r e s u l t  is  a  fo u r -c a rb o n  u n i t  a t ta c h e d  to  th e  A C P  d o m a in . T h e  lo s s  o f  f re e  

e n e rg y  f ro m  th e  d e c a rb o x y la t io n  d r iv e s  th e  re a c tio n .  D o m a in : 3- 

K etoacyl-A C P  synthase, a lso  k n o w n  a s  c o n d e n s in g  e n z y m e .

T h e  n e x t  th re e  r e a c t io n s  c o n v e r t  th e  3 -k e to a c y l  g ro u p  to  th e  c o r re s p o n d in g  

s a tu ra te d  a c y l  g ro u p  b y  a  p a i r  o f  N A D P H -re q u ir in g  re d u c t io n s  a n d  a  d e h y d ra t io n  

s te p .

1. T h e  k e to  g ro u p  is  r e d u c e d  to  a n  a lc o h o l.  D o m a in : 3-K etoacyl-A C P  
reductase.

2. A  m o le c u le  o f  w a te r  is  r e m o v e d , c re a tin g  a  tr a n s  d o u b le  b o n d  b e tw e e n  

c a rb o n s  2 a n d  3 ( th e  a -  a n d  P -c a rb o n s ) . D o m a in : 3-H ydroxyacyl-A C P  
dehydratase.

3. T h e  d o u b le  b o n d  is  r e d u c e d . D o m a in : E n oyl-A C P  reductase.

T h is  s e q u e n c e  o f  s te p s  r e s u lts  in  th e  p r o d u c t io n  o f  a  fo u r -c a rb o n  g ro u p  (b u ty ry l)  

w h o s e  th re e  te rm in a l  c a rb o n s  a re  fu lly  s a tu ra te d  a n d  w h ic h  re m a in s  a t ta c h e d  to  

th e  A C P  d o m a in . T h e  s te p s  a re  r e p e a te d  ( in d ic a te d  b y  a n  a s te r is k ) ,  b e g in n in g  

w ith  th e  t r a n s fe r  o f  th e  b u ty ry l  u n i t  f ro m  th e  A C P  to  th e  c y s te in e  r e s id u e  [2 * ], 

th e  a t ta c h m e n t  o f  a  m a lo n y l  g ro u p  to  th e  A C P  [3 * ], a n d  th e  c o n d e n s a t io n  o f  th e  

tw o  g ro u p s  l ib e ra t in g  C O 2 [4 * ]. T h e  c a rb o n y l  g ro u p  a t  th e  p -c a rb o n  (c a rb o n  3, 

th e  th i rd  c a rb o n  f ro m  th e  s u lfu r )  is  th e n  r e d u c e d  [5 * ], d e h y d ra te d  [6 * ], a n d  

r e d u c e d  [7 * ], g e n e ra t in g  h e x a n o y l-A C P . T h is  c y c le  o f  r e a c t io n s  is  r e p e a te d  f iv e  

m o re  tim e s , e a c h  t im e  in c o rp o ra t in g  a  tw o -c a rb o n  u n i t  (d e r iv e d  f ro m  m a lo n y l  

C o A )  in to  th e  g ro w in g  fa t ty  a c id  c h a in  a t  th e  c a rb o x y l  e n d . W h e n  th e  fa t ty  a c id  

re a c h e s  a  le n g th  o f  16  c a rb o n s , th e  s y n th e t ic  p ro c e s s  is  te rm in a te d  w ith  

p a lm ito y l-S -A C P . [N o te : S h o r te r - le n g th  fa t ty  a c id s  a re  p ro d u c e d  in  th e  la c ta t in g  

m a m m a ry  g la n d .]  P alm itoyl thioesterase, th e  f in a l  c a ta ly t ic  a c t iv i ty  o f  F A S , 

c le a v e s  th e  th io e s te r  b o n d , r e le a s in g  a  fu lly  s a tu ra te d  m o le c u le  o f  p a lm ita te  

(1 6 :0 ) . [N o te : A l l  th e  c a rb o n s  in  p a lm it ic  a c id  h a v e  p a s s e d  th ro u g h  m a lo n y l  C o A



e x c e p t  th e  tw o  d o n a te d  b y  th e  o r ig in a l  a c e ty l  C o A  ( th e  f i r s t  a c y l  a c c e p to r ) ,  

w h ic h  a re  fo u n d  a t  th e  m e th y l  ( « )  e n d  o f  th e  fa t ty  a c id . T h is  u n d e r s c o re s  th e  

ra te - l im it in g  n a tu re  o f  th e  A C C  re a c tio n .]

D. Reductant sources
T h e  s y n th e s is  o f  o n e  p a lm ita te  r e q u ire s  1 4  N A D P H , a  r e d u c ta n t  ( re d u c in g  

a g e n t) .  T h e  p e n to s e  p h o s p h a te  p a th w a y  (s e e  p . 1 4 5 ) is  a  m a jo r  s u p p lie r  o f  

th e  N A D P H . T w o  N A D P H  a re  p ro d u c e d  fo r  e a c h  m o le c u le  o f  g lu c o s e  6- 

p h o s p h a te  th a t  e n te rs  th is  p a th w a y . T h e  c y to s o l ic  c o n v e r s io n  o f  m a la te  to  

p y ru v a te ,  in  w h ic h  m a la te  is  o x id iz e d  a n d  d e c a rb o x y la te d  b y  c y to s o l ic  

m alic enzym e (N A D P+-dependent m alate dehydrogenase), a lso  p ro d u c e s  

c y to s o l ic  N A D P H  (a n d  C O 2), a s  s h o w n  in  F ig u re  1 6 .1 0 . [N o te : M a la te  c a n  

a r is e  f ro m  th e  r e d u c t io n  o f  O A A  b y  c y to s o l ic  N A D H -dependent m alate  
dehydrogenase  ( s e e  F ig . 1 6 .1 0 ). O n e  s o u rc e  o f  th e  c y to s o l ic  N A D H  

re q u ire d  fo r  th is  r e a c t io n  is  g ly c o ly s is  (s e e  p . 1 0 1 ). O A A , in  tu rn , c a n  a r is e  

f ro m  c i tr a te  c le a v a g e  b y  A T P  citrate lyase.] A  s u m m a ry  o f  th e  

in te r r e la t io n s h ip  b e tw e e n  g lu c o s e  m e ta b o l is m  a n d  p a lm ita te  s y n th e s is  is  

s h o w n  in  F ig u re  1 6 .1 1 .





F ig u re  1 6 .1 0  C y to s o l ic  c o n v e r s io n  o f  o x a lo a c e ta te  to  p y ru v a te  w i th  th e  

g e n e ra t io n  o f  n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te  (N A D P H ) . [N o te : 

T h e  p e n to s e  p h o s p h a te  p a th w a y  is  a lso  a  s o u rc e  o f  N A D P H .]  N A D (H )  = 

n ic o tin a m id e  a d e n in e  d in u c le o t id e ;  C O 2 =  c a rb o n  d io x id e .
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F ig u re  1 6 .1 1  In te r r e la t io n s h ip  b e tw e e n  g lu c o se  m e ta b o l is m  a n d  p a lm ita te  

sy n th e s is .  C o A  =  c o e n z y m e  A ; N A D (H )  =  n ic o t in a m id e  a d e n in e  n u c le o tid e ;  

N A D P (H )  =  n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te ;  A D P  =  a d e n o s in e  

d ip h o s p h a te ;  P t =  in o rg a n ic  p h o s p h a te ;  C O 2 =  c a rb o n  d io x id e ; T C A  = 

t r ic a rb o x y lic  a c id ; P C  = pyruvate carboxylase; P D H  = pyruvate  
dehydrogenase.



E. Further elongation
A lth o u g h  p a lm ita te ,  a  1 6 -c a rb o n , fu lly  s a tu ra te d  L C F A  (1 6 :0 ) , is  th e  

p r im a ry  e n d  p r o d u c t  o f  FAS  a c t iv i ty ,  i t  c a n  b e  fu r th e r  e lo n g a te d  b y  th e  

a d d i t io n  o f  tw o -c a rb o n  u n its  to  th e  c a rb o x y la te  e n d  p r im a r i ly  in  th e  s m o o th  

e n d o p la s m ic  r e t ic u lu m  (S E R ). E lo n g a t io n  r e q u ire s  a  s y s te m  o f  s e p a ra te  

e n z y m e s  r a th e r  th a n  a  m u l t i fu n c t io n a l  e n z y m e . M a lo n y l  C o A  is  th e  tw o -  

c a rb o n  d o n o r , a n d  N A D P H  s u p p lie s  th e  e le c tro n s . T h e  b r a in  h a s  a d d i t io n a l  

e lo n g a t io n  c a p a b il i t ie s ,  a l lo w in g  i t  to  p ro d u c e  th e  v e ry - lo n g -c h a in  fa t ty  

a c id s  ( [V L C F A ]  o v e r  2 2  c a rb o n s )  th a t  a re  r e q u ire d  fo r  s y n th e s is  o f  b ra in  

lip id s .

F. Chain desaturation
E n z y m e s  (fatty acyl CoA desaturases)  a lso  p r e s e n t  in  th e  S E R  a re  

re s p o n s ib le  fo r  d e s a tu ra t in g  L C F A  ( th a t  is , a d d in g  c is  d o u b le  b o n d s ) .  T h e  

d e s a tu ra t io n  re a c t io n s  r e q u ire  o x y g e n  (O 2), N A D H , c y to c h ro m e  b 5, a n d  its  

f la v in  a d e n in e  d in u c le o t id e  (F A D )- l in k e d  reductase. T h e  fa t ty  a c id  a n d  th e  

N A D H  g e t o x id iz e d  as  th e  O 2 g e ts  r e d u c e d  to  H 2O . T h e  f i r s t  d o u b le  b o n d  is  

ty p ic a l ly  in s e r te d  b e tw e e n  c a rb o n s  9  a n d  10 , p ro d u c in g  p r im a r i ly  o le ic  a c id , 

1 8 :1 (9 ) , a n d  s m a l l  a m o u n ts  o f  p a lm ito le ic  a c id , 1 6 :1 (9 ) . A  v a r ie ty  o f  

p o ly u n s a tu r a te d  fa t ty  a c id s  c a n  b e  m a d e  th ro u g h  a d d i t io n a l  d e s a tu ra t io n  

c o m b in e d  w ith  e lo n g a tio n .

H u m a n s  h a v e  c a rb o n  9 , 6, 5, a n d  4  desaturases  b u t  la c k  th e  a b i l i ty  to  

in t ro d u c e  d o u b le  b o n d s  f ro m  c a rb o n  10  to  th e  «  e n d  o f  th e  c h a in . T h is  is  

th e  b a s is  fo r  th e  n u tr i t io n a l  e s s e n t ia l i ty  o f  th e  p o ly u n s a tu r a te d  « - 6  l in o le ic  

a c id  a n d  « - 3  l in o le n ic  a c id .

G. Storage as triacylglycerol components
M o n o - , d i- , a n d  t r ia c y lg ly c e ro ls  c o n s is t  o f  o n e , tw o , o r  th re e  m o le c u le s  o f  

fa t ty  a c id  e s te r i f ie d  to  a  m o le c u le  o f  g ly c e ro l .  F a tty  a c id s  a re  e s te r i f ie d  

th ro u g h  th e ir  c a rb o x y l  g ro u p s , r e s u l t in g  in  a  lo s s  o f  n e g a t iv e  c h a rg e  a n d  

fo rm a t io n  o f  n e u t r a l  fa t. [N o te : A n  a c y lg ly c e ro l  th a t  is  s o lid  a t  ro o m



te m p e ra tu re  is  c a l le d  a  fa t. I f  l iq u id , i t  is  a n  o il.]

1. A r ra n g e m e n t:  T h e  th re e  fa t ty  a c id s  e s te r i f ie d  to  a  g ly c e ro l  m o le c u le  to  

fo rm  a  T A G  a re  u s u a lly  n o t  o f  th e  s a m e  ty p e . T h e  fa t ty  a c id  o n  c a rb o n  1 

is  ty p ic a l ly  s a tu ra te d , th a t  o n  c a rb o n  2 is  ty p ic a l ly  u n s a tu ra te d ,  a n d  th a t  

o n  c a rb o n  3 c a n  b e  e i th e r . R e c a ll  th a t  th e  p re s e n c e  o f  th e  u n s a tu ra te d  

fa t ty  a c id (s )  d e c re a s e ( s )  th e  T m o f  th e  l ip id . A n  e x a m p le  o f  a  T A G  

m o le c u le  is  s h o w n  in  F ig u re  1 6 .1 2 .
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F ig u re  1 6 .1 2  A  t r ia c y lg ly c e ro l  w i th  a n  u n s a tu r a te d  fa t ty  a c id  o n  c a rb o n  2.

O ra n g e  d e n o te s  th e  h y d ro p h o b ic  p o r t io n s  o f  th e  m o le c u le .

2. T r ia c y lg ly c e ro l  s to ra g e  a n d  fu n c t io n : B e c a u s e  T A G  a re  o n ly  s lig h t ly  

s o lu b le  in  w a te r  a n d  c a n n o t  fo rm  s ta b le  m ic e l le s  b y  th e m s e lv e s ,  th e y  

c o a le s c e  w ith in  w h ite  a d ip o c y te s  to  fo rm  la rg e  o ily  d ro p le ts  th a t  a re  

n e a r ly  a n h y d ro u s . T h e s e  c y to s o l ic  l ip id  d ro p le ts  a re  th e  m a jo r  e n e rg y  

r e s e rv e  o f  th e  b o d y . [N o te : T A G  s to re d  in  b ro w n  a d ip o c y te s  s e rv e  a s  a  

s o u rc e  o f  h e a t  th ro u g h  n o n s h iv e r in g  th e rm o g e n e s is  (s e e  p . 7 9 ).]

3. G ly c e ro l  3 -p h o s p h a te  s y n th e s is :  G ly c e ro l  3 -p h o s p h a te  is  th e  in i t ia l  

a c c e p to r  o f  f a t ty  a c id s  d u r in g  T A G  s y n th e s is .  T h e re  a re  tw o  m a jo r  

p a th w a y s  fo r  its  p ro d u c t io n  (F ig . 1 6 .1 3 ). [N o te : A  th i rd  p ro c e s s  

(g ly c e ro n e o g e n e s is )  is  d e s c r ib e d  o n  p . 1 9 0 .]  In  b o th  l iv e r  ( th e  p r im a ry  

s ite  o f  T A G  s y n th e s is )  a n d  a d ip o s e  t is s u e , g ly c e ro l  3 -p h o s p h a te  c a n  b e  

p ro d u c e d  f ro m  g lu c o se , f i r s t  u s in g  th e  re a c t io n s  o f  th e  g ly c o ly tic  

p a th w a y  to  p ro d u c e  d ih y d ro x y a c e to n e  p h o s p h a te  ( [D H A P ] , see  p . 1 0 1 ). 

D H A P  is  r e d u c e d  b y  glycerol 3-phosphate dehydrogenase  to  g ly c e ro l  3 - 

p h o s p h a te .  A  s e c o n d  p a th w a y  fo u n d  in  th e  l iv e r ,  b u t  n o t  in  a d ip o s e  

t is s u e , u s e s  glycerol kinase  to  c o n v e r t  f re e  g ly c e ro l  to  g ly c e ro l  3 - 

p h o s p h a te  (s e e  F ig . 1 6 .1 3 ). [N o te : T h e  g lu c o s e  tr a n s p o r te r  in  a d ip o c y te s  

(G L U T -4 )  is  in s u l in  d e p e n d e n t  (s e e  p . 3 1 2 ) . T h u s , w h e n  p la s m a  g lu c o se  

le v e ls  a re  lo w , a d ip o c y te s  h a v e  o n ly  a  l im i te d  a b i l i ty  to  s y n th e s iz e  

g ly c e ro l  p h o s p h a te  a n d  c a n n o t  p ro d u c e  T A G  d e  n o v o .]
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F ig u re  1 6 .1 3  P a th w a y s  fo r  p ro d u c t io n  o f  g ly c e ro l  3 -p h o s p h a te  in  l iv e r  a n d  

a d ip o s e  t is s u e . [N o te : G ly c e ro l  3 -p h o s p h a te  c a n  a lso  b e  g e n e ra te d  b y  

g ly c e ro n e o g e n e s is .]  N A D (H )  =  n ic o tin a m id e  a d e n in e  d in u c le o t id e ;  A D P  = 

a d e n o s in e  d ip h o s p h a te .



4 . F a tty  a c id  a c t iv a t io n : A  f re e  fa t ty  a c id  m u s t  b e  c o n v e r te d  to  i ts  a c t iv a te d  

fo rm  (b o u n d  to  C o A  th ro u g h  a  th io e s te r  l in k )  b e fo re  i t  c a n  p a r t ic ip a te  in  

m e ta b o l ic  p ro c e s s e s  s u c h  a s  T A G  s y n th e s is .  T h is  re a c tio n , i l lu s tr a te d  in  

F ig u re  1 5 .6  o n  p . 1 7 7 , is  c a ta ly z e d  b y  a  f a m ily  o f  fa tty acyl CoA  
synthetases (thiokinases).

5. T r ia c y lg ly c e ro l  s y n th e s is :  T h is  p a th w a y  f ro m  g ly c e ro l  3 -p h o s p h a te  

in v o lv e s  fo u r  re a c tio n s ,  s h o w n  in  F ig u re  1 6 .1 4 . T h e s e  in c lu d e  th e  

s e q u e n t ia l  a d d i t io n  o f  tw o  fa t ty  a c id s  f ro m  fa t ty  a c y l  C o A , th e  r e m o v a l  o f  

p h o s p h a te ,  a n d  th e  a d d i t io n  o f  th e  th i rd  fa t ty  a c id .
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F ig u re  1 6 .1 4  S y n th e s is  o f  T A G . R 1 - R 3  = a c t iv a te d  fa t ty  a c id s . C o A  = c o e n z y m e  

A ; Pj =  in o rg a n ic  p h o s p h a te .

H. Triacylglycerol fate in liver and adipose tissue
In  W A T , T A G  is  s to re d  in  a  n e a r ly  a n h y d ro u s  fo rm  a s  f a t  d ro p le ts  in  th e  

c y to s o l  o f  th e  c e lls .  I t  s e rv e s  a s  “ d e p o t  f a t ,” re a d y  fo r  m o b i l iz a t io n  w h e n  th e  

b o d y  re q u ire s  i t  fo r  fu e l. L i t t le  T A G  is  s to re d  in  h e a l th y  l iv e r . In s te a d , m o s t  

is  e x p o r te d , p a c k a g e d  w ith  o th e r  l ip id s  a n d  a p o l ip o p ro te in s  to  fo rm  

l ip o p ro te in  p a r t ic le s  c a l le d  v e ry - lo w -d e n s i ty  l ip o p ro te in s  (V L D L ) . N a s c e n t  

V L D L  a re  s e c re te d  d ir e c t ly  in to  th e  b lo o d  w h e re  th e y  m a tu re  a n d  fu n c t io n  

to  d e l iv e r  th e  e n d o g e n o u s ly  d e r iv e d  l ip id s  to  th e  p e r ip h e ra l  t is s u e s .  [N o te : 

R e c a ll  f ro m  C h a p te r  15  th a t  c h y lo m ic ro n s  c a r ry  d ie ta ry  (e x o g e n o u s ly  

d e r iv e d )  l ip id s .  P la s m a  l ip o p ro te in s  a re  d is c u s s e d  in  C h a p te r  1 8 .]

IV. FAT MOBILIZATION AND FATTY 
ACID OXIDATION

F a tty  a c id s  s to re d  in  W A T , in  th e  fo rm  o f  n e u t r a l  T A G , s e rv e  a s  th e  b o d y ’s 

m a jo r  fu e l  s to ra g e  re s e rv e . T A G  p ro v id e  c o n c e n tr a te d  s to re s  o f  m e ta b o l ic  e n e rg y  

b e c a u s e  th e y  a re  h ig h ly  r e d u c e d  a n d  la rg e ly  a n h y d ro u s . T h e  y ie ld  f ro m  th e  

c o m p le te  o x id a t io n  o f  fa t ty  a c id s  to  C O 2 a n d  H 2O  is  9  k c a l /g  f a t  (a s  c o m p a re d  to  

4  k c a l /g  p ro te in  o r  c a rb o h y d ra te ,  s e e  F ig . 2 7 .5  o n  p . 3 5 9 ) .

A. Fatty acid release from fat
T h e  m o b i l iz a t io n  o f  s to re d  f a t  r e q u ire s  th e  h y d ro ly t ic  r e le a s e  o f  F F A  a n d  

g ly c e ro l  f ro m  th e ir  T A G  fo rm . T h is  p ro c e s s  o f  l ip o ly s is  is  a c h ie v e d  b y  

lipases. I t  is  in i t ia te d  b y  adipose triglyceride lipase (ATGL), w h ic h  

g e n e ra te s  a  d ia c y lg ly c e ro l  th a t  is  th e  p r e f e r r e d  s u b s t r a te  fo r  horm one
sensitive lipase (HSL). T h e  m o n o a c y lg ly c e ro l  (M A G ) p ro d u c t  o f  H SL  is  

a c te d  u p o n  b y  M A G  lipase.

1. H o rm o n e -s e n s i t iv e  l ip a s e  re g u la tio n :  H SL  is  a c t iv e  w h e n  p h o s p h o ry la te d



b y  PKA, a  cA M P -dependent protein  kinase. c A M P  is  p ro d u c e d  in  th e  

a d ip o c y te  w h e n  c a te c h o la m in e s  ( s u c h  a s  e p in e p h r in e )  b in d  to  c e l l  

m e m b ra n e  p -a d re n e rg ic  r e c e p to r s  a n d  a c t iv a te  adenylyl cyclase  (F ig . 

1 6 .1 5 ). T h e  p ro c e s s  is  s im ila r  to  th a t  o f  th e  a c t iv a t io n  o f  glycogen  
phosphorylase  ( s e e  F ig . 1 1 .9 , p . 1 3 1 ). [N o te : B e c a u s e  A C C  is  in h ib i te d  

b y  h o rm o n e -d i r e c te d  p h o s p h o ry la t io n ,  w h e n  th e  c A M P -m e d ia te d  c a s c a d e  

is  a c t iv a te d  (s e e  F ig . 1 6 .8 ), f a t ty  a c id  s y n th e s is  is  tu rn e d  o f f  a n d  T A G  

d e g ra d a t io n  is  tu rn e d  o n .]  In  th e  p r e s e n c e  o f  h ig h  p la s m a  le v e ls  o f  

in s u lin ,  H SL  is  d e p h o s p h o ry la te d  a n d  in a c tiv a te d .  In s u lin  a lso  s u p p re s s e s  

e x p re s s io n  o f  A T G L . [N o te : F a t  d ro p le ts  a re  c o a te d  b y  a  p ro te in  

(p e r i l ip in )  th a t  l im its  a c c e s s  o f  H SL. P h o s p h o ry la t io n  o f  p e r i l ip in  b y  

PKA  a l lo w s  tr a n s lo c a t io n  a n d  b in d in g  o f  p h o s p h o ry la te d  H SL  to  th e  

d ro p le t.]
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F ig u re  1 6 .1 5  H o rm o n a l  r e g u la t io n  o f  d ia c y lg ly c e ro l  d e g ra d a t io n  in  th e  

a d ip o c y te .  [N o te : T r ia c y lg ly c e ro l  is  d e g ra d e d  to  d ia c y lg ly c e ro l  b y  adipose  
triglyceride lipase.] c A M P  = c y c l ic  a d e n o s in e  m o n o p h o s p h a te ;  P P j = 

p y ro p h o s p h a te ;  A D P  = a d e n o s in e  d ip h o s p h a te ;  =  p h o s p h a te .

2. F a te  o f  g ly c e ro l:  T h e  g ly c e ro l  r e le a s e d  d u r in g  T A G  d e g ra d a t io n  c a n n o t  

b e  m e ta b o l iz e d  b y  a d ip o c y te s  b e c a u s e  th e y  la c k  glycerol kinase. R a th e r , 

g ly c e ro l  is  t r a n s p o r te d  th ro u g h  th e  b lo o d  to  th e  l iv e r , w h ic h  h a s  th e  

kinase. T h e  r e s u lt in g  g ly c e ro l  3 -p h o s p h a te  c a n  b e  u s e d  to  fo rm  T A G  in  

th e  l iv e r  o r  c a n  b e  c o n v e r te d  to  D H A P  b y  r e v e r s a l  o f  th e  glycerol 3- 
phosphate dehydrogenase  r e a c t io n  i l lu s tr a te d  in  F ig u re  1 6 .1 3 . D H A P  

c a n  p a r t ic ip a te  in  g ly c o ly s is  o r  g lu c o n e o g e n e s is .

3. F a te  o f  f a t ty  a c id s : T h e  F F A  m o v e  th ro u g h  th e  c e l l  m e m b ra n e  o f  th e  

a d ip o c y te  a n d  b in d  to  s e ru m  a lb u m in . T h e y  a re  t r a n s p o r te d  to  t is s u e s  

s u c h  as  m u s c le ,  e n te r  c e lls ,  g e t  a c t iv a te d  to  th e ir  C o A  d e r iv a tiv e s ,  a n d  a re  

o x id iz e d  fo r  e n e rg y  in  m ito c h o n d r ia .  R e g a rd le s s  o f  th e ir  le v e ls ,  p la s m a  

F F A  c a n n o t  b e  u s e d  fo r  fu e l  b y  r e d  b lo o d  c e lls  (R B C ) , w h ic h  h a v e  n o  

m ito c h o n d r ia .  T h e  b r a in  d o e s  n o t  u s e  fa t ty  a c id s  fo r  e n e rg y  to  a n y  

a p p re c ia b le  e x te n t, b u t  th e  r e a s o n s  a re  le s s  c le a r . [N o te : O v e r  5 0 %  o f  th e  

fa t ty  a c id s  re le a s e d  f ro m  a d ip o s e  T A G  a re  re e s te r i f ie d  to  g ly c e ro l  3- 

p h o s p h a te .  W A T  d o e s  n o t  e x p re s s  glycerol kinase, a n d  th e  g ly c e ro l  3- 

p h o s p h a te  is  p ro d u c e d  b y  g ly c e ro n e o g e n e s is ,  a n  in c o m p le te  v e r s io n  o f  

g lu c o n e o g e n e s is :  p y ru v a te  to  O A A  v ia  pyruvate carboxylase  a n d  O A A  

to  p h o s p h o e n o lp y ru v a te  (P E P )  v ia  phosphoenolpyruvate carboxykinase. 
T h e  P E P  is  c o n v e r te d  (b y  r e a c t io n s  c o m m o n  to  g ly c o ly s is  a n d  

g lu c o n e o g e n e s is )  to  D H A P , w h ic h  is  r e d u c e d  to  g ly c e ro l  3 -p h o s p h a te .  

T h e  p ro c e s s  d e c re a s e s  p la s m a  F F A , m o le c u le s  a s s o c ia te d  w ith  in s u lin  

r e s is ta n c e  in  ty p e  2 d ia b e te s  a n d  o b e s ity  (s e e  p . 3 4 3 ) .]

B. Fatty acid ß-oxidation
T h e  m a jo r  p a th w a y  fo r  c a ta b o lis m  o f  fa t ty  a c id s  is  a  m i to c h o n d r ia l  p a th w a y  

c a l le d  ß -o x id a tio n , in  w h ic h  tw o -c a rb o n  f r a g m e n ts  a re  s u c c e s s iv e ly  

re m o v e d  f ro m  th e  c a rb o x y l  e n d  o f  th e  fa t ty  a c y l  C o A , p ro d u c in g  a c e ty l  

C o A , N A D H , a n d  F A D H 2.

1. L o n g -c h a in  fa t ty  a c id  t r a n s p o r t  in to  m ito c h o n d r ia :  A f te r  a  L C F A  e n te r s  a



c e ll, i t  is  c o n v e r te d  in  th e  c y to s o l  to  its  C o A  d e r iv a tiv e  b y  long-chain  
fa tty acyl CoA synthetase  ( th iokinase ), a n  e n z y m e  o f  th e  o u te r  

m i to c h o n d r ia l  m e m b ra n e . B e c a u s e  ß -o x id a t io n  o c c u rs  in  th e  

m i to c h o n d r ia l  m a tr ix ,  th e  fa t ty  a c id  m u s t  b e  tr a n s p o r te d  a c ro s s  th e  in n e r  

m i to c h o n d r ia l  m e m b ra n e  th a t  is  im p e rm e a b le  to  C o A . T h e re fo re ,  a  

s p e c ia l iz e d  c a r r ie r  t r a n s p o r ts  th e  lo n g -c h a in  a c y l  g ro u p  f ro m  th e  c y to so l 

in to  th e  m i to c h o n d r ia l  m a tr ix .  T h is  c a r r ie r  is  c a rn i t in e ,  a n d  th is  r a te -  

l im i t in g  t r a n s p o r t  p ro c e s s  is  c a l le d  th e  c a rn i t in e  s h u ttle  (F ig . 1 6 .1 6 ).
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F ig u re  1 6 .1 6  C a rn i t in e  s h u ttle . T h e  n e t  e f f e c t  is  th a t  a  lo n g -c h a in  (L C ) fa t ty  a c y l 

c o e n z y m e  A  (C o A ) is  t r a n s p o r te d  f ro m  th e  o u ts id e  to  th e  in s id e  o f  m ito c h o n d r ia .  

A M P  = a d e n o s in e  m o n o p h o s p h a te ;  P P t =  p y ro p h o s p h a te .

a. T ra n s lo c a t io n  s te p s : F ir s t ,  th e  a c y l  g ro u p  is  t r a n s f e r r e d  f ro m  C o A  to  

c a rn i t in e  b y  carnitine palm itoyltransferase I  (CPT-I), a n  e n z y m e  o f  

th e  o u te r  m i to c h o n d r ia l  m e m b ra n e .  [N o te : C P T -I  is  a lso  k n o w n  a s  

C A T-I  fo r  carnitine acyltransferase  I . ]  T h is  r e a c t io n  fo rm s  a n  

a c y lc a rn i t in e  a n d  r e g e n e ra te s  f re e  C o A . S e c o n d , th e  a c y lc a rn i t in e  is  

t r a n s p o r te d  in to  th e  m i to c h o n d r ia l  m a tr ix  in  e x c h a n g e  fo r  f re e  

c a rn i t in e  b y  c a rn i t in e - a c y lc a r n i t in e  tr a n s lo c a s e . Carnitine  
palm itoyltransferase 2  (CPT-II, o r  CAT-II), a n  e n z y m e  o f  th e  in n e r  

m i to c h o n d r ia l  m e m b ra n e ,  c a ta ly z e s  th e  t r a n s fe r  o f  th e  a c y l  g ro u p  f ro m  

c a rn i t in e  to  C o A  in  th e  m i to c h o n d r ia l  m a tr ix ,  th u s  r e g e n e ra t in g  f re e  

c a rn itin e .

b . C a rn i t in e  s h u ttle  in h ib ito r :  M a lo n y l  C o A  in h ib its  CPT-I, th u s  

p r e v e n t in g  th e  e n try  o f  lo n g -c h a in  a c y l  g ro u p s  in to  th e  m ito c h o n d r ia l  

m a tr ix .  T h e re fo re ,  w h e n  fa t ty  a c id  s y n th e s is  is  o c c u r r in g  in  th e  c y to s o l  

(a s  in d ic a te d  b y  th e  p re s e n c e  o f  m a lo n y l  C o A ) , th e  n e w ly  m a d e  

p a lm ita te  c a n n o t  b e  tr a n s f e r r e d  in to  m i to c h o n d r ia  a n d  d e g ra d e d . [N o te :



M u s c le  t is s u e , a l th o u g h  i t  d o e s  n o t  s y n th e s iz e  fa t ty  a c id s , c o n ta in s  th e  

m i to c h o n d r ia l  is o z y m e  o f  A C C  (ACC2), a l lo w in g  r e g u la t io n  o f  p- 

o x id a tio n . T h e  l iv e r  c o n ta in s  b o th  is o z y m e s .]  F a tty  a c id  o x id a t io n  is  

a lso  r e g u la te d  b y  th e  a c e ty l  C o A /C o A  ra tio : A s  th e  ra t io  in c re a s e s ,  th e  

C o A -re q u ir in g  th iolase  r e a c t io n  d e c re a s e s  (F ig . 1 6 .1 7 ).
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F ig u re  1 6 .1 7  E n z y m e s  in v o lv e d  in  th e  P -o x id a t io n  o f  fa t ty  a c y l  c o e n z y m e  A  

(C o A ). [N o te : 2,3-E noyl CoA hydratase  r e q u ire s  a  tr a n s  d o u b le  b o n d  b e tw e e n  

c a rb o n  2 a n d  c a rb o n  3 .] F A D (H 2) = f la v in  a d e n in e  d in u c le o t id e ;  N A D (H )  = 

n ic o t in a m id e  a d e n in e  d in u c le o t id e .

c. C a rn i t in e  s o u rc e s : C a rn i t in e  c a n  b e  o b ta in e d  f ro m  th e  d ie t, w h e re  i t  is  

fo u n d  p r im a r i ly  in  m e a t  p ro d u c ts .  I t  c a n  a lso  b e  s y n th e s iz e d  f ro m  th e  

a m in o  a c id s  ly s in e  a n d  m e th io n in e  b y  a n  e n z y m a tic  p a th w a y  fo u n d  in  

th e  l iv e r  a n d  k id n e y s  b u t  n o t  in  s k e le ta l  o r  c a rd ia c  m u s c le .  T h e re fo re ,  

th e s e  la t te r  t i s s u e s  a re  to ta l ly  d e p e n d e n t  o n  u p ta k e  o f  c a rn i t in e  

p ro v id e d  b y  e n d o g e n o u s  s y n th e s is  o r  th e  d ie t  a n d  d is tr ib u te d  b y  th e  

b lo o d . [N o te : S k e le ta l  m u s c le  c o n ta in s  ~ 9 7 %  o f  a l l  c a rn i t in e  in  th e  

b o d y .]

d . C a rn i t in e  d e f ic ie n c ie s :  S u c h  d e f ic ie n c ie s  r e s u l t  in  d e c re a s e d  a b i l i ty  o f  

t is s u e s  to  u s e  L C F A  a s  a  fu e l.  P r im a ry  c a rn i t in e  d e f ic ie n c y  is  c a u s e d  

b y  d e fe c ts  in  a  m e m b ra n e  t r a n s p o r te r  th a t  p r e v e n t  u p ta k e  o f  c a rn i t in e  

b y  c a rd ia c  a n d  s k e le ta l  m u s c le  a n d  th e  k id n e y s , c a u s in g  c a rn i t in e  to  b e  

e x c re te d . T re a tm e n t  in c lu d e s  c a rn i t in e  s u p p le m e n ta tio n .  S e c o n d a ry  

c a rn i t in e  d e f ic ie n c y  o c c u rs  p r im a r i ly  a s  a  r e s u l t  o f  d e fe c ts  in  fa t ty  a c id  

o x id a t io n  le a d in g  to  th e  a c c u m u la t io n  o f  a c y lc a rn i t in e s  th a t  a re  

e x c re te d  in  th e  u r in e , d e c re a s in g  c a rn i t in e  a v a i la b i l i ty .  A c q u ir e d  

s e c o n d a ry  c a rn i t in e  d e f ic ie n c y  c a n  b e  se e n , fo r  e x a m p le , in  p a t ie n ts  

w ith  l iv e r  d is e a s e  (d e c re a s e d  c a rn i t in e  s y n th e s is )  o r  th o s e  ta k in g  th e  

a n t is e iz u re  d ru g  v a lp ro ic  a c id  (d e c re a s e d  r e n a l  r e a b s o rp tio n ) .  [N o te : 

D e fe c ts  in  m i to c h o n d r ia l  o x id a t io n  c a n  a lso  b e  c a u s e d  b y  d e f ic ie n c ie s  

in  C PT-I  a n d  CPT-II. C P T -I  d e f ic ie n c y  a f fe c ts  th e  liv e r , w h e re  a n  

in a b il i ty  to  u s e  L C F A  fo r  fu e l  g re a t ly  im p a ir s  th a t  t i s s u e ’s a b i l i ty  to  

s y n th e s iz e  g lu c o s e  (a n  e n d e rg o n ic  p ro c e s s )  d u r in g  a  fa s t. T h is  c a n  le a d  

to  s e v e re  h y p o g ly c e m ia ,  c o m a , a n d  d e a th . C PT-II  d e f ic ie n c y  c a n  

a f fe c t  th e  l iv e r  a n d  c a rd ia c  a n d  s k e le ta l  m u s c le .  T h e  m o s t  c o m m o n  

(a n d  le a s t  s e v e re )  fo rm  a f fe c ts  s k e le ta l  m u s c le .  I t  p re s e n ts  as  m u s c le  

w e a k n e s s  w i th  m y o g lo b in e m ia  fo llo w in g  p ro lo n g e d  e x e rc is e . 

T re a tm e n t  in c lu d e s  a v o id a n c e  o f  fa s t in g  a n d  a d o p t in g  a  d ie t  h ig h  in  

c a rb o h y d ra te s  a n d  lo w  in  f a t  b u t  s u p p le m e n te d  w ith  m e d iu m -c h a in  

T A G .]

2. S h o r te r - c h a in  fa t ty  a c id  e n try  in to  m ito c h o n d r ia :  F a tty  a c id s  < 1 2  c a rb o n s  

c a n  c ro s s  th e  in n e r  m i to c h o n d r ia l  m e m b ra n e  w i th o u t  th e  a id  o f  c a rn i t in e



o r  th e  C P T  s y s te m . O n c e  in s id e  th e  m ito c h o n d r ia ,  th e y  a re  a c t iv a te d  to  

th e ir  C o A  d e r iv a t iv e s  b y  m a tr ix  e n z y m e s  a n d  a re  o x id iz e d . [N o te : 

M e d iu m -c h a in  fa t ty  a c id s  a re  p le n t ifu l  in  h u m a n  m ilk . B e c a u s e  th e ir  

o x id a t io n  is  n o t  d e p e n d e n t  o n  CPT-I, m a lo n y l  C o A  is  n o t  in h ib ito ry .]

3. P -O x id a tio n  r e a c tio n s : T h e  f i r s t  c y c le  o f  P -o x id a t io n  is  s h o w n  in  F ig u re  

1 6 .1 7 . I t  c o n s is ts  o f  a  s e q u e n c e  o f  fo u r  re a c t io n s  in v o lv in g  th e  p -c a rb o n  

(c a rb o n  3 ) th a t  r e s u lts  in  s h o r te n in g  th e  fa t ty  a c id  b y  tw o  c a rb o n s  a t  th e  

c a rb o x y la te  e n d . T h e  s te p s  in c lu d e  a n  o x id a t io n  th a t  p ro d u c e s  F A D H 2, a  

h y d ra t io n , a  s e c o n d  o x id a t io n  th a t  p ro d u c e s  N A D H , a n d  a  C o A -  

d e p e n d e n t  th io ly t ic  c le a v a g e  th a t  r e le a s e s  a  m o le c u le  o f  a c e ty l  C o A . 

E a c h  s te p  is  c a ta ly z e d  b y  e n z y m e s  w i th  c h a in - le n g th  s p e c if ic i ty .  [N o te : 

F o r  L C F A , th e  la s t  th re e  s te p s  a re  c a ta ly z e d  b y  a  tr i f u n c t io n a l  p ro te in .]  

T h e s e  fo u r  s te p s  a re  r e p e a te d  fo r  s a tu ra te d  fa t ty  a c id s  o f  e v e n -n u m b e re d  

c a rb o n  c h a in s  (n /2 )  -  1 t im e s  (w h e re  n  is  th e  n u m b e r  o f  c a rb o n s ) ,  e a c h  

c y c le  p ro d u c in g  o n e  a c e ty l  C o A  p lu s  o n e  N A D H  a n d  o n e  F A D H 2. T h e  

f in a l  c y c le  p ro d u c e s  tw o  a c e ty l  C o A . T h e  a c e ty l  C o A  c a n  b e  o x id iz e d  o r  

u s e d  in  h e p a t ic  k e to g e n e s is  ( s e e  V . b e lo w ) . T h e  r e d u c e d  c o e n z y m e s  a re  

o x id iz e d  b y  th e  e le c tro n  t r a n s p o r t  c h a in , N A D H  b y  C o m p le x  I, a n d  

F A D H 2 b y  c o e n z y m e  Q  (s e e  p . 7 5 ). [N o te : A c e ty l  C o A  is  a  p o s i t iv e  

a l lo s te r ic  e f f e c to r  o f  pyruvate carboxylase  ( s e e  p . 1 1 9 ), th u s  l in k in g  fa tty  

a c id  o x id a t io n  a n d  g lu c o n e o g e n e s is .]

4 . P -O x id a tio n  e n e rg y  y ie ld : T h e  e n e rg y  y ie ld  f ro m  fa t ty  a c id  P -o x id a t io n  is  

h ig h . F o r  e x a m p le , th e  o x id a t io n  o f  a  m o le c u le  o f  p a lm ito y l  C o A  to  C O 2 

a n d  H 2O  p ro d u c e s  8  a c e ty l  C o A , 7 N A D H , a n d  7 F A D H 2, f ro m  w h ic h

1 31  A T P  c a n  b e  g e n e ra te d . H o w e v e r ,  a c t iv a t io n  o f  th e  fa t ty  a c id  r e q u ire s  

tw o  A T P . T h e re fo re ,  th e  n e t  y ie ld  f ro m  p a lm ita te  is  1 2 9  A T P  (F ig . 

1 6 .1 8 ). A  c o m p a r is o n  o f  th e  p ro c e s s e s  o f  s y n th e s is  a n d  d e g ra d a t io n  o f  

lo n g -c h a in  s a tu ra te d  fa t ty  a c id s  w i th  a n  e v e n  n u m b e r  o f  c a rb o n  a to m s  is  

p ro v id e d  in  F ig u re  1 6 .1 9 .



F ig u re  1 6 .1 8  S u m m a ry  o f  th e  e n e rg y  y ie ld  f ro m  th e  o x id a t io n  o f  p a lm ito y l  

c o e n z y m e  A  (C o A )  (1 6  c a rb o n s ) .  [N o te : * A c tiv a tio n  o f  p a lm ita te  to  p a lm ito y l  

C o A  re q u ire s  th e  e q u iv a le n t  o f  2 A T P  (A T P  A M P  + P P i).] F A D H 2 =  f la v in

a d e n in e  d in u c le o t id e ;  N A D H  = n ic o t in a m id e  a d e n in e  d in u c le o t id e ;  T C A  = 

t r ic a rb o x y lic  a c id ; C o Q  =  c o e n z y m e  Q ; C O 2 =  c a rb o n  d io x id e .



VARIABLE SYNTHESIS DEGRADATION

Greatest flux through pathway After carbohydrate-rich meal In starvation

Hormonal state favoring pathway High insulin/glucagon ratio Low insulin/glucagon ratio

Major tissue site Primarily liver Muscle, liver

Subcellular location Cytosol Primarily mitochondria

Carriers of acyl/acetyl groups 
between mitochondria and cytosol

Citrate (mitochondria 
to cytosol)

Carnitine (cytosol to 
mitochondria)

Phosphopantetheine-containing 
active carriers

Acyl carrier protein domain, 
coenzyme A

Coenzyme A

Oxidation/reduction coenzymes NADPH (reduction) NAD+, FAD (oxidation)

Two-carbon donor/product Malonyl CoA: donor of 
one acetyl group

Acetyl CoA: product of 
p-oxidation

Activator Citrate —

Inhibitor Palmitoyl CoA (inhibits 
acetyl CoA carboxylase)

Malonyl CoA (inhibits 
carnitine palmitoyltransferase-l)

Product of pathway Palmitate Acetyl CoA

Repetitive four-step process Condensation, reduction 
dehydration, reduction

Dehydrogenation, hydration 
dehydrogenation, thiolysis

F ig u re  1 6 .1 9  C o m p a r is o n  o f  th e  s y n th e s is  a n d  d e g ra d a t io n  o f  lo n g -c h a in ,  e v e n -  

n u m b e re d , s a tu ra te d  f a t ty  a c id s . N A D P H  = n ic o t in a m id e  a d e n in e  d in u c le o t id e  

p h o s p h a te ;  N A D +  = n ic o t in a m id e  a d e n in e  d in u c le o t id e ;  F A D  = f la v in  a d e n in e  

d in u c le o t id e ;  C o A  = c o e n z y m e  A .

5. M e d iu m -c h a in  fa t ty  a c y l  C o A  d e h y d ro g e n a s e  d e f ic ie n c y : In

m ito c h o n d r ia ,  th e re  a re  fo u r  fatty acyl CoA dehydrogenase  s p e c ie s ,  e a c h  

w i th  d is t in c t  b u t  o v e r la p p in g  s p e c if ic i ty  fo r  e i th e r  s h o r t- ,  m e d iu m - , lo n g - ,  

o r  v e ry - lo n g -c h a in  fa t ty  a c id s . M edium -chain  fatty acyl CoA  
dehydrogenase (M CAD) d e f ic ie n c y , a n  a u to s o m a l- re c e s s iv e  d is o rd e r ,  is  

th e  m o s t  c o m m o n  in b o rn  e r ro r  o f  p -o x id a tio n , b e in g  fo u n d  in  1 :1 4 ,0 0 0  

b ir th s  w o r ld w id e ,  w i th  a  h ig h e r  in c id e n c e  in  C a u c a s ia n s  o f  N o r th e rn  

E u ro p e a n  d e s c e n t .  I t  r e s u l ts  in  d e c re a s e d  a b i l i ty  to  o x id iz e  fa t ty  a c id s  

w i th  s ix  to  te n  c a rb o n s  (w h ic h  a c c u m u la te  a n d  c a n  b e  m e a s u re d  in  u r in e ) ,  

s e v e re  h y p o g ly c e m ia  (b e c a u s e  th e  t i s s u e s  m u s t  in c re a s e  th e ir  r e l ia n c e  o n  

g lu c o s e ) ,  a n d  h y p o k e to n e m ia  (b e c a u s e  o f  d e c re a s e d  p ro d u c t io n  o f  a c e ty l  

C o A ; se e  p . 1 9 5 ). T re a tm e n t  in c lu d e s  a v o id a n c e  o f  fa s tin g .

6. O x id a t io n  o f  fa t ty  a c id s  w i th  a n  o d d  n u m b e r  o f  c a rb o n s : T h is  p ro c e s s  

p ro c e e d s  b y  th e  s a m e  r e a c t io n  s te p s  a s  th a t  o f  f a t ty  a c id s  w ith  a n  e v e n  

n u m b e r  o f  c a rb o n s , u n t i l  th e  f in a l th re e  c a rb o n s  a re  re a c h e d . T h is  

p ro d u c t ,  p r o p io n y l  C o A , is  m e ta b o l iz e d  b y  a  th re e - s te p  p a th w a y  (F ig .



1 6 .2 0 ). [N o te : P ro p io n y l  C o A  is  a lso  p ro d u c e d  d u r in g  th e  m e ta b o l is m  o f  

c e r ta in  a m in o  a c id s  ( s e e  F ig . 2 0 .1 1 , p . 2 6 6 ) .]
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F ig u re  1 6 .2 0  M e ta b o lis m  o f  p ro p io n y l  C o A . A D P  = a d e n o s in e  d ip h o s p h a te ;  

b ic a rb o n a te ;  Pj = in o rg a n ic  p h o s p h a te .

a. d -M e th y lm a lo n y l  C o A  s y n th e s is :  F ir s t ,  p ro p io n y l  C o A  is  c a rb o x y la te d , 

fo rm in g  D-m e th y lm a lo n y l  C o A . T h e  e n z y m e  propion yl CoA  

carboxylase  h a s  a n  a b s o lu te  r e q u i re m e n t  fo r  th e  c o e n z y m e s  b io t in  a n d  

A T P , as  d o  A C C  a n d  m o s t  o th e r  carboxylases.
b . l - M e th y lm a lo n y l  C o A  fo rm a tio n :  N e x t, th e  D- is o m e r  is  c o n v e r te d  to  

th e  L- fo rm  b y  th e  e n z y m e  m ethylm alonyl CoA racem ase.
c. S u c c in y l C o A  s y n th e s is :  F in a l ly ,  th e  c a rb o n s  o f  L-m e th y lm a lo n y l  C o A

a re  re a r ra n g e d ,  fo rm in g  s u c c in y l  C o A , w h ic h  c a n  e n te r  th e  T C A  c y c le  

( s e e  p . 1 1 3 ). [N o te : T h is  is  th e  o n ly  e x a m p le  o f  a  g lu c o g e n ic  p re c u r s o r  

g e n e ra te d  f ro m  fa t ty  a c id  o x id a tio n .]  T h e  e n z y m e  m ethylm alonyl CoA  

m utase  r e q u ire s  a  c o e n z y m e  fo rm  o f  v i ta m in  B 12

(d e o x y a d e n o s y lc o b a la m in ) .  T h e  m utase  r e a c t io n  is  o n e  o f  o n ly  tw o  

re a c t io n s  in  th e  b o d y  th a t  r e q u ire  v i ta m in  B 12 (s e e  p . 3 7 9 ) . [N o te : In  

p a t ie n ts  w i th  v i ta m in  B 12 d e f ic ie n c y , b o th  p ro p io n a te  a n d  

m e th y lm a lo n a te  a re  e x c re te d  in  th e  u r in e . T w o  ty p e s  o f  h e r i ta b le  

m e th y lm a lo n ic  a c id e m ia  a n d  a c id u r ia  h a v e  b e e n  d e s c r ib e d : o n e  in  

w h ic h  th e  m utase  is  m is s in g  o r  d e f ic ie n t  (o r  h a s  r e d u c e d  a f f in i ty  fo r  

th e  c o e n z y m e )  a n d  o n e  in  w h ic h  th e  p a t ie n t  is  u n a b le  to  c o n v e r t  

v i ta m in  B 12 in to  i ts  c o e n z y m e  fo rm . E i th e r  ty p e  re s u lts  in  m e ta b o l ic  

a c id o s is  a n d  n e u ro lo g ic  m a n ife s ta t io n s .]

7. U n s a tu r a te d  fa t ty  a c id  p -o x id a tio n : T h e  o x id a t io n  o f  u n s a tu r a te d  fa t ty  

a c id s  g e n e ra te s  in te rm e d ia te s  th a t  c a n n o t  s e rv e  as  s u b s t ra te s  fo r  2,3-enoyl 
CoA hydratase  ( s e e  F ig . 1 6 .1 7 ). C o n s e q u e n t ly ,  a d d i t io n a l  e n z y m e s  a re  

re q u ire d . O x id a t io n  o f  a  d o u b le  b o n d  a t  a n  o d d -n u m b e re d  c a rb o n , s u c h  as  

1 8 :1 (9 )  (o le ic  a c id ) , r e q u ire s  o n e  a d d i t io n a l  e n z y m e , 3,2-enoyl CoA  
isom erase, w h ic h  c o n v e r ts  th e  3 -c is  d e r iv a t iv e  o b ta in e d  a f te r  th re e  

ro u n d s  o f  p -o x id a tio n  to  th e  2 - tra n s  d e r iv a t iv e  re q u ire d  b y  th e  hydratase. 
O x id a t io n  o f  a  d o u b le  b o n d  a t  a n  e v e n -n u m b e re d  c a rb o n , s u c h  as  

1 8 :2 (9 ,1 2 )  ( l in o le ic  a c id ) , r e q u ire s  a n  N A D P H -dependent 2 ,4-dienoyl 
CoA reductase  in  a d d i t io n  to  th e  isom erase . [N o te : B e c a u s e  u n s a tu ra te d  

fa t ty  a c id s  a re  le s s  r e d u c e d  th a n  s a tu ra te d  fa t ty  a c id s , f e w e r  re d u c in g  

e q u iv a le n ts  a re  p ro d u c e d  b y  th e ir  o x id a tio n .]

8 . P e ro x is o m a l  p -o x id a tio n : V L C F A  > 2 2  c a rb o n s  in  le n g th  u n d e rg o  a



p re l im in a ry  P -o x id a t io n  in  p e ro x is o m e s ,  b e c a u s e  p e ro x is o m e s  a n d  n o t  

m ito c h o n d r ia  a re  th e  p r im a ry  s ite  o f  th e  synthetase  th a t  a c t iv a te s  fa t ty  

a c id s  o f  th is  le n g th . T h e  s h o r te n e d  fa t ty  a c id  ( l in k e d  to  c a rn i t in e )  d if fu s e s  

to  a  m i to c h o n d r io n  fo r  fu r th e r  o x id a tio n . In  c o n t r a s t  to  m i to c h o n d r ia l  P- 

o x id a tio n , th e  in i t ia l  d e h y d ro g e n a t io n  in  p e ro x is o m e s  is  c a ta ly z e d  b y  a  

F A D -c o n ta in in g  acyl CoA oxidase. T h e  F A D H 2 p ro d u c e d  is  o x id iz e d  b y  

O 2, w h ic h  is  r e d u c e d  to  h y d ro g e n  p e ro x id e  (H 2O 2). T h e re fo re ,  n o  A T P  is  

g e n e ra te d  f ro m  th is  s te p . T h e  H 2O 2 is  r e d u c e d  to  H 2O  b y  catalase  ( s e e  p . 

1 4 8 ). [N o te : G e n e tic  d e fe c ts  in  th e  a b i l i ty  e i th e r  to  ta rg e t  m a tr ix  p ro te in s  

to  p e ro x is o m e s  ( re s u lt in g  in  Z e l lw e g e r  s y n d ro m e , a  p e ro x is o m a l  

b io g e n e s is  d is o rd e r )  o r  to  t r a n s p o r t  V L C F A  a c ro s s  th e  p e ro x is o m a l  

m e m b ra n e  ( re s u lt in g  in  X - l in k e d  a d re n o le u k o d y s tro p h y )  le a d  to  

a c c u m u la t io n  o f  V L C F A  in  th e  b lo o d  a n d  t is s u e s .]

C. Peroxisomal a-oxidation
B ra n c h e d -c h a in  p h y ta n ic  a c id , a  p ro d u c t  o f  c h lo ro p h y ll  m e ta b o l is m , is  n o t  a  

s u b s t r a te  fo r  acyl CoA dehydrogenase  b e c a u s e  o f  th e  m e th y l  g ro u p  o n  its  p- 

c a rb o n  (F ig . 1 6 .2 1 ). In s te a d , i t  is  h y d ro x y la te d  a t  th e  a - c a r b o n  b y  phytanoyl 
CoA a-hydroxylase (PhyH); c a rb o n  1 is  r e le a s e d  as  C O 2; a n d  th e  p ro d u c t ,  

1 5 -c a rb o n - lo n g  p r is ta n a l ,  is  o x id iz e d  to  p r is ta n ic  a c id , w h ic h  is  a c t iv a te d  to  

its  C o A  d e r iv a t iv e  a n d  u n d e rg o e s  p -o x id a tio n . R e f s u m  d is e a s e  is  a  ra re , 

a u to s o m a l- re c e s s iv e  d is o rd e r  c a u s e d  b y  a  d e f ic ie n c y  o f  p e ro x is o m a l  PhyH . 
T h is  r e s u lts  in  th e  a c c u m u la t io n  o f  p h y ta n ic  a c id  in  th e  p la s m a  a n d  t is su e s . 

T h e  s y m p to m s  a re  p r im a r i ly  n e u ro lo g ic ,  a n d  th e  t r e a tm e n t  in v o lv e s  d ie ta ry  

r e s tr ic t io n  to  h a l t  d is e a s e  p ro g re s s io n .  [N o te : « - O x id a t io n  (a t  th e  m e th y l  

te rm in u s )  a lso  is  k n o w n  a n d  g e n e ra te s  d ic a rb o x y lic  a c id s . N o rm a l ly  a  

m in o r  p a th w a y  o f  th e  S E R , its  u p re g u la t io n  is  s e e n  w i th  c o n d i t io n s  s u c h  as  

M C A D  d e f ic ie n c y  th a t  l im i t  fa t ty  a c id  P -o x id a tio n .]



F ig u re  1 6 .2 1  P h y ta n ic  a c id , a  b r a n c h e d -c h a in  fa t ty  a c id  16  c a rb o n s  in  le n g th .

V. KETONE BODIES: ALTERNATIVE FUEL 
FOR CELLS

L iv e r  m ito c h o n d r ia  h a v e  th e  c a p a c ity  to  c o n v e r t  a c e ty l  C o A  d e r iv e d  f ro m  fa tty  

a c id  o x id a t io n  in to  k e to n e  b o d ie s .  T h e  c o m p o u n d s  c a te g o r iz e d  as  k e to n e  b o d ie s  

a re  a c e to a c e ta te ,  3 -h y d ro x y b u ty ra te  (a lso  c a l le d  p -h y d ro x y b u ty ra te ) ,  a n d  a c e to n e



(a  n o n m e ta b o l iz e d  s id e  p ro d u c t ,  F ig . 1 6 .2 2 ). [N o te : T h e  tw o  f u n c t io n a l  k e to n e  

b o d ie s  a re  o rg a n ic  a c id s .]  A c e to a c e ta te  a n d  3 -h y d ro x y b u ty ra te  a re  t r a n s p o r te d  in  

th e  b lo o d  to  th e  p e r ip h e ra l  t is s u e s .  T h e re  th e y  c a n  b e  r e c o n v e r te d  to  a c e ty l  C o A , 

w h ic h  c a n  b e  o x id iz e d  b y  th e  T C A  c y c le . K e to n e  b o d ie s  a re  im p o r ta n t  s o u rc e s  o f  

e n e rg y  fo r  th e  p e r ip h e ra l  t i s s u e s  b e c a u s e  th e y  1) a re  s o lu b le  in  a q u e o u s  s o lu tio n  

a n d , th e re fo re ,  d o  n o t  n e e d  to  b e  in c o rp o ra te d  in to  l ip o p ro te in s  o r  c a r r ie d  b y  

a lb u m in  a s  d o  th e  o th e r  l ip id s ;  2 ) a re  p ro d u c e d  in  th e  l iv e r  d u r in g  p e r io d s  w h e n  

th e  a m o u n t  o f  a c e ty l  C o A  p re s e n t  e x c e e d s  th e  o x id a tiv e  c a p a c ity  o f  th e  liv e r ; 

a n d  3 ) a re  u s e d  in  p ro p o r t io n  to  th e ir  c o n c e n tra t io n  in  th e  b lo o d  b y  e x tr a h e p a t ic  

t is s u e s ,  s u c h  as  s k e le ta l  a n d  c a rd ia c  m u s c le ,  th e  in te s t in a l  m u c o s a , a n d  th e  r e n a l  

c o r te x . E v e n  th e  b r a in  c a n  u s e  k e to n e  b o d ie s  to  h e lp  m e e t  its  e n e rg y  n e e d s  i f  th e  

b lo o d  le v e ls  r is e  s u f f ic ie n tly .  T h u s , k e to n e  b o d ie s  s p a re  g lu c o se , w h ic h  is  

p a r t ic u la r ly  im p o r ta n t  d u r in g  p ro lo n g e d  p e r io d s  o f  fa s t in g  ( s e e  p . 3 3 2 ) . [N o te : 

D is o rd e rs  o f  f a t ty  a c id  o x id a t io n  p r e s e n t  w ith  th e  g e n e ra l  p ic tu re  o f  h y p o k e to s is  

(b e c a u s e  o f  d e c re a s e d  a v a i la b i l i ty  o f  a c e ty l  C o A )  a n d  h y p o g ly c e m ia  (b e c a u s e  o f  

in c re a s e d  r e l ia n c e  o n  g lu c o s e  fo r  e n e rg y ) .]
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F ig u re  1 6 .2 2  S y n th e s is  o f  k e to n e  b o d ie s .  [N o te : T h e  r e le a s e  o f  C o A  in  

k e to g e n e s is  s u p p o r ts  c o n t in u e d  fa t ty  a c id  o x id a tio n .]  C o A  = c o e n z y m e  A ; H M G  

= h y d ro x y m e th y lg lu ta ra te ;  N A D (H )  = n ic o t in a m id e  a d e n in e  d in u c le o t id e ;  C O 2 = 

c a rb o n  d io x id e .

A. Ketone body synthesis by the liver: Ketogenesis
D u r in g  a  fa s t, th e  l iv e r  is  f lo o d e d  w ith  fa t ty  a c id s  m o b i l iz e d  f ro m  a d ip o s e  t is s u e . 

T h e  r e s u lt in g  e le v a te d  h e p a t ic  a c e ty l  C o A  p ro d u c e d  b y  fa t ty  a c id  o x id a t io n  

in h ib its  pyruvate dehydrogenase  ( s e e  p . 1 1 1 ) a n d  a c t iv a te s  pyruvate  
carboxylase  ( [P C ]  s e e  p . 1 1 9 ). T h e  O A A  p ro d u c e d  b y  P C  is  u s e d  b y  th e  l iv e r  fo r  

g lu c o n e o g e n e s is  r a th e r  th a n  fo r  th e  T C A  c y c le . A d d it io n a l ly ,  f a t ty  a c id  o x id a tio n  

d e c re a s e s  th e  N A D + /N A D H  ra tio , a n d  th e  r is e  in  N A D H  s h if ts  O A A  to  m a la te  

( s e e  p . 1 1 3 ). T h e  d e c re a s e d  a v a i la b i l i ty  o f  O A A  fo r  c o n d e n s a t io n  w ith  a c e ty l  

C o A  re s u lts  in  th e  in c re a s e d  u s e  o f  a c e ty l  C o A  fo r  k e to n e  b o d y  s y n th e s is .  [N o te : 

A c e ty l  C o A  fo r  k e to g e n e s is  is  a lso  g e n e ra te d  b y  th e  c a ta b o lis m  o f  k e to g e n ic  

a m in o  a c id s  (s e e  p . 2 6 2 ) .]

1. 3 - H y d ro x y -3 -m e th y lg lu ta ry l  C o A  s y n th e s is :  T h e  f ir s t  s te p , f o rm a t io n  o f  

a c e to a c e ty l  C o A , o c c u r s  b y  r e v e r s a l  o f  th e  f in a l  th iolase  r e a c t io n  o f  fa t ty  

a c id  o x id a t io n  (s e e  F ig . 1 6 .1 7 ). M ito c h o n d r ia l  3-hydroxy-3- 
m ethylglu taryl (H M G) CoA synthase  c o m b in e s  a  th i rd  m o le c u le  o f  

a c e ty l  C o A  w ith  a c e to a c e ty l  C o A  to  p ro d u c e  H M G  C o A . H M G  CoA  
synthase  is  th e  r a te - l im it in g  s te p  in  th e  s y n th e s is  o f  k e to n e  b o d ie s  a n d  is  

p r e s e n t  in  s ig n if ic a n t  q u a n ti t ie s  o n ly  in  th e  l iv e r . [N o te : H M G  C o A  is 

a lso  a n  in te rm e d ia te  in  c y to s o l ic  c h o le s te ro l  s y n th e s is  ( s e e  p . 2 2 0 ) . T h e  

tw o  p a th w a y s  a re  s e p a ra te d  b y  lo c a t io n  in , a n d  c o n d i t io n s  o f, th e  c e ll.]

2. K e to n e  b o d y  s y n th e s is :  H M G  C o A  is  c le a v e d  b y  H M G  CoA lyase  to  

p ro d u c e  a c e to a c e ta te  a n d  a c e ty l  C o A , a s  s h o w n  in  F ig u re  1 6 .2 2 . 

A c e to a c e ta te  c a n  b e  r e d u c e d  to  fo rm  3 -h y d ro x y b u ty ra te  w ith  N A D H  as  

th e  e le c tro n  d o n o r . [N o te : B e c a u s e  k e to n e  b o d ie s  a re  n o t  l in k e d  to  C o A , 

th e y  c a n  c ro s s  th e  in n e r  m i to c h o n d r ia l  m e m b ra n e .]  A c e to a c e ta te  c a n  a lso  

s p o n ta n e o u s ly  d e c a rb o x y la te  in  th e  b lo o d  to  fo rm  a c e to n e , a  v o la t i le ,  

b io lo g ic a l ly  n o n m e ta b o l iz e d  c o m p o u n d  th a t  c a n  b e  d e te c te d  in  th e  

b re a th . T h e  e q u i l ib r iu m  b e tw e e n  a c e to a c e ta te  a n d  3 -h y d ro x y b u ty ra te  is  

d e te rm in e d  b y  th e  N A D + /N A D H  ra tio . B e c a u s e  th is  r a t io  is  lo w  d u r in g  

fa t ty  a c id  o x id a tio n , 3 -h y d ro x y b u ty ra te  s y n th e s is  is  f a v o re d .



B. Ketone body use by the peripheral tissues: Ketolysis
A lth o u g h  th e  l iv e r  c o n s ta n tly  s y n th e s iz e s  lo w  le v e ls  o f  k e to n e  b o d ie s ,  th e ir  

p ro d u c t io n  in c re a s e s  d u r in g  f a s t in g  w h e n  k e to n e  b o d ie s  a re  n e e d e d  to  

p ro v id e  e n e rg y  to  th e  p e r ip h e ra l  t is s u e s .  3 -H y d ro x y b u ty ra te  is  o x id iz e d  to  

a c e to a c e ta te  b y  3-hydroxybutyrate dehydrogenase, p ro d u c in g  N A D H  (F ig . 

1 6 .2 3 ). A c e to a c e ta te  is  th e n  p r o v id e d  w ith  a  C o A  m o le c u le  ta k e n  f ro m  

s u c c in y l C o A  b y  succinyl C oA :acetoacetate CoA transferase  
(thiophorase). T h is  r e a c t io n  is  r e v e r s ib le ,  b u t  th e  p ro d u c t ,  a c e to a c e ty l  C o A , 

is  a c t iv e ly  r e m o v e d  b y  its  c le a v a g e  to  tw o  a c e ty l  C o A  b y  thiolase. T h is  

p u lls  th e  r e a c t io n  fo rw a rd . E x tra h e p a t ic  t is s u e s ,  in c lu d in g  th e  b r a in  b u t  

e x c lu d in g  c e lls  la c k in g  m i to c h o n d r ia  ( fo r  e x a m p le , R B C ) , e f f ic ie n t ly  

o x id iz e  a c e to a c e ta te  a n d  3 -h y d ro x y b u ty ra te  in  th is  m a n n e r .  In  c o n tra s t ,  

a l th o u g h  th e  l iv e r  a c t iv e ly  p ro d u c e s  k e to n e  b o d ie s ,  i t  la c k s  th iophorase  
a n d , th e re fo re ,  is  u n a b le  to  u s e  k e to n e  b o d ie s  a s  fu e l.

F ig u re  1 6 .2 3  K e to n e  b o d y  s y n th e s is  in  th e  l iv e r  a n d  u s e  in  p e r ip h e ra l  t is s u e s . 

T h e  l iv e r  a n d  r e d  b lo o d  c e lls  c a n n o t  u s e  k e to n e  b o d ie s .  [N o te : Thiophorase  is  

a lso  k n o w n  a s  succinyl C oA :acetoacetate CoA transferase .] C o A  = c o e n z y m e  

A ; N A D (H )  =  n ic o t in a m id e  a d e n in e  d in u c le o t id e ;  T C A  = t r ic a rb o x y lic  a c id ; 

C O 2 =  c a rb o n  d io x id e .

C. Excessive ketone body production in diabetes mellitus
W h e n  th e  ra te  o f  fo rm a t io n  o f  k e to n e  b o d ie s  is  g re a te r  th a n  th e  ra te  o f  th e ir



u se , th e ir  le v e ls  b e g in  to  r is e  in  th e  b lo o d  (k e to n e m ia )  a n d , e v e n tu a lly ,  in  

th e  u r in e  (k e to n u r ia ) .  T h is  is  s e e n  m o s t  o f te n  in  c a s e s  o f  u n c o n t ro l le d  ty p e  1 

d ia b e te s  m e ll i tu s  (T 1 D ), w h e re  th e  b lo o d  c o n c e n tra t io n  o f  k e to n e  b o d ie s  

m a y  re a c h  9 0  m g /d l  (v e rs u s  < 3  m g /d l  in  n o rm a l  in d iv id u a ls ) ,  a n d  u r in a ry  

e x c re t io n  o f  k e to n e  b o d ie s  m a y  b e  a s  h ig h  as  5 ,0 0 0  m g /2 4  h o u r . T h e  

e le v a tio n  o f  th e  k e to n e  b o d y  c o n c e n tr a t io n  in  th e  b lo o d  c a n  r e s u l t  in  

a c id e m ia . [N o te : T h e  c a rb o x y l  g ro u p  o f  a  k e to n e  b o d y  h a s  a  p K a o f  ~ 4 .

T h e re fo re ,  e a c h  k e to n e  b o d y  lo s e s  a  p ro to n  (H +) a s  i t  c i r c u la te s  in  th e  

b lo o d , w h ic h  lo w e rs  th e  p H .]  A ls o , in  u n c o n t ro l le d  T 1 D , u r in a ry  lo s s  o f  

g lu c o s e  a n d  k e to n e  b o d ie s  r e s u lts  in  d e h y d ra t io n .  T h e re fo re ,  th e  in c re a s e d  

n u m b e r  o f  H + c i r c u la t in g  in  a  d e c re a s e d  v o lu m e  o f  p la s m a  c a n  c a u s e  a  

s e v e re  a c id o s is  (k e to a c id o s is ,  F ig . 1 6 .2 4 ) k n o w n  as  d ia b e tic  k e to a c id o s is  

(D K A ).]  A  f r e q u e n t  s y m p to m  o f  D K A  is  a  f ru ity  o d o r  o n  th e  b re a th , w h ic h  

r e s u lts  f ro m  in c re a s e d  p r o d u c t io n  o f  a c e to n e . K e to a c id o s is  m a y  a lso  b e  

s e e n  in  c a s e s  o f  p ro lo n g e d  fa s t in g  ( s e e  p . 3 3 0 )  a n d  e x c e s s iv e  e th a n o l 

c o n s u m p tio n  (se e  p . 3 1 8 ) .



F ig u re  1 6 .2 4  M e c h a n is m  o f  d ia b e tic  k e to a c id o s is  s e e n  in  u n c o n t ro l le d  ty p e  1 

d ia b e te s .





VI. CHAPTER SUMMARY

A  fa t ty  a c id , g e n e ra lly  a  l in e a r  h y d ro c a rb o n  c h a in  w i th  a  te rm in a l  c a rb o x y l 

g ro u p , c a n  b e  s a tu ra te d  o r  u n s a tu ra te d .  T w o  u n s a tu ra te d  fa t ty  a c id s  a re  

d ie ta ry  e s s e n tia ls :  l in o le ic  a n d  a - l in o le n ic  a c id s . F a tty  a c id s  a re  s y n th e s iz e d  

in  th e  l iv e r  c y to s o l  fo llo w in g  a  m e a l  c o n ta in in g  e x c e s s  c a rb o h y d ra te  a n d  

p ro te in .  C a rb o n s  u s e d  to  s y n th e s iz e  fa t ty  a c id s  a re  p ro v id e d  b y  a c e ty l  

c o e n z y m e  A  (C o A ), e n e rg y  b y  A T P , a n d  re d u c in g  e q u iv a le n ts  b y  

n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te  ( [N A D P H ] , F ig . 1 6 .2 5 ) 

p ro v id e d  b y  th e  p e n to s e  p h o s p h a te  p a th w a y  a n d  m alic enzym e. C itra te  

c a r r ie s  tw o -c a rb o n  a c e ty l  u n its  f ro m  th e  m i to c h o n d r ia l  m a tr ix  to  th e  

c y to so l .  T h e  r e g u la te d  s te p  in  fa t ty  a c id  s y n th e s is  is  th e  c a rb o x y la t io n  o f  

a c e ty l  C o A  to  m a lo n y l  C o A  b y  b io t in -  a n d  A T P - re q u ir in g  acetyl CoA  

carboxylase  (A C C ). C itra te  a l lo s te r ic a l ly  a c t iv a te s  A C C , a n d  p a lm ito y l  

C o A  in h ib its  it. A C C  c a n  a lso  b e  a c t iv a te d  b y  in s u l in  a n d  in a c t iv a te d  b y  

adenosine m on ophosphate-activa ted  protein  kinase (AM PK) in  re s p o n s e  

to  e p in e p h r in e , g lu c a g o n , o r  a  r is e  in  A M P . T h e  r e m a in in g  s te p s  in  fa t ty  

a c id  s y n th e s is  a re  c a ta ly z e d  b y  th e  m u l t i fu n c t io n a l  e n z y m e , fatty acid  
synthase, w h ic h  p ro d u c e s  p a lm ito y l  C o A  b y  a d d in g  tw o -c a rb o n  u n its  f ro m  

m a lo n y l  C o A  to  a  s e r ie s  o f  a c y l  a c c e p to rs .  F a tty  a c id s  c a n  b e  e lo n g a te d  a n d  

d e s a tu ra te d  in  th e  s m o o th  e n d o p la s m ic  r e t ic u lu m  (S E R ). W h e n  fa t ty  a c id s  

a re  r e q u ire d  fo r  e n e rg y , horm one-sensitive lipase  ( a c t iv a te d  b y  

e p in e p h r in e , a n d  in h ib i te d  b y  in s u lin ) ,  a lo n g  w ith  o th e r  lipases , d e g ra d e s  

t r ia c y lg ly c e ro l  (T A G ) s to re d  in  a d ip o c y te s .  T h e  fa t ty  a c id  p ro d u c ts  a re  

c a r r ie d  b y  s e ru m  a lb u m in  to  th e  l iv e r  a n d  p e r ip h e ra l  t is s u e s ,  w h e re  th e ir  

o x id a t io n  p ro v id e s  e n e rg y . T h e  g ly c e ro l  b a c k b o n e  o f  th e  d e g ra d e d  T A G  is  

c a r r ie d  b y  th e  b lo o d  to  th e  l iv e r , w h e re  i t  s e rv e s  a s  a  g lu c o n e o g e n ic  

p re c u rs o r .  F a tty  a c id  d e g ra d a t io n  (P -o x id a t io n )  o c c u r s  in  m ito c h o n d r ia .  T h e  

c a rn i t in e  s h u t t le  is  r e q u ire d  to  t r a n s p o r t  lo n g -c h a in  fa t ty  a c id s  f ro m  th e  

c y to s o l  to  th e  m i to c h o n d r ia l  m a tr ix .  A  t r a n s lo c a s e  a n d  th e  e n z y m e s  

carnitine palm itoyltransferases (CPT) I  a n d  II  a re  r e q u ire d . C P T -I  is  

in h ib i te d  b y  m a lo n y l  C o A , th e re b y  p re v e n t in g  s im u l ta n e o u s  s y n th e s is  a n d  

d e g ra d a t io n  o f  fa t ty  a c id s . M ito c h o n d r ia l  fa t ty  a c id  p -o x id a tio n  p ro d u c e s  

a c e ty l  C o A , n ic o t in a m id e  a d e n in e  d in u c le o t id e  (N A D H ), a n d  f la v in  

a d e n in e  d in u c le o t id e  (F A D H 2). T h e  f ir s t  s te p  in  P -o x id a t io n  is  c a ta ly z e d  b y



o n e  o f  fo u r  acyl CoA dehydrogenases , e a c h  w i th  c h a in - le n g th  s p e c if ic i ty .  

M edium -chain  fa tty  acyl CoA dehydrogenase (M CAD) d e f ic ie n c y  c a u s e s  

a  d e c re a s e  in  fa t ty  a c id  o x id a t io n  (p ro c e s s  s to p s  o n c e  a  m e d iu m -c h a in  fa t ty  

a c id  is  p ro d u c e d ) ,  r e s u l t in g  in  h y p o k e to n e m ia  a n d  s e v e re  h y p o g ly c e m ia .  

O x id a t io n  o f  fa t ty  a c id s  w ith  a n  o d d  n u m b e r  o f  c a rb o n s  p ro c e e d s  tw o  

c a rb o n s  a t  a  t im e  (p ro d u c in g  a c e ty l  C o A )  u n t i l  th r e e - c a rb o n  p ro p io n y l  C o A  

re m a in s .  T h is  c o m p o u n d  is  c a rb o x y la te d  to  m e th y lm a lo n y l  C o A  (b y  b io t in -  

a n d  A T P - re q u ir in g  propion yl CoA carboxylase), w h ic h  is  th e n  c o n v e r te d  to  

s u c c in y l  C o A  (a  g lu c o n e o g e n ic  p re c u r s o r )  b y  v i ta m in  B 12- re q u ir in g  

m ethylm alonyl CoA m utase. A  g e n e t ic  e r ro r  in  th e  m utase  o r  v i ta m in  B 12 

d e f ic ie n c y  c a u s e s  m e th y lm a lo n ic  a c id e m ia  a n d  a c id u r ia .  P -O x id a tio n  o f  

u n s a tu ra te d  fa t ty  a c id s  r e q u ire s  a d d i t io n a l  e n z y m e s . p -O x id a t io n  o f  v e ry -  

lo n g -c h a in  fa t ty  a c id s  a n d  a - o x id a t io n  o f  b r a n c h e d -c h a in  fa t ty  a c id s  o c c u r  

in  th e  p e ro x is o m e . D e f ic ie n c ie s  r e s u l t  in  X - l in k e d  a d re n o le u k o d y s tro p h y  

a n d  R e fs u m  d is e a se , r e s p e c t iv e ly .  « -O x id a t io n ,  n o rm a lly  a  m in o r  p a th w a y , 

o c c u rs  in  th e  S E R . L iv e r  m ito c h o n d r ia  c a n  c o n v e r t  a c e ty l  C o A  d e r iv e d  

f ro m  fa t ty  a c id  o x id a t io n  in to  a c e to a c e ta te  a n d  3 -h y d ro x y b u ty ra te  (k e to n e  

b o d ie s ) .  P e r ip h e ra l  t i s s u e s  p o s s e s s in g  m ito c h o n d r ia  c a n  o x id iz e  3- 

h y d ro x y b u ty ra te  to  a c e to a c e ta te ,  w h ic h  c a n  b e  c le a v e d  to  tw o  a c e ty l  C o A , 

th e re b y  p ro d u c in g  e n e rg y  fo r  th e  c e ll. U n lik e  fa t ty  a c id s , k e to n e  b o d ie s  a re  

u t i l iz e d  b y  th e  b r a in  a n d , th e re fo re ,  a re  im p o r ta n t  fu e ls  d u r in g  a  fa s t. 

B e c a u s e  th e  l iv e r  la c k s  th iophorase  r e q u ire d  to  d e g ra d e  k e to n e  b o d ie s ,  i t  

s y n th e s iz e s  th e m  s p e c if ic a l ly  fo r  th e  p e r ip h e ra l  t is s u e s .  K e to a c id o s is  o c c u rs  

w h e n  th e  ra te  o f  k e to n e  b o d y  fo rm a t io n  is  g re a te r  th a n  th e  ra te  o f  u se , as  is  

s e e n  in  c a s e s  o f  u n c o n t ro l le d  ty p e  1 d ia b e te s  m e lli tu s .
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F ig u re  1 6 .2 5  K e y  c o n c e p t  m a p  fo r  fa t ty  a c id  a n d  t r ia c y lg ly c e ro l  m e ta b o lis m . 

A M P K  = adenosine m onophosphate-activa ted  protein  kinase; PKA = protein  
kinase A; C o A  =  c o e n z y m e  A ; N A D P (H )  =  n ic o t in a m id e  a d e n in e  d in u c le o t id e  

p h o s p h a te ;  F A D (H 2) =  f la v in  a d e n in e  d in u c le o t id e ;  FAS  =  fa tty acid  synthase; 

C O 2 =  c a rb o n  d io x id e ;  N A D (H )  =  n ic o t in a m id e  a d e n in e  d in u c le o t id e ;  T C A  =



t r ic a rb o x y lic  a c id ; V L D L  = v e ry - lo w -d e n s i ty  l ip o p ro te in .

Study Questions

Choose th e  O N E  b e s t  a n s w e r .

6 .1 . W h e n  o le ic  a c id , 1 8 :1 (9 ) , is  d e s a tu ra te d  a t  c a rb o n  6 a n d  th e n  e lo n g a te d , 

w h a t  is  th e  c o r r e c t  r e p re s e n ta t io n  o f  th e  p ro d u c t?

A . 1 9 :2 (7 ,9 )

B . 2 0 :2  (w -6 )

C . 2 0 :2 (6 ,9 )

D . 2 0 :2 (8 ,1 1 )

C o r r e c t  a n s w e r  = D . F a tty  a c id s  a re  e lo n g a te d  in  th e  s m o o th  e n d o p la s m ic  

r e t ic u lu m  b y  a d d in g  tw o  c a rb o n s  a t  a  t im e  to  th e  c a rb o x y la te  e n d  (c a rb o n  1) o f  

th e  m o le c u le .  T h is  p u s h e s  th e  d o u b le  b o n d s  a t  c a rb o n  6 a n d  c a rb o n  9  f a r th e r  

a w a y  f ro m  c a rb o n  1. T h e  2 0 :2 (8 ,1 1 )  p ro d u c t  is  a n  w -9  (n -9 )  fa t ty  a c id .

6 .2 . A  4 -m o n th -o ld  c h i ld  is  b e in g  e v a lu a te d  fo r  fa s t in g  h y p o g ly c e m ia .  

L a b o ra to ry  te s ts  a t  a d m is s io n  r e v e a l  lo w  le v e ls  o f  k e to n e  b o d ie s  

(h y p o k e to n e m ia ) ,  f r e e  c a rn i tin e ,  a n d  lo n g -c h a in  a c y lc a rn i t in e s  in  th e  b lo o d . 

F re e  fa t ty  a c id  le v e ls  in  th e  b lo o d  w e re  e le v a te d . D e f ic ie n c y  o f  w h ic h  o f  

th e  fo llo w in g  w o u ld  b e s t  e x p la in  th e s e  f in d in g s ?

A . A d ip o s e  t r ig ly c e r id e  l ip a s e

B . C a rn i t in e  t r a n s p o r te r

C . C a rn i t in e  p a lm ito y l t ra n s fe ra s e - I

D . L o n g -c h a in  fa t ty  a c id  d e h y d ro g e n a s e

C o r r e c t  a n s w e r  = B . A  d e fe c t  in  th e  c a rn i t in e  t r a n s p o r te r  (p r im a ry  c a rn i t in e  

d e f ic ie n c y )  w o u ld  r e s u l t  in  lo w  le v e ls  o f  c a rn i t in e  in  th e  b lo o d  (a s  a  r e s u l t  o f  

in c re a s e d  u r in a ry  lo s s )  a n d  lo w  le v e ls  in  th e  t is s u e s .  In  th e  l iv e r , th is  d e c re a s e s  

fa t ty  a c id  o x id a t io n  a n d  k e to g e n e s is .  C o n s e q u e n t ly ,  b lo o d  le v e ls  o f  f re e  fa t ty  

a c id s  r is e . D e f ic ie n c ie s  o f  a d ip o s e  t r ig ly c e r id e  l ip a s e  w o u ld  d e c re a s e  fa t ty  a c id  

a v a i la b i l i ty .  D e f ic ie n c y  o f  c a rn i t in e  p a lm ito y l t ra n s f e ra s e  I w o u ld  r e s u l t  in  

e le v a te d  b lo o d  c a rn i t in e .  D e fe c ts  in  a n y  o f  th e  e n z y m e s  o f  P -o x id a t io n  w o u ld



r e s u l t  in  s e c o n d a ry  c a rn i t in e  d e f ic ie n c y , w i th  a  r is e  in  a c y lc a rn i t in e s .

6 .3 . A  te e n a g e r ,  c o n c e rn e d  a b o u t  h is  w e ig h t ,  a t te m p ts  to  m a in ta in  a  fa t- f re e  d ie t  

fo r  a  p e r io d  o f  s e v e ra l  w e e k s . I f  h is  a b i l i ty  to  s y n th e s iz e  v a r io u s  l ip id s  

w e re  e x a m in e d , h e  w o u ld  b e  fo u n d  to  b e  m o s t  d e f ic ie n t  in  h is  a b i l i ty  to  

s y n th e s iz e :

A . c h o le s te ro l .

B . g ly c o lip id s .

C . p h o s p h o lip id s .

D . p ro s ta g la n d in s .

E . tr ia c y lg ly c e ro l .

C o r r e c t  a n s w e r  = D . P ro s ta g la n d in s  a re  s y n th e s iz e d  f ro m  a ra c h id o n ic  a c id . 

A ra c h id o n ic  a c id  is  s y n th e s iz e d  f ro m  l in o le ic  a c id , a n  e s s e n t ia l  fa t ty  a c id  

o b ta in e d  b y  h u m a n s  f ro m  d ie ta ry  l ip id s . T h e  te e n a g e r  w o u ld  b e  a b le  to  

s y n th e s iz e  a l l  o th e r  c o m p o u n d s  b u t, p re s u m a b ly ,  in  s o m e w h a t  d e c re a s e d  

a m o u n ts .

6 .4 . A  6 -m o n th -o ld  b o y  w a s  h o s p i ta l iz e d  fo llo w in g  a  s e iz u re .  H is to ry  r e v e a le d  

th a t  fo r  s e v e ra l  d a y s  p r io r ,  h is  a p p e t i te  w a s  d e c re a s e d  o w in g  to  a  s to m a c h  

v iru s .  A t  a d m is s io n , h is  b lo o d  g lu c o s e  w a s  2 4  m g /d l  ( a g e - re fe re n c e d  

n o rm a l  is  6 0 - 1 0 0 ) .  H is  u r in e  w a s  n e g a t iv e  fo r  k e to n e  b o d ie s  a n d  p o s i t iv e  

fo r  a  v a r ie ty  o f  d ic a rb o x y lic  a c id s . B lo o d  c a rn i t in e  le v e ls  ( f re e  a n d  a c y l 

b o u n d )  w e re  n o rm a l.  A  te n ta t iv e  d ia g n o s is  o f  m e d iu m -c h a in  fa t ty  a c y l 

c o e n z y m e  A  d e h y d ro g e n a s e  (M C A D ) d e f ic ie n c y  is  m a d e . In  p a t ie n ts  w ith  

M C A D  d e f ic ie n c y , th e  fa s t in g  h y p o g ly c e m ia  is  a  c o n s e q u e n c e  of:

A . d e c re a s e d  a c e ty l  c o e n z y m e  A  p ro d u c t io n .

B . d e c re a s e d  a b i l i ty  to  c o n v e r t  a c e ty l  c o e n z y m e  A  to  g lu c o se .

C . in c re a s e d  c o n v e r s io n  o f  a c e ty l  c o e n z y m e  A  to  a c e to a c e ta te .

D . in c re a s e d  p ro d u c t io n  o f  A T P  a n d  n ic o t in a m id e  a d e n in e  d in u c le o t id e .

C o r r e c t  a n s w e r  = A . Im p a ire d  o x id a t io n  o f  fa t ty  a c id s  < 1 2  c a rb o n s  in  le n g th  

r e s u lts  in  d e c re a s e d  p ro d u c t io n  o f  a c e ty l- c o e n z y m e  A  (C o A ), th e  a l lo s te r ic  

a c t iv a to r  o f  p y ru v a te  c a rb o x y la s e ,  a  g lu c o n e o g e n ic  e n z y m e , a n d , th u s , g lu c o s e  

le v e ls  fa ll. A c e ty l  C o A  c a n  n e v e r  b e  u s e d  fo r  th e  n e t  s y n th e s is  o f  g lu c o se . 

A c e to a c e ta te  is  a  k e to n e  b o d y , a n d  w ith  m e d iu m -c h a in  fa t ty  a c y l  C o A



d e h y d ro g e n a s e  d e f ic ie n c y , k e to g e n e s is  is  d e c re a s e d  a s  a  r e s u l t  o f  d e c re a s e d  

p ro d u c t io n  o f  th e  s u b s tra te ,  a c e ty l  C o A . Im p a ire d  fa t ty  a c id  o x id a t io n  m e a n s  

th a t  le s s  A T P  a n d  n ic o t in a m id e  a d e n in e  d in u c le o t id e  a re  m a d e , a n d  b o th  a re  

n e e d e d  fo r  g lu c o n e o g e n e s is .

6 .5 . E x p la in  w h y  w ith  Z e l lw e g e r  s y n d ro m e  b o th  v e ry - lo n g -c h a in  fa t ty  a c id s  

(V L C F A )  a n d  lo n g -c h a in  p h y ta n ic  a c id  a c c u m u la te ,  w h e re a s  w i th  X - l in k e d  

a d re n o le u k o d y s tro p h y , o n ly  V L C F A  a c c u m u la te .

Z e l lw e g e r  s y n d ro m e  is  c a u s e d  b y  a n  in a b il i ty  to  ta rg e t  m a tr ix  p ro te in s  to  th e  

p e ro x is o m e . T h e re fo re ,  a l l  p e ro x is o m a l  a c t iv i t ie s  a re  a f f e c te d  b e c a u s e  

fu n c t io n a l  p e ro x is o m e s  a re  u n a b le  to  b e  fo rm e d . In  X - l in k e d  

a d re n o le u k o d y s tro p h y , th e  d e f e c t  is  a n  in a b i l i ty  to  t r a n s p o r t  V L C F A  in to  th e  

p e ro x is o m e , b u t  o th e r  p e ro x is o m a l  fu n c t io n s ,  s u c h  a s  a -o x id a t io n ,  a re  n o rm a l.
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Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. PHOSPHOLIPID OVERVIEW

P h o s p h o l ip id s  a re  p o la r , io n ic  c o m p o u n d s  c o m p o s e d  o f  a n  a lc o h o l  th a t  is  

a t ta c h e d  b y  a  p h o s p h o d ie s te r  b o n d  to  e i th e r  d ia c y lg ly c e ro l  (D A G ) o r  

s p h in g o s in e . L ik e  fa t ty  a c id s  (F A ), p h o s p h o lip id s  a re  a m p h ip a th ic  in  n a tu re . 

T h a t  is , e a c h  h a s  a  h y d ro p h il ic  h e a d , w h ic h  is  th e  p h o s p h a te  g ro u p  p lu s  w h a te v e r  

a lc o h o l is  a t ta c h e d  to  i t  ( fo r  e x a m p le , s e r in e , e th a n o la m in e ,  a n d  c h o lin e ; 

h ig h l ig h te d  in  b lu e  in  F ig . 1 7 .1 A ), a n d  a  lo n g , h y d ro p h o b ic  ta i l  c o n ta in in g  F A  o r 

F A -d e r iv e d  h y d ro c a rb o n s  ( s h o w n  in  o ra n g e  in  F ig . 1 7 .1 A ). P h o s p h o l ip id s  a re  

th e  p r e d o m in a n t  l ip id s  o f  c e l l  m e m b ra n e s .  In  m e m b ra n e s , th e  h y d ro p h o b ic  

p o r t io n  o f  a  p h o s p h o lip id  m o le c u le  is  a s s o c ia te d  w ith  th e  n o n p o la r  p o r t io n s  o f  

o th e r  m e m b ra n e  c o n s ti tu e n ts ,  s u c h  a s  g ly c o lip id s ,  p ro te in s ,  a n d  c h o le s te ro l .  T h e  

h y d ro p h il ic  (p o la r)  h e a d  o f  th e  p h o s p h o lip id  e x te n d s  o u tw a rd , in te ra c t in g  w ith  

th e  in t r a c e l lu la r  o r  e x tr a c e l lu la r  a q u e o u s  e n v i ro n m e n t  (s e e  F ig . 1 7 .1 A ). 

M e m b ra n e  p h o s p h o lip id s  a lso  fu n c t io n  a s  a  r e s e rv o ir  fo r  in t r a c e l lu la r  

m e s s e n g e rs ,  a n d , fo r  s o m e  p ro te in s ,  p h o s p h o lip id s  s e rv e  a s  a n c h o rs  to  c e ll  

m e m b ra n e s . N o n m e m b ra n e  p h o s p h o lip id s  s e rv e  a d d i t io n a l  fu n c t io n s  in  th e  b o d y , 

fo r  e x a m p le , a s  c o m p o n e n ts  o f  lu n g  s u r f a c ta n t  a n d  e s s e n t ia l  c o m p o n e n ts  o f  b ile , 

w h e re  th e ir  d e te rg e n t  p ro p e r t ie s  a id  c h o le s te ro l  s o lu b il iz a tio n .
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F ig u re  1 7 .1  A . S tru c tu re s  o f  s o m e  g ly c e ro p h o s p h o l ip id s .  B . P h o s p h a t id ic  a c id . = 

p h o s p h a te  (a n  a n io n ) .

II. PHOSPHOLIPID STRUCTURE

T h e re  a re  tw o  c la s s e s  o f  p h o s p h o lip id s :  th o s e  th a t  h a v e  g ly c e ro l  ( f ro m  g lu c o se )  

as  a  b a c k b o n e  a n d  th o s e  th a t  h a v e  s p h in g o s in e  ( f ro m  s e r in e  a n d  p a lm ita te ) .  B o th  

c la s s e s  a re  fo u n d  a s  s t ru c tu ra l  c o m p o n e n ts  o f  m e m b ra n e s ,  a n d  b o th  p la y  a  ro le  in  

th e  g e n e ra t io n  o f  l ip id  s ig n a l in g  m o le c u le s .

A. Glycerophospholipids
P h o s p h o l ip id s  th a t  c o n ta in  g ly c e ro l  a re  c a l le d  g ly c e ro p h o s p h o l ip id s  (o r  

p h o s p h o g ly c e r id e s ) .  G ly c e ro p h o s p h o lip id s  c o n s t i tu te  th e  m a jo r  c la s s  o f  

p h o s p h o lip id s  a n d  a re  th e  p r e d o m in a n t  l ip id s  in  m e m b ra n e s . A l l  c o n ta in  (o r  

a re  d e r iv a t iv e s  o f)  p h o s p h a t id ic  a c id  (P A ), w h ic h  is  D A G  w ith  a  p h o s p h a te  

g ro u p  o n  c a rb o n  3 (F ig . 1 7 .1 B ). P A  is  th e  s im p le s t  p h o s p h o g ly c e r id e  a n d  is  

th e  p re c u r s o r  o f  th e  o th e r  m e m b e rs  o f  th is  g ro u p .

1. F ro m  p h o s p h a t id ic  a c id  a n d  a n  a lc o h o l:  T h e  p h o s p h a te  g ro u p  o n  P A  c a n  

b e  e s te r i f ie d  to  a  c o m p o u n d  c o n ta in in g  a n  a lc o h o l  g ro u p  (se e  F ig . 1 7 .1 ). 

F o r  e x a m p le :

Serine + PA phosphatidylserine (PS)

Ethanolamine + PA ^  phosphatidylethanolamine (PE)

Choline + PA phosphatidylcholine (PC) (lecithin)

Inositol + PA phosphatidylinositol (PI)

Glycerol + PA ^  phosphatidylglycerol (PG)

2. C a rd io lip in :  T w o  m o le c u le s  o f  P A  e s te r i f ie d  th ro u g h  th e ir  p h o s p h a te  

g ro u p s  to  a n  a d d i t io n a l  m o le c u le  o f  g ly c e ro l  fo rm  c a rd io lip in ,  o r  

d ip h o s p h a t id y lg ly c e ro l  (F ig . 1 7 .2 ). C a rd io l ip in  is  fo u n d  in  m e m b ra n e s  in  

b a c te r ia  a n d  e u k a ry o te s .  In  e u k a ry o te s ,  c a rd io l ip in  is  v ir tu a l ly  e x c lu s iv e  

to  th e  in n e r  m i to c h o n d r ia l  m e m b ra n e ,  w h e re  i t  m a in ta in s  th e  s tru c tu re  

a n d  fu n c t io n  o f  c e r ta in  r e s p ir a to ry  c o m p le x e s  o f  th e  e le c tro n  t r a n s p o r t  

c h a in . [N o te : C a rd io l ip in  is  a n t ig e n ic  a n d  is  r e c o g n iz e d  b y  a n t ib o d ie s



(A b )  r a is e d  a g a in s t  T re p o n e m a  p a l l id u m , th e  b a c te r iu m  th a t  c a u s e s  

s y p h ilis .  T h e  W a s s e rm a n  te s t  fo r  s y p h il is  d e te c ts  th e s e  A b .]

F ig u re  1 7 .2  S tru c tu re  o f  c a rd io l ip in  (d ip h o s p h a t id y lg ly c e ro l) .  = p h o s p h a te .

3. P la s m a lo g e n s :  W h e n  th e  F A  a t  c a rb o n  1 o f  a  g ly c e ro p h o s p h o l ip id  is  

r e p la c e d  b y  a n  u n s a tu r a te d  a lk y l  g ro u p  a t ta c h e d  b y  a n  e th e r  ( ra th e r  th a n  

b y  a n  e s te r )  l in k a g e  to  th e  c o re  g ly c e ro l  m o le c u le ,  a n  e th e r  

p h o s p h o g ly c e r id e  k n o w n  a s  a  p la s m a lo g e n  is  p ro d u c e d .  F o r  e x a m p le , 

p h o s p h a t id a le th a n o la m in e ,  w h ic h  is  a b u n d a n t  in  n e rv e  t i s s u e  (F ig . 

1 7 .3 A ), is  th e  p la s m a lo g e n  th a t  is  s im ila r  in  s tru c tu re  to



p h o s p h a t id y le th a n o la m in e .  P h o s p h a t id a lc h o l in e  (a b u n d a n t  in  h e a r t  

m u s c le )  is  th e  o th e r  q u a n t i ta t iv e ly  s ig n if ic a n t  e th e r  l ip id  in  m a m m a ls .  

[N o te : P la s m a lo g e n s  h a v e  “ a l” r a th e r  th a n  “y l ” in  th e ir  n a m e s .]
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F ig u re  1 7 .3  T h e  e th e r  g ly c e ro p h o s p h o l ip id s .  A .T h e  p la s m a lo g e n  

p h o s p h a t id a le th a n o la m in e .  B . P la te le t- a c t iv a t in g  fa c to r . ( is  a  lo n g ,

h y d ro p h o b ic  h y d ro c a rb o n  c h a in .)

4 . P la te le t- a c t iv a t in g  fa c to r : A  s e c o n d  e x a m p le  o f  a n  e th e r

g ly c e ro p h o s p h o l ip id  is  p la te le t- a c t iv a t in g  fa c to r  (P A F ), w h ic h  h a s  a  

s a tu ra te d  a lk y l  g ro u p  in  a n  e th e r  l in k  to  c a rb o n  1 a n d  a n  a c e ty l  r e s id u e  

( ra th e r  th a n  a  F A ) a t  c a rb o n  2 o f  th e  g ly c e ro l  b a c k b o n e  (F ig . 1 7 .3 B ). 

P A F  is  s y n th e s iz e d  a n d  re le a s e d  b y  a  v a r ie ty  o f  c e ll  ty p e s .  I t  b in d s  to  

s u r fa c e  r e c e p to rs ,  t r ig g e r in g  p o te n t  th ro m b o tic  a n d  a c u te  in f la m m a to ry  

e v e n ts . F o r  e x a m p le , P A F  a c t iv a te s  in f la m m a to ry  c e lls  a n d  m e d ia te s  

h y p e r s e n s i t iv i ty ,  a c u te  in f la m m a to ry ,  a n d  a n a p h y la c t ic  r e a c tio n s .  I t  

c a u s e s  p la te le ts  to  a g g re g a te  a n d  a c t iv a te  a n d  n e u tro p h ils  a n d  a lv e o la r  

m a c ro p h a g e s  to  g e n e ra te  s u p e ro x id e  r a d ic a ls  to  k i l l  b a c te r ia  (s e e  p . 1 5 0 ). 

I t  a lso  lo w e rs  b lo o d  p re s s u re .  [N o te : P A F  is  o n e  o f  th e  m o s t  p o te n t  

b io a c t iv e  m o le c u le s  k n o w n , c a u s in g  e f fe c ts  a t  c o n c e n tra t io n s  a s  lo w  as 

1 0 -11 m o l/l .]

B. Sphingophospholipids: Sphingomyelin
T h e  b a c k b o n e  o f  s p h in g o m y e lin  is  th e  a m in o  a lc o h o l  s p h in g o s in e , r a th e r  

th a n  g ly c e ro l  (F ig . 1 7 .4 ). A  lo n g - c h a in - le n g th  F A  (L C F a ) is  a t ta c h e d  to  th e  

a m in o  g ro u p  o f  s p h in g o s in e  th ro u g h  a n  a m id e  l in k a g e , p ro d u c in g  a  

c e ra m id e , w h ic h  c a n  a lso  s e rv e  as  a  p re c u r s o r  o f  g ly c o lip id s  (s e e  p . 2 0 9 ). 

T h e  a lc o h o l g ro u p  a t  c a rb o n  1 o f  s p h in g o s in e  is  e s te r i f ie d  to  

p h o s p h o ry lc h o l in e ,  p ro d u c in g  s p h in g o m y e lin ,  th e  o n ly  s ig n if ic a n t  

s p h in g o p h o s p h o lip id  in  h u m a n s . S p h in g o m y e lin  is  a n  im p o r ta n t  c o n s t i tu e n t  

o f  th e  m y e lin  s h e a th  o f  n e rv e  f ib e rs . [N o te : T h e  m y e lin  s h e a th  is  a  la y e re d , 

m e m b ra n o u s  s tru c tu re  th a t  in s u la te s  a n d  p ro te c ts  n e u ro n a l  a x o n s  o f  th e  

c e n tra l  n e rv o u s  s y s te m  (C N S ) .]



F ig u re  1 7 .4  S tru c tu re  o f  s p h in g o m y e lin ,  s h o w in g  s p h in g o s in e  ( in  g re e n  b o x )  a n d  

c e ra m id e  c o m p o n e n ts  ( in  d a s h e d  b o x ) .  = p h o s p h a te .

III. PHOSPHOLIPID SYNTHESIS

G ly c e ro p h o s p h o lip id  s y n th e s is  in v o lv e s  e i th e r  th e  d o n a t io n  o f  P A  f ro m  c y t id in e  

d ip h o s p h a te  (C D P )-D A G  to  a n  a lc o h o l  o r  th e  d o n a t io n  o f  th e  p h o s p h o m o n o e s te r  

o f  th e  a lc o h o l  f ro m  C D P -a lc o h o l  to  D A G  (F ig . 1 7 .5 ). In  b o th  c a s e s , th e  C D P -  

b o u n d  s tru c tu re  is  c o n s id e re d  a n  a c t iv a te d  in te rm e d ia te ,  a n d  c y t id in e  

m o n o p h o s p h a te  (C M P )  is  r e le a s e d  a s  a  s id e  p ro d u c t .  T h e re fo re ,  a  k e y  c o n c e p t  in  

g ly c e ro p h o s p h o l ip id  s y n th e s is  is  a c t iv a t io n , o f  e i th e r  D A G  o r  th e  a lc o h o l  to  b e  

a d d e d , b y  l in k a g e  w i th  C D P . [N o te : T h is  is  s im ila r  in  p r in c ip le  to  th e  a c t iv a t io n  

o f  s u g a rs  b y  th e ir  a t ta c h m e n t  to  u r id in e  d ip h o s p h a te  (U D P )  (s e e  p . 1 2 6 ) .]  T h e



F A  e s te r i f ie d  to  th e  g ly c e ro l  a lc o h o l  g ro u p s  c a n  v a ry  w id e ly , c o n tr ib u t in g  to  th e  

h e te ro g e n e i ty  o f  th is  g ro u p  o f  c o m p o u n d s ,  w ith  s a tu ra te d  F A  ty p ic a l ly  fo u n d  a t 

c a rb o n  1 a n d  u n s a tu r a te d  o n e s  a t  c a rb o n  2. M o s t  p h o s p h o lip id s  a re  s y n th e s iz e d  

in  th e  s m o o th  e n d o p la s m ic  r e t ic u lu m  (S E R ). F ro m  th e re , th e y  a re  tr a n s p o r te d  to  

th e  G o lg i  a n d  th e n  to  m e m b ra n e s  o f  o rg a n e l le s  o r  th e  p la s m a  m e m b ra n e  o r  a re  

s e c re te d  f ro m  th e  c e l l  b y  e x o c y to s is .  [N o te : E th e r  l ip id  s y n th e s is  f ro m  

d ih y d ro x y a c e to n e  p h o s p h a te  b e g in s  in  p e ro x is o m e s .]





F ig u re  1 7 .5  G ly c e ro p h o s p h o lip id  s y n th e s is  r e q u ire s  a c t iv a t io n  o f  e i th e r  

d ia c y lg ly c é ro l  o r  a n  a lc o h o l  b y  l in k a g e  to  c y t id in e  d ip h o s p h a te  (C D P ) . C M P  a n d  

C T P  = c y t id in e  m o n o -  a n d  tr ip h o s p h a te s ;  P j = in o rg a n ic  p h o s p h a te ;  P P j = 

p y ro p h o s p h a te .  ( is  a  fa t ty  a c id  h y d ro c a rb o n  c h a in .)

A. Phosphatidic acid
P A  is  th e  p re c u r s o r  o f  o th e r  g ly c e ro p h o s p h o l ip id s .  T h e  s te p s  in  i ts  s y n th e s is  

f ro m  g ly c e ro l  3 -p h o s p h a te  a n d  tw o  fa t ty  a c y l  c o e n z y m e  A  (C o A )  m o le c u le s  

w e re  i l lu s tr a te d  in  F ig u re  1 6 .1 4 , p . 1 8 9 , in  w h ic h  P A  is  s h o w n  as  a  

p re c u r s o r  o f  t r ia c y lg ly c e ro l  (T A G ).

E s s e n t ia l ly  a l l  c e l ls  e x c e p t  m a tu re  e ry th ro c y te s  c a n  s y n th e s iz e  

p h o s p h o lip id s ,  w h e re a s  T A G  s y n th e s is  o c c u rs  e s s e n t ia l ly  o n ly  in  th e  liv e r , 

a d ip o s e  t is s u e , la c ta t in g  m a m m a ry  g la n d s , a n d  in te s t in a l  m u c o s a l  c e lls .

B. Phosphatidylcholine and phosphatidylethanolamine
T h e  n e u t r a l  p h o s p h o lip id s  P C  a n d  P E  a re  th e  m o s t  a b u n d a n t  p h o s p h o lip id s  

in  m o s t  e u k a ry o t ic  c e lls . T h e  p r im a ry  ro u te  o f  th e ir  s y n th e s is  u s e s  c h o l in e  

a n d  e th a n o la m in e  o b ta in e d  e i th e r  f ro m  th e  d ie t  o r  f ro m  th e  tu rn o v e r  o f  th e  

b o d y ’s p h o s p h o lip id s .  [N o te : In  th e  l iv e r , P C  a lso  c a n  b e  s y n th e s iz e d  f ro m  

P S  a n d  P E  (s e e  2. b e lo w ) .]

1. S y n th e s is  f ro m  p re e x is t in g  c h o lin e  a n d  e th a n o la m in e :  T h e s e  s y n th e t ic  

p a th w a y s  in v o lv e  th e  p h o s p h o ry la t io n  o f  c h o l in e  o r  e th a n o la m in e  b y  

kinases, f o l lo w e d  b y  c o n v e r s io n  to  th e  a c t iv a te d  fo rm , C D P -c h o lin e  o r  

C D P -e th a n o la m in e .  F in a l ly ,  c h o l in e  p h o s p h a te  o r  e th a n o la m in e  

p h o s p h a te  is  t r a n s f e r r e d  f ro m  th e  n u c le o t id e  ( le a v in g  C M P )  to  a  m o le c u le  

o f  D A G  (se e  F ig . 1 7 .5 ).

a. S ig n if ic a n c e  o f  c h o l in e  r e u t i l iz a t io n :  T h e  r e u t i l iz a t io n  o f  c h o l in e  is  

im p o r ta n t  b e c a u s e ,  a l th o u g h  h u m a n s  c a n  s y n th e s iz e  c h o l in e  d e  n o v o , 

th e  a m o u n t  m a d e  is  in s u f f ic ie n t  fo r  o u r  n e e d s . T h u s , c h o l in e  is  a n  

e s s e n t ia l  d ie ta ry  n u tr ie n t  w ith  a n  a d e q u a te  in ta k e  ( s e e  p . 3 5 8 )  o f  5 5 0  

m g  fo r  m e n  a n d  4 2 5  m g  fo r  w o m e n . [N o te : C h o lin e  is  a lso  u s e d  fo r  th e  

s y n th e s is  o f  a c e ty lc h o lin e , a  n e u ro tra n s m it te r .]



b . P h o s p h a t id y lc h o lin e  in  lu n g  s u r fa c ta n t:  T h e  p a th w a y  d e s c r ib e d  a b o v e  

is  th e  p r in c ip a l  p a th w a y  fo r  th e  s y n th e s is  o f  

d ip a lm i to y lp h o s p h a t id y lc h o lin e  (D P P C  o r, d ip a lm ito y l  le c ith in ) .  In  

D P P C , p o s i t io n s  1 a n d  2 o n  th e  g ly c e ro l  a re  o c c u p ie d  b y  p a lm ita te ,  a  

s a tu ra te d  L C F A . D P P C , m a d e  a n d  s e c re te d  b y  ty p e  II  p n e u m o c y te s ,  is  

a  m a jo r  l ip id  c o m p o n e n t  o f  lu n g  s u r fa c ta n t ,  w h ic h  is  th e  e x tr a c e l lu la r  

f lu id  la y e r  l in in g  th e  a lv e o li .  S u r fa c ta n t  s e rv e s  to  d e c re a s e  th e  s u r fa c e  

te n s io n  o f  th is  f lu id  la y e r , r e d u c in g  th e  p re s s u re  n e e d e d  to  r e in f la te  

a lv e o li ,  th e re b y  p re v e n t in g  a lv e o la r  c o l la p s e  ( a te le c ta s is ) .  [N o te : 

S u r fa c ta n t  is  a  c o m p le x  m ix tu re  o f  l ip id s  (9 0 % ) a n d  p ro te in s  (1 0 % ), 

w ith  D P P C  b e in g  th e  m a jo r  c o m p o n e n t  fo r  r e d u c in g  s u r fa c e  te n s io n .]

F e ta l  lu n g  m a tu r i ty  c a n  b e  g a u g e d  b y  d e te rm in in g  th e  D P P C /s p h in g o m y e l in  

ra t io , u s u a lly  w r i t te n  as  L ( fo r  le c ith in ) /S ,  in  a m n io t ic  f lu id . A  v a lu e  > 2  is  

e v id e n c e  o f  m a tu r i ty ,  b e c a u s e  i t  r e f le c ts  th e  s h if t  f ro m  s p h in g o m y e lin  to  

D P P C  s y n th e s is  th a t  o c c u rs  in  p n e u m o c y te s  a t  ~ 3 2  w e e k s ’ g e s ta tio n .

c. L u n g  m a tu r ity :  R e s p ira to ry  d is tre s s  s y n d ro m e  (R D S )  in  p r e te rm  in fa n ts  

is  a s s o c ia te d  w ith  in s u f f ic ie n t  s u r f a c ta n t  p ro d u c t io n  a n d /o r  s e c re t io n  

a n d  is  a  s ig n if ic a n t  c a u s e  o f  a l l  n e o n a ta l  d e a th s  in  W e s te rn  c o u n tr ie s .  

L u n g  m a tu ra t io n  c a n  b e  a c c e le ra te d  b y  g iv in g  th e  m o th e r  

g lu c o c o r t ic o id s  s h o r t ly  b e fo re  d e l iv e ry  to  in d u c e  e x p re s s io n  o f  s p e c if ic  

g e n e s . P o s tn a ta l  a d m in is tr a t io n  o f  n a tu r a l  o r  s y n th e t ic  s u r f a c ta n t  (b y  

in t r a tr a c h e a l  in s t i l la t io n )  is  a lso  u s e d . [N o te : A c u te  R D S , s e e n  in  a l l  

a g e  g ro u p s , is  th e  r e s u l t  o f  a lv e o la r  d a m a g e  (d u e  to  in fe c tio n ,  in ju ry , o r  

a s p ira t io n )  th a t  c a u s e s  f lu id  to  a c c u m u la te  in  th e  a lv e o li ,  im p e d in g  th e  

e x c h a n g e  o f  o x y g e n  (O 2) a n d  c a rb o n  d io x id e  (C O 2).]

2. P h o s p h a t id y lc h o lin e  s y n th e s is  f ro m  p h o s p h a t id y ls e r in e :  T h e  l iv e r  

r e q u ire s  a  m e c h a n is m  fo r  p ro d u c in g  P C , e v e n  w h e n  f re e  c h o l in e  le v e ls  

a re  lo w , b e c a u s e  i t  e x p o r ts  s ig n if ic a n t  a m o u n ts  o f  P C  in  th e  b i le  a n d  as  a  

c o m p o n e n t  o f  p la s m a  l ip o p ro te in s .  T o  p ro v id e  th e  n e e d e d  P C , P S  is  

d e c a rb o x y la te d  to  P E  b y  PS decarboxylase. P E  th e n  u n d e rg o e s  th re e  

m e th y la t io n  s te p s  to  p ro d u c e  P C , a s  i l lu s tr a te d  in  F ig u re  1 7 .6 . S- 

a d e n o s y lm e th io n in e  is  th e  m e th y l  g ro u p  d o n o r  (s e e  p . 2 6 4 ).
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F ig u re  1 7 .6  S y n th e s is  o f  p h o s p h a t id y lc h o l in e  f ro m  p h o s p h a t id y ls e r in e  in  th e  

liv e r . ( is  a  f a t ty  a c id  h y d ro c a rb o n  c h a in .)  = p h o s p h a te ;  C O 2 = c a rb o n  d io x id e .

C. Phosphatidylserme
P S  s y n th e s is  in  m a m m a lia n  t i s s u e s  is  p ro v id e d  b y  th e  b a s e  e x c h a n g e  

re a c tio n , in  w h ic h  th e  e th a n o la m in e  o f  P E  is  e x c h a n g e d  fo r  f re e  s e r in e  (s e e  

F ig . 1 7 .6 ). T h is  re a c tio n ,  a l th o u g h  re v e rs ib le ,  is  u s e d  p r im a r i ly  to  p ro d u c e  

th e  P S  r e q u ire d  fo r  m e m b ra n e  s y n th e s is .  P S  h a s  a  n e t  n e g a t iv e  c h a rg e . (S e e  

o n lin e  C h a p te r  3 5  fo r  th e  ro le  o f  P S  in  c lo tt in g .)

D. Phosphatidylinositol
P I is  s y n th e s iz e d  f ro m  f re e  in o s i to l  a n d  C D P -D A G , a s  s h o w n  in  F ig u re  

1 7 .5 . P I  is  a n  u n u s u a l  p h o s p h o lip id  in  th a t  i t  m o s t  f r e q u e n t ly  c o n ta in s  

s te a r ic  a c id  o n  c a rb o n  1 a n d  a ra c h id o n ic  a c id  o n  c a rb o n  2 o f  th e  g ly c e ro l. 

T h e re fo re ,  P I  s e rv e s  a s  a  r e s e rv o ir  o f  a ra c h id o n ic  a c id  in  m e m b ra n e s  a n d , 

th u s , p ro v id e s  th e  s u b s t r a te  fo r  p ro s ta g la n d in  (s e e  p . 2 1 3 )  s y n th e s is  w h e n  

re q u ire d . L ik e  P S , P I  h a s  a  n e t  n e g a t iv e  c h a rg e . [N o te : T h e re  is  a s y m m e try  

in  th e  p h o s p h o lip id  c o m p o s i t io n  o f  th e  c e ll  m e m b ra n e .  P S  a n d  P I, fo r  

e x a m p le , a re  fo u n d  p r im a r i ly  o n  th e  in n e r  le a f le t .  A s y m m e try  is  a c h ie v e d  

b y  A T P -d e p e n d e n t  e n z y m e s  k n o w n  as  “ f l ip p a s e s ” a n d  “ f lo p p a s e s .” ]

1. R o le  in  s ig n a l  t r a n s d u c t io n  a c ro s s  m e m b ra n e s :  T h e  p h o s p h o ry la t io n  o f  

m e m b ra n e -b o u n d  P I p ro d u c e s  p o ly p h o s p h o in o s i t id e s  s u c h  as  

p h o s p h a t id y l in o s i to l  4 ,5 -b is p h o s p h a te  ( [P IP 2]; F ig . 1 7 .7 ). T h e  c le a v a g e  

o f  P IP 2 b y  phospholipase C  o c c u rs  in  r e s p o n s e  to  th e  b in d in g  o f  v a r io u s  

n e u ro tra n s m it te r s ,  h o rm o n e s ,  a n d  g ro w th  fa c to rs  to  G  p r o te in - c o u p le d  

re c e p to r s  (G P C R ), s u c h  as  th e  a 1 a d re n e rg ic  r e c e p to r ,  o n  th e  c e ll  

m e m b ra n e  a n d  a c t iv a t io n  o f  th e  G q a - s u b u n i t  (F ig . 1 7 .8 ). T h e  p ro d u c ts  o f  

th is  c le a v a g e , in o s i to l  1 ,4 ,5 - tr is p h o s p h a te  ( IP 3) a n d  D A G , m e d ia te  th e  

m o b i l iz a t io n  o f  in t r a c e l lu la r  c a lc iu m  a n d  th e  a c t iv a t io n  o f  protein  kinase  

C , w h ic h  a c t  s y n e rg is t ic a l ly  to  e v o k e  s p e c if ic  c e l lu la r  r e s p o n s e s .  S ig n a l 

t r a n s d u c t io n  a c ro s s  th e  m e m b ra n e  is , th u s , a c c o m p lis h e d .



F ig u re  1 7 .7  S tru c tu re  o f  p h o s p h a t id y l in o s i to l  4 ,5 -b is p h o s p h a te  (P IP 2). C le a v a g e

b y  phospholipase C  p ro d u c e s  in o s i to l  1 ,4 ,5 - tr is p h o s p h a te  ( IP 3) a n d  

d ia c y lg ly c e ro l .  ( is  a  fa t ty  a c id  h y d ro c a rb o n  c h a in .)  = p h o s p h a te .
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F ig u re  1 7 .8  R o le  o f  in o s i to l  tr ip h o s p h a te  a n d  d ia c y lg ly c e ro l  in  c e l l  s ig n a lin g .

G D P  a n d  G T P  = g u a n o s in e  d i-  a n d  tr ip h o s p h a te s ;  C a 2+ = c a lc iu m .

2. R o le  in  m e m b ra n e  p ro te in  a n c h o r in g :  S p e c if ic  p ro te in s  c a n  b e  c o v a le n tly  

a t ta c h e d  th ro u g h  a  c a rb o h y d ra te  b r id g e  to  m e m b ra n e -b o u n d  P I (F ig . 

1 7 .9 ). F o r  e x a m p le , lipoprotein lipase, a n  e n z y m e  th a t  d e g ra d e s  

t r ia c y lg ly c e ro l  in  l ip o p ro te in  p a r t ic le s  ( s e e  p . 2 2 8 ) , is  a t ta c h e d  to  

c a p i l la ry  e n d o th e lia l  c e l ls  b y  a  g ly c o s y l p h o s p h a t id y l in o s i to l  (G P I)  

a n c h o r .  [N o te : G P I - l in k e d  p ro te in s  a re  a lso  fo u n d  in  a  v a r ie ty  o f  p a ra s i t ic  

p ro to z o a n s ,  s u c h  a s  t r y p a n o s o m e s  a n d  le is h m a n ia .]  B e in g  a t ta c h e d  to  a 

m e m b ra n e  l ip id  ( r a th e r  th a n  b e in g  a n  in te g ra l  p a r t  o f  th e  m e m b ra n e )  

a l lo w s  G P I -a n c h o re d  p ro te in s  in c re a s e d  la te ra l  m o b i l i ty  o n  th e  

e x tr a c e l lu la r  s u r fa c e  o f  th e  p la s m a  m e m b ra n e .  T h e  p ro te in  c a n  b e  

c le a v e d  f ro m  its  a n c h o r  b y  th e  a c t io n  o f  phospholipase C  ( s e e  F ig . 1 7 .9 ). 

[N o te : A  d e f ic ie n c y  in  th e  s y n th e s is  o f  G P I  in  h e m a to p o ie t ic  c e l ls  re s u lts  

in  th e  h e m o ly t ic  d is e a s e  p a ro x y s m a l  n o c tu rn a l  h e m o g lo b in u r ia ,  b e c a u s e  

G P I -a n c h o re d  p ro te in s  p ro te c t  b lo o d  c e l ls  f ro m  c o m p le m e n t-m e d ia te d  

ly s is .]
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F ig u re  1 7 .9  E x a m p le  o f  a  g ly c o s y l  p h o s p h a t id y l in o s i to l  (G P I)  m e m b ra n e  p ro te in  

a n c h o r . G lc N  = g lu c o s a m in e ;  = p h o s p h a te ;  P L C  = phospholipase C.

E. Phosphatidylglycerol and cardiolipin
P h o s p h a t id y lg ly c e ro l  o c c u rs  in  r e la t iv e ly  la rg e  a m o u n ts  in  m ito c h o n d r ia l  

m e m b ra n e s  a n d  is  a  p re c u r s o r  o f  c a rd io l ip in  (d ip h o s p h a t id y g ly c e ro l) .  I t  is  

s y n th e s iz e d  f ro m  C D P -D A G  a n d  g ly c e ro l  3 -p h o s p h a te .  C a rd io l ip in  (s e e  

F ig . 1 7 .2 ) is  s y n th e s iz e d  b y  th e  t r a n s fe r  o f  D A G  3 -p h o s p h a te  f ro m  C D P -  

D A G  to  a  p re -e x is t in g  m o le c u le  o f  p h o s p h a t id y lg ly c e ro l .

F. Sphingomyelin
S p h in g o m y e lin ,  a  s p h in g o s in e -b a s e d  p h o s p h o lip id ,  is  fo u n d  in  c e ll  

m e m b ra n e s  a n d  in  th e  m y e lin  s h e a th . T h e  s y n th e s is  o f  s p h in g o m y e lin  is  

s h o w n  in  F ig u re  1 7 .1 0 . B r ie f ly , p a lm ito y l  C o A  c o n d e n s e s  w ith  s e r in e , as 

C o A  a n d  th e  c a rb o x y l  g ro u p  (a s  C O 2) o f  s e r in e  a re  lo s t. [N o te : T h is  

re a c tio n , l ik e  th e  d e c a rb o x y la t io n  r e a c t io n s  in v o lv e d  in  th e  s y n th e s is  o f  P E  

f ro m  P S  a n d  o f  r e g u la to r s  f ro m  a m in o  a c id s  ( fo r  e x a m p le , th e  

c a te c h o la m in e s  f ro m  ty ro s in e ;  s e e  p . 2 8 6 ) , r e q u ire s  p y r id o x a l  p h o s p h a te  (a  

d e r iv a t iv e  o f  v i ta m in  B 6) a s  a  c o e n z y m e .]  T h e  p ro d u c t  is  r e d u c e d  in  a  

n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te  (N A D P H )- re q u ir in g  r e a c t io n  

to  s p h in g a n in e  (d ih y d ro s p h in g o s in e ) .  T h e  s p h in g a n in e  is  a c y la te d  a t  th e  

a m in o  g ro u p  w ith  o n e  o f  a  v a r ie ty  o f  L C F A  a n d  th e n  d e s a tu ra te d  to  p ro d u c e  

a  c e ra m id e , th e  im m e d ia te  p re c u r s o r  o f  s p h in g o m y e lin  ( a n d  o th e r  

s p h in g o lip id s ,  as  d e s c r ib e d  o n  p . 2 0 8 ).
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F ig u re  1 7 .1 0  S y n th e s is  o f  s p h in g o m y e lin .  P L P  =  p y r id o x a l  p h o s p h a te ;  

N A D P (H )  =  n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te ;  F A D (H 2) =  f la v in

a d e n in e  d in u c le o t id e ;  C o A  =  c o e n z y m e  A .

C e ra m id e s  p la y  a  k e y  ro le  in  m a in ta in in g  th e  s k in ’s w a te r -p e rm e a b i l i ty  

b a r r ie r .  D e c re a s e d  c e ra m id e  le v e ls  a re  a s s o c ia te d  w i th  a  n u m b e r  o f  sk in  

d is e a se s .

P h o s p h o ry lc h o lin e  f ro m  P C  is  tr a n s f e r r e d  to  th e  c e ra m id e , p ro d u c in g  

s p h in g o m y e lin  a n d  D A G . [N o te : S p h in g o m y e lin  o f  th e  m y e lin  s h e a th  c o n ta in s  

p r e d o m in a n t ly  lo n g e r -c h a in  F A  s u c h  a s  l ig n o c e r ic  a c id  a n d  n e rv o n ic  a c id , 

w h e re a s  g ra y  m a tte r  o f  th e  b r a in  h a s  s p h in g o m y e lin  th a t  c o n ta in s  p r im a r i ly  

s te a r ic  a c id .]

IV. PHOSPHOLIPID DEGRADATION

T h e  d e g ra d a t io n  o f  p h o s p h o g ly c e r id e s  is  p e r fo rm e d  b y  phospholipases  f o u n d  in



a ll t i s s u e s  a n d  p a n c re a t ic  ju ic e .  [N o te : F o r  a  d is c u s s io n  o f  p h o s p h o lip id  

d ig e s t io n , se e  p . 1 7 5 .]  A  n u m b e r  o f  to x in s  a n d  v e n o m s  h a v e  phospholipase  
a c t iv i ty ,  a n d  s e v e ra l  p a th o g e n ic  b a c te r ia  p ro d u c e  phospholipases  th a t  d is s o lv e  

c e ll m e m b ra n e s  a n d  a l lo w  th e  s p re a d  o f  in fe c tio n . S p h in g o m y e lin  is  d e g ra d e d  b y  

th e  ly s o s o m a l phospholipase, sph ingom yelinase  ( s e e  B . b e lo w ) .

A. Phosphoglycerides
Phospholipases  h y d ro ly z e  th e  p h o s p h o d ie s te r  b o n d s  o f  p h o s p h o g ly c e r id e s ,  

w i th  e a c h  e n z y m e  c le a v in g  th e  p h o s p h o lip id  a t  a  s p e c if ic  s ite . T h e  m a jo r  

phospholipases  a re  s h o w n  in  F ig u re  1 7 .1 1 . [N o te : R e m o v a l  o f  th e  F A  f ro m  

c a rb o n  1 o r  2 o f  a  p h o s p h o g ly c e r id e  p ro d u c e s  a  ly s o p h o s p h o g ly c e r id e ,  

w h ic h  is  th e  s u b s tra te  fo r  lysophospholipases .] Phospholipases  r e le a s e  

m o le c u le s  th a t  c a n  s e rv e  a s  s e c o n d  m e s s e n g e r s  ( fo r  e x a m p le , D A G  a n d  IP 3)

o r th a t  a re  th e  s u b s tra te s  fo r  s y n th e s is  o f  m e s s e n g e r s  ( fo r  e x a m p le , 

a ra c h id o n ic  a c id ) . Phospholipases  a re  re s p o n s ib le  n o t  o n ly  fo r  d e g ra d in g  

p h o s p h o lip id s  b u t  a lso  fo r  r e m o d e lin g  th e m . F o r  e x a m p le , phospholipases  
A 1 a n d  A 2 r e m o v e  s p e c if ic  F A  f ro m  m e m b ra n e -b o u n d  p h o s p h o lip id s ,  w h ic h  

c a n  b e  r e p la c e d  w ith  d i f f e re n t  F A  u s in g  fa tty acyl CoA transferase. T h is  

m e c h a n is m  is  u s e d  a s  o n e  w a y  to  c re a te  th e  u n iq u e  lu n g  s u r fa c ta n t  D P C C  

(se e  p . 2 0 4 )  a n d  to  in s u re  th a t  c a rb o n  2 o f  P I ( a n d  s o m e t im e s  o f  P C )  is  

b o u n d  to  a ra c h id o n ic  a c id . [N o te : B a r th  s y n d ro m e , a  ra re  X - l in k e d  d is o rd e r  

c h a ra c te r iz e d  b y  c a rd io m y o p a th y ,  m u s c le  w e a k n e s s ,  a n d  n e u tro p e n ia ,  is  th e  

r e s u l t  o f  d e fe c ts  in  c a rd io l ip in  re m o d e lin g .]

PHOSPHOLIPASE A2

• Phospholipase A2 is present in many 
mammalian tissues and pancreatic juice.
It is also present in snake and bee venoms.

•  Pancreatic secretions are especially rich 
in the phospholipase A2 proenzyme, 
which is activated by trypsin and 
requires bile salts for activity.

• Phospholipase A2, acting on phosphatidyl
inositol, releases arachidonic acid (the 
precursor of the eicosanoids).

• Phospholipase A2 is inhibited by 
glucocorticoids (for example, cortisol).

F ig u re  1 7 .1 1  D e g ra d a t io n  o f  g ly c e ro p h o s p h o l ip id s  b y  phospholipases. P I P 2



p h o s p h a t id y l in o s i to l  4 ,5 -b is p h o s p h a te ;  R]  ̂ a n d  R 2 = fa t ty  a c id s ; X  = a n  a lc o h o l.

B. Sphingomyelin
S p h in g o m y e lin  is  d e g ra d e d  b y  sphingom yelinase, a  ly s o s o m a l e n z y m e  th a t  

r e m o v e s  p h o s p h o ry lc h o l in e ,  le a v in g  a  c e ra m id e . T h e  c e ra m id e  is , in  tu rn , 

c le a v e d  b y  ceram idase  in to  s p h in g o s in e  a n d  a  f re e  F A  (F ig . 1 7 .1 2 ). [N o te : 

T h e  r e le a s e d  c e ra m id e  a n d  s p h in g o s in e  r e g u la te  s ig n a l  tr a n s d u c t io n  

p a th w a y s , in  p a r t  b y  in f lu e n c in g  th e  a c t iv i ty  o f  protein  kinase C  a n d , th u s , 

th e  p h o s p h o ry la t io n  o f  its  p ro te in  s u b s tra te s .  T h e y  a lso  p ro m o te  a p o p to s is .]  

N ie m a n n -P ic k  d is e a s e  ( ty p e s  A  a n d  B ) is  a n  a u to s o m a l- re c e s s iv e  d is o rd e r  

c a u s e d  b y  th e  in a b i l i ty  to  d e g ra d e  s p h in g o m y e lin  d u e  to  a  d e f ic ie n c y  o f  

sphingom yelinase, a  ty p e  o f  phospholipase C. In  th e  s e v e re  in fa n t i le  fo rm  

( ty p e  A , w h ic h  s h o w s  < 1 %  o f  n o rm a l  e n z y m ic  a c t iv i ty ) ,  th e  l iv e r  a n d  

s p le e n  a re  th e  p r im a ry  s i te s  o f  l ip id  d e p o s its  a n d  a re , th e re fo re ,  g re a t ly  

e n la rg e d . T h e  l ip id  c o n s is ts  p r im a r i ly  o f  th e  s p h in g o m y e lin  th a t  c a n n o t  b e  

d e g ra d e d  (F ig . 1 7 .1 3 ). In fa n ts  w ith  th is  ly s o s o m a l s to ra g e  d is e a s e  

e x p e r ie n c e  r a p id  a n d  p ro g re s s iv e  n e u ro d e g e n e ra t io n  a s  a  r e s u l t  o f  

d e p o s i t io n  o f  s p h in g o m y e lin  in  th e  C N S , a n d  th e y  d ie  in  e a r ly  c h i ld h o o d . A  

le s s  s e v e re  v a r ia n t  ( ty p e  B , w h ic h  s h o w s  u p  to  1 0 %  o f  n o rm a l  a c t iv i ty )  w ith  

a  la te r  a g e  o f  o n s e t  a n d  a  lo n g e r  s u rv iv a l  t im e  c a u s e s  l i t t le  to  n o  d a m a g e  to  

n e u ra l  t is s u e , b u t  lu n g s , s p le e n , l iv e r , a n d  b o n e  m a r ro w  a re  a f fe c te d , 

r e s u lt in g  in  a  c h ro n ic  fo rm  o f  th e  d is e a se . A l th o u g h  N ie m a n n -P ic k  d is e a s e  

o c c u rs  in  a l l  e th n ic  g ro u p s , ty p e  A  o c c u rs  w ith  g re a te r  f r e q u e n c y  in  th e  

A s h k e n a z i  J e w is h  p o p u la tio n .



F ig u re  1 7 .1 2  D e g ra d a t io n  o f  s p h in g o m y e lin .  [N o te : T y p e  B  is  th e

n o n n e u ro p a th ic  fo rm . I t  h a s  a  la te r  a g e  o f  o n s e t  a n d  a  lo n g e r  s u rv iv a l  t im e  th a n



ty p e  A .]

F ig u re  1 7 .1 3  A c c u m u la t io n  o f  l ip id s  in  s p le e n  c e l ls  f ro m  a  p a t ie n t  w ith  

N ie m a n n -P ic k  d is e a se .

V. GLYCOLIPID OVERVIEW

G ly c o l ip id s  a re  m o le c u le s  th a t  c o n ta in  b o th  c a rb o h y d ra te  a n d  l ip id  c o m p o n e n ts .  

L ik e  th e  p h o s p h o lip id  s p h in g o m y e lin ,  g ly c o lip id s  a re  d e r iv a t iv e s  o f  c e ra m id e s  in  

w h ic h  a  L C F A  is  a t ta c h e d  to  th e  a m in o  a lc o h o l  s p h in g o s in e .  T h e re fo re ,  th e y  a re  

m o re  p re c is e ly  c a l le d  g ly c o s p h in g o lip id s .  [N o te : T h u s , c e ra m id e s  a re  th e  

p re c u r s o r s  o f  b o th  p h o s p h o ry la te d  a n d  g ly c o s y la te d  s p h in g o lip id s .]  L ik e  th e  

p h o s p h o lip id s ,  g ly c o s p h in g o lip id s  a re  e s s e n t ia l  c o m p o n e n ts  o f  a l l  m e m b ra n e s  in  

th e  b o d y , b u t  th e y  a re  fo u n d  in  g re a te s t  a m o u n ts  in  n e rv e  t is s u e . T h e y  a re  lo c a te d  

in  th e  o u te r  le a f le t  o f  th e  p la s m a  m e m b ra n e ,  w h e re  th e y  in te r a c t  w i th  th e  

e x tr a c e l lu la r  e n v iro n m e n t .  A s  su c h , th e y  p la y  a  ro le  in  th e  r e g u la t io n  o f  c e l lu la r



in te ra c t io n s  ( fo r  e x a m p le , a d h e s io n  a n d  r e c o g n i t io n ) ,  g ro w th , a n d  d e v e lo p m e n t .

M e m b ra n e  g ly c o s p h in g o lip id s  a s s o c ia te  w i th  c h o le s te ro l  a n d  G P I -a n c h o re d  

p ro te in s  to  fo rm  lip id  ra f ts ,  la te ra l ly  m o b i le  m ic ro d o m a in s  o f  th e  p la s m a  

m e m b ra n e  th a t  fu n c t io n  to  o rg a n iz e  a n d  r e g u la te  m e m b ra n e  s ig n a l in g  a n d  

t r a f f ic k in g  fu n c t io n s .

G ly c o s p h in g o l ip id s  a re  a n t ig e n ic  a n d  a re  th e  s o u rc e  o f  A B O  b lo o d  g ro u p  

a n t ig e n s  (s e e  p . 1 6 5 ), v a r io u s  e m b ry o n ic  a n t ig e n s  s p e c if ic  fo r  p a r t ic u la r  s ta g e s  o f  

fe ta l  d e v e lo p m e n t ,  a n d  s o m e  tu m o r  a n t ig e n s . [N o te : T h e  c a rb o h y d ra te  p o r t io n  o f  

a  g ly c o l ip id  is  th e  a n t ig e n ic  d e te rm in a n t.]  T h e y  h a v e  b e e n  c o o p te d  fo r  u s e  a s  c e l l  

s u r fa c e  r e c e p to r s  fo r  c h o le ra  a n d  te ta n u s  to x in s  as  w e l l  as  fo r  c e r ta in  v iru s e s  a n d  

m ic ro b e s .  G e n e tic  d is o rd e r s  a s s o c ia te d  w ith  a n  in a b i l i ty  to  p ro p e r ly  d e g ra d e  th e  

g ly c o s p h in g o lip id s  r e s u l t  in  ly s o s o m a l a c c u m u la t io n  o f  th e s e  c o m p o u n d s .  [N o te : 

C h a n g e s  in  th e  c a rb o h y d ra te  p o r t io n  o f  g ly c o s p h in g o lip id s  (a n d  g ly c o p ro te in s )  

a re  c h a ra c te r is t ic  o f  tr a n s fo rm e d  c e l ls  (c e lls  w i th  d y s re g u la te d  g ro w th ) .]

VI. GLYCOSPHINGOLIPID STRUCTURE

T h e  g ly c o s p h in g o lip id s  d if f e r  f ro m  s p h in g o m y e lin  in  th a t  th e y  d o  n o t  c o n ta in  

p h o s p h a te ,  a n d  th e  p o la r  h e a d  fu n c t io n  is  p ro v id e d  b y  a  m o n o s a c c h a r id e  o r  

o l ig o s a c c h a r id e  a t ta c h e d  d ire c tly  to  th e  c e ra m id e  b y  a n  O -g ly c o s id ic  b o n d  (F ig . 

1 7 .1 4 ). T h e  n u m b e r  a n d  ty p e  o f  c a rb o h y d ra te  m o ie tie s  p r e s e n t  d e te rm in e  th e  

ty p e  o f  g ly c o s p h in g o lip id .



F ig u re  1 7 .1 4  S tru c tu re  o f  a  n e u t r a l  g ly c o s p h in g o lip id ,  g a la c to c e re b ro s id e .  ( is  a  

h y d ro p h o b ic  h y d ro c a rb o n  c h a in .)

A. Neutral glycosphingolipids
T h e  s im p le s t  n e u t r a l  g ly c o s p h in g o lip id s  a re  th e  c e re b ro s id e s .  T h e s e  a re  

c e ra m id e  m o n o s a c c h a r id e s  th a t  c o n ta in  e i th e r  a  m o le c u le  o f  g a la c to s e  

( fo rm in g  c e r a m id e -g a la c to s e  o r  g a la c to c e re b ro s id e ,  th e  m o s t  c o m m o n  

c e re b ro s id e  fo u n d  in  m y e lin ,  a s  s h o w n  in  F ig . 1 7 .1 4 ) o r  g lu c o s e  ( fo rm in g  

c e ra m id e -g lu c o s e  o r  g lu c o c e re b ro s id e ,  a n  in te rm e d ia te  in  th e  s y n th e s is  a n d  

d e g ra d a t io n  o f  th e  m o re  c o m p le x  g ly c o s p h in g o lip id s ) .  [N o te : M e m b e rs  o f  a  

g ro u p  o f  g a la c to -  o r  g lu c o c e re b ro s id e s  m a y  a lso  d if f e r  f ro m  e a c h  o th e r  in  

th e  ty p e  o f  F A  a t ta c h e d  to  th e  s p h in g o s in e .]  A s  th e ir  n a m e  im p lie s ,  

c e re b ro s id e s  a re  fo u n d  p re d o m in a n t ly  in  th e  b r a in  a n d  p e r ip h e ra l  n e rv e s ,



w ith  h ig h  c o n c e n tra t io n s  in  th e  m y e lin  s h e a th . C e ra m id e  o l ig o s a c c h a r id e s  

(o r  g lo b o s id e s )  a re  p ro d u c e d  b y  a t ta c h in g  a d d i t io n a l  m o n o s a c c h a r id e s  to  a  

g lu c o c e re b ro s id e ,  fo r  e x a m p le , c e r a m id e -g lu c o s e -g a la c to s e  (a lso  k n o w n  as  

la c to s y lc e ra m id e ) .  T h e  a d d i t io n a l  m o n o s a c c h a r id e s  c a n  in c lu d e  s u b s t i tu te d  

s u g a rs  s u c h  as  ^ - a c e ty lg a la c to s a m in e .

B. Acidic glycosphingolipids
A c id ic  g ly c o s p h in g o lip id s  a re  n e g a t iv e ly  c h a rg e d  a t  p h y s io lo g ic  p H . T h e  

n e g a t iv e  c h a rg e  is  p ro v id e d  b y  N -a c e ty ln e u ra m in ic  a c id  ( [N A N A ] , a  s ia l ic  

a c id , a s  s h o w n  in  F ig . 1 7 .1 5 ) in  g a n g l io s id e s  o r  b y  s u lfa te  g ro u p s  in  

su lfa t id e s .



CERAMIDE

N-Acetyl-
galactosamine

C H

N-Acetylneuraminic acid



F ig u re  1 7 .1 5  S tru c tu re  o f  th e  g a n g l io s id e  G M2. ( is  a  h y d r o p h o b ic  h y d ro c a rb o n  

c h a in .)

1. G a n g lio s id e s :  T h e s e  a re  th e  m o s t  c o m p le x  g ly c o s p h in g o lip id s  a n d  a re  

fo u n d  p r im a r i ly  in  th e  g a n g l io n  c e l ls  o f  th e  C N S , p a r t ic u la r ly  a t  th e  n e rv e  

e n d in g s . T h e y  a re  d e r iv a t iv e s  o f  c e ra m id e  o l ig o s a c c h a r id e s  a n d  c o n ta in  

o n e  o r  m o re  m o le c u le s  o f  N A N A  ( f ro m  C M P -N A N A ) . T h e  n o ta t io n  fo r  

th e s e  c o m p o u n d s  is  G  ( fo r  g a n g l io s id e )  p lu s  a  s u b s c r ip t  M , D , T , o r  Q  to  

in d ic a te  w h e th e r  th e re  is  o n e  (m o n o ) , tw o  (d i) , th re e  ( tr i) , o r  fo u r  (q u a tro )  

m o le c u le s  o f  N A N A  in  th e  g a n g lio s id e , r e s p e c t iv e ly . A d d i t io n a l  n u m b e rs  

a n d  le t te r s  in  th e  s u b s c r ip t  d e s ig n a te  th e  m o n o m e r ic  s e q u e n c e  o f  th e  

c a rb o h y d ra te  a t ta c h e d  to  th e  c e ra m id e . (S e e  F ig . 1 7 .1 5  fo r  th e  s t ru c tu re  

o f  G M2.) G a n g lio s id e s  a re  o f  m e d ic a l  in te r e s t  b e c a u s e  s e v e ra l  l ip id  

s to ra g e  d is o rd e r s  in v o lv e  th e  a c c u m u la t io n  o f  N A N A -c o n ta in in g  

g ly c o s p h in g o lip id s  in  c e lls  (s e e  F ig . 1 7 .2 0 , p . 2 1 2 ).

2. S u lfa t id e s :  T h e s e  s u lfo g ly c o s p h in g o lip id s  a re  s u lf a te d

g a la c to c e re b ro s id e s  th a t  a re  n e g a t iv e ly  c h a rg e d  a t  p h y s io lo g ic  p H . 

S u lfa t id e s  a re  fo u n d  p re d o m in a n t ly  in  th e  b r a in  a n d  k id n e y s .

VII. GLYCOSPHINGOLIPID SYNTHESIS 
AND DEGRADATION

S y n th e s is  o f  g ly c o s p h in g o lip id s  o c c u rs  p r im a r i ly  in  th e  G o lg i  b y  s e q u e n t ia l  

a d d i t io n  o f  g ly c o s y l  m o n o m e rs  t r a n s fe r re d  f ro m  U D P -s u g a r  d o n o rs  to  th e  

a c c e p to r  m o le c u le .  T h e  m e c h a n is m  is  s im ila r  to  th a t  u s e d  in  g ly c o p ro te in  

s y n th e s is  (s e e  p . 1 6 6 ).

A. Enzymes involved in synthesis
T h e  e n z y m e s  in v o lv e d  in  th e  s y n th e s is  o f  g ly c o s p h in g o lip id s  a re  

glycosyltransferases  th a t  a re  s p e c if ic  fo r  th e  ty p e  a n d  lo c a t io n  o f  th e  

g ly c o s id ic  b o n d  fo rm e d . [N o te : T h e s e  e n z y m e s  c a n  r e c o g n iz e  b o th  

g ly c o s p h in g o lip id s  a n d  g ly c o p ro te in s  a s  s u b s tra te s .]



B. Sulfate group addition
A  s u lfa te  g ro u p  f ro m  th e  s u lf a te  c a r r ie r  3 '-p h o s p h o a d e n o s in e -5 '-  

p h o s p h o s u lfa te  ( [P A P S ] , F ig . 1 7 .1 6 ) is  a d d e d  b y  a  su lfotransferase  to  th e  

3 '- h y d ro x y l  g ro u p  o f  th e  g a la c to s e  in  a  g a la c to c e re b ro s id e ,  fo rm in g  th e  

s u lfa t id e  g a la c to c e re b ro s id e  3 - s u lfa te  (F ig . 1 7 .1 7 ). [N o te : P A P S  is  a lso  th e  

s u lfu r  d o n o r  in  g ly c o s a m in o g ly c a n  s y n th e s is  (s e e  p . 1 6 2 ) a n d  s te ro id  

h o rm o n e  c a ta b o lis m  (s e e  p . 2 4 0 ) .]  A n  o v e rv ie w  o f  th e  s y n th e s is  o f  

s p h in g o lip id s  is  s h o w n  in  F ig u re  1 7 .1 8 .

F ig u re  1 7 .1 6  S tru c tu re  o f  3 '-p h o s p h o a d e n o s in e -5 '- p h o s p h o s u l f a te .



F ig u re  1 7 .1 7  S tru c tu re  o f  g a la c to c e re b ro s id e  3 -s u lfa te . ( is  a  h y d ro p h o b ic  

h y d ro c a rb o n  c h a in .)



Phosphatidylcholine
Ceramide

Two or more UDP-sugars
U D P -g a la c to s e \ U D p-9>ucoseDiacylglycérol

Globoside

UDPUDP CMP-NANA

Sphingomyelin Galactocerebroside
(sphingophospholipid)

PAPS
CMP

Sulfatide Glucocerebroside Ganglioside

Glycosphingolipids

F ig u re  1 7 .1 8  O v e rv ie w  o f  s p h in g o lip id  s y n th e s is .  U D P  = u r id in e  d ip h o s p h a te ;  

C M P  = c y t id in e  m o n o p h o s p h a te ;  N A N A  = N -a c e ty ln e u ra m in ic  a c id ; P A P S  = 3 '-  

p h o s p h o a d e n o s in e -5 '- p h o s p h o s u lf a te .

C. Glycosphingolipid degradation
G ly c o s p h in g o l ip id s  a re  in te rn a l iz e d  b y  p h a g o c y to s is  a s  d e s c r ib e d  fo r  th e  

g ly c o s a m in o g ly c a n s  (se e  p . 1 6 3 ). A ll  o f  th e  e n z y m e s  r e q u ire d  fo r  th e  

d e g ra d a t iv e  p ro c e s s  a re  p r e s e n t  in  ly s o s o m e s ,  w h ic h  fu s e  w i th  th e  

p h a g o s o m e s .  T h e  ly s o s o m a l e n z y m e s  h y d ro ly t ic a l ly  a n d  i r r e v e r s ib ly  c le a v e  

s p e c if ic  b o n d s  in  th e  g ly c o s p h in g o lip id .  A s  s e e n  w ith  th e  

g ly c o s a m in o g ly c a n s  a n d  g ly c o p ro te in s  (s e e  p . 1 7 0 ), d e g ra d a t io n  is  a  

s e q u e n t ia l  p ro c e s s  fo l lo w in g  th e  ru le  “ la s t  o n , f ir s t  o f f ,” in  w h ic h  th e  la s t  

g ro u p  a d d e d  d u r in g  s y n th e s is  is  th e  f i r s t  g ro u p  re m o v e d  in  d e g ra d a tio n . 

T h e re fo re ,  d e fe c ts  in  th e  d e g ra d a t io n  o f  th e  p o ly s a c c h a r id e  c h a in s  in  th e se  

th re e  g ly c o c o n ju g a te s  r e s u l t  in  ly s o s o m a l s to ra g e  d is e a se s .

D. Sphingolipidoses
In  a  n o rm a l in d iv id u a l ,  s y n th e s is  a n d  d e g ra d a t io n  o f  g ly c o s p h in g o lip id s  a re  

b a la n c e d ,  so  th a t  th e  a m o u n t  o f  th e s e  c o m p o u n d s  p r e s e n t  in  m e m b ra n e s  is  

c o n s ta n t .  I f  a  s p e c if ic  ly s o s o m a l acid  hydrolase  r e q u ire d  fo r  d e g ra d a t io n  is  

p a r t ia l ly  o r  to ta l ly  m is s in g , a  s p h in g o lip id  a c c u m u la te s .  L y s o s o m a l l ip id  

s to ra g e  d is e a s e s  c a u s e d  b y  th e s e  d e f ic ie n c ie s  a re  c a l le d  s p h in g o lip id o s e s .  

T h e  r e s u l t  o f  a  s p e c if ic  acid  hydrolase  d e f ic ie n c y  m a y  b e  s e e n  d ra m a tic a l ly  

in  n e rv e  t is s u e , w h e re  n e u ro lo g ic  d e te r io ra t io n  c a n  le a d  to  e a r ly  d e a th . 

F ig u re  1 7 .2 0  p ro v id e s  a n  o u tl in e  o f  th e  p a th w a y  o f  s p h in g o lip id  

d e g ra d a t io n  a n d  d e s c r ip t io n s  o f  so m e  s p h in g o lip id o s e s .  [N o te : S o m e



s p h in g o lip id o s e s  c a n  a lso  r e s u l t  f ro m  d e fe c ts  in  ly s o s o m a l a c t iv a to r

p ro te in s  ( fo r  e x a m p le , th e  s a p o s in s )  th a t  f a c i l i ta te  a c c e s s  o f  th e  hydrolases
to  s h o r t  c a rb o h y d ra te  c h a in s  as  d e g ra d a t io n  p ro c e e d s .]

1. C o m m o n  p ro p e r t ie s :  A  s p e c if ic  ly s o s o m a l h y d ro ly t ic  e n z y m e  is  d e f ic ie n t  

in  th e  c la s s ic  fo rm  o f  e a c h  d is o rd e r .  T h e re fo re ,  u s u a lly ,  o n ly  a  s in g le  

s p h in g o lip id  ( th e  s u b s t r a te  fo r  th e  d e f ic ie n t  e n z y m e )  a c c u m u la te s  in  th e  

in v o lv e d  o rg a n s  in  e a c h  d is e a s e . [N o te : T h e  ra te  o f  b io s y n th e s is  o f  th e  

a c c u m u la t in g  l ip id  is  n o rm a l.]  T h e  d is o rd e r s  a re  p ro g re s s iv e  a n d , 

a l th o u g h  m a n y  a re  fa ta l  in  c h i ld h o o d , e x te n s iv e  p h e n o ty p ic  v a r ia b i l i ty  is  

s e e n  le a d in g  to  th e  d e s ig n a t io n  o f  d if f e r e n t  c l in ic a l  ty p e s ,  s u c h  as  ty p e s  A  

a n d  B  in  N ie m a n n -P ic k  d is e a s e . G e n e tic  v a r ia b i l i ty  is  a lso  s e e n  b e c a u s e  a  

g iv e n  d is o rd e r  c a n  b e  c a u s e d  b y  a n y  o n e  o f  a  v a r ie ty  o f  m u ta t io n s  w ith in  

a  s in g le  g e n e . T h e  s p h in g o lip id o s e s  a re  a u to s o m a l- re c e s s iv e  d is o rd e rs ,  

e x c e p t  fo r  F a b ry  d is e a s e , w h ic h  is  X  l in k e d . T h e  in c id e n c e  o f  th e  

s p h in g o lip id o s e s  is  lo w  in  m o s t  p o p u la tio n s ,  e x c e p t  fo r  G a u c h e r  a n d  

T a y -S a c h s  d is e a s e s ,  w h ic h , l ik e  N ie m a n n -P ic k  d is e a s e , s h o w  a  h ig h  

f re q u e n c y  in  th e  A s h k e n a z i  J e w is h  p o p u la tio n .  [N o te : T a y -S a c h s  a lso  h a s  

a  h ig h  f re q u e n c y  in  I r is h  A m e r ic a n ,  F re n c h  C a n a d ia n , a n d  L o u is ia n a  

C a ju n  p o p u la tio n s .]

2. D ia g n o s is  a n d  tre a tm e n t:  A  s p e c if ic  s p h in g o lip id o s is  c a n  b e  d ia g n o s e d  

b y  m e a s u r in g  e n z y m e  a c t iv i ty  in  c u l tu re d  f ib ro b la s ts  o r  p e r ip h e ra l  

le u k o c y te s  o r  b y  a n a ly z in g  D N A  (se e  C h a p te r  3 4 ). H is to lo g ic  

e x a m in a t io n  o f  th e  a f f e c te d  t i s s u e  is  a lso  u s e fu l.  [N o te : S h e ll- l ik e  

in c lu s io n  b o d ie s  a re  s e e n  in  T a y -S a c h s ,  a n d  a  c ru m p le d  t is s u e  p a p e r  

a p p e a ra n c e  o f  th e  c y to s o l  is  s e e n  in  G a u c h e r  d is e a s e  (F ig . 1 7 .1 9 ).] 

P re n a ta l  d ia g n o s is ,  u s in g  c u l tu re d  a m n io c y te s  o r  c h o r io n ic  v il l i ,  is  

a v a i la b le .  G a u c h e r  d is e a se , in  w h ic h  m a c ro p h a g e s  b e c o m e  e n g o rg e d  w ith  

g lu c o c e re b ro s id e ,  a n d  F a b ry  d is e a s e , in  w h ic h  g lo b o s id e s  a c c u m u la te  in  

th e  v a s c u la r  e n d o th e l ia l  ly s o s o m e s  o f  th e  b ra in ,  h e a r t ,  k id n e y s , a n d  sk in , 

a re  t r e a te d  b y  r e c o m b in a n t  h u m a n  e n z y m e  r e p la c e m e n t  th e ra p y , b u t  th e  

m o n e ta ry  c o s t  is  e x tr e m e ly  h ig h . G a u c h e r  h a s  a lso  b e e n  t r e a te d  b y  b o n e  

m a r ro w  tr a n s p la n ta t io n  (b e c a u s e  m a c ro p h a g e s  a re  d e r iv e d  f ro m  

h e m a to p o ie t ic  s te m  c e lls )  a n d  b y  s u b s t r a te  r e d u c t io n  th e ra p y  th ro u g h  

p h a rm a c o lo g ic  r e d u c t io n  o f  g lu c o s y lc e ra m id e ,  th e  s u b s t r a te  fo r  th e  

d e f ic ie n t  e n z y m e .



The crumpled tissue paper
appearance of the cytoplasm
of Gaucher cells is caused by
enlarged, elongated lysosomes
filled with glucocerebroside.

a

« -

F ig u re  1 7 .1 9  A s p i r a te d  b o n e  m a r ro w  c e lls  f ro m  a  p a t ie n t  w ith  G a u c h e r  d is e a se .

VIII. EICOSANOIDS: PROSTAGLANDINS, 
THROMBOXANES, AND LEUKOTRIENES

P ro s ta g la n d in s  (P G ), th ro m b o x a n e s  (T X ), a n d  le u k o tr ie n e s  (L T ) a re  c o l le c t iv e ly



k n o w n  a s  e ic o s a n o id s  to  r e f le c t  th e ir  o r ig in  f ro m  « - 3  a n d  « - 6  p o ly u n s a tu ra te d  

F A  w ith  2 0  c a rb o n s  ( e ic o s a  = 2 0 ). T h e y  a re  e x tre m e ly  p o te n t  c o m p o u n d s  th a t  

e l ic i t  a  w id e  ra n g e  o f  r e s p o n s e s ,  b o th  p h y s io lo g ic  ( in f la m m a to ry  r e s p o n s e )  a n d  

p a th o lo g ic  (h y p e r s e n s it iv i ty ) .  T h e y  in s u re  g a s tr ic  in te g r i ty  a n d  r e n a l  fu n c t io n , 

r e g u la te  s m o o th  m u s c le  c o n tra c t io n  ( th e  in te s t in e  a n d  u te ru s  a re  k e y  s ite s )  a n d  

b lo o d  v e s s e l  d ia m e te r ,  a n d  m a in ta in  p la te le t  h o m e o s ta s is .  A lth o u g h  th e y  h a v e  

b e e n  c o m p a re d  to  h o rm o n e s  in  te rm s  o f  th e ir  a c t io n s ,  e ic o s a n o id s  d if fe r  f ro m  

e n d o c r in e  h o rm o n e s  in  th a t  th e y  a re  p ro d u c e d  in  v e ry  s m a l l  a m o u n ts  in  a lm o s t  

a l l  t i s s u e s  r a th e r  th a n  in  s p e c ia l iz e d  g la n d s  a n d  a c t  lo c a lly  r a th e r  th a n  a f te r  

t r a n s p o r t  in  th e  b lo o d  to  d is ta n t  s ite s . E ic o s a n o id s  a re  n o t  s to re d , a n d  th e y  h a v e  

a n  e x tr e m e ly  s h o r t  h a lf - l if e ,  b e in g  r a p id ly  m e ta b o l iz e d  to  in a c t iv e  p ro d u c ts .  

T h e ir  b io lo g ic  a c t io n s  a re  m e d ia te d  b y  p la s m a  m e m b ra n e  G P C R  (s e e  p . 9 4 ), 

w h ic h  a re  d if f e r e n t  in  d if f e r e n t  o rg a n  s y s te m s  a n d  ty p ic a l ly  r e s u l t  in  c h a n g e s  in  

c y c l ic  a d e n o s in e  m o n o p h o s p h a te  p ro d u c t io n .  E x a m p le s  o f  e ic o s a n o id  s tru c tu re s  

a re  s h o w n  in  F ig u re  1 7 .2 1 .



F ig u re  1 7 .2 0  D e g ra d a t io n  o f  s p h in g o lip id s  s h o w in g  th e  ly s o s o m a l e n z y m e s  

a f fe c te d  in  r e la te d  g e n e t ic  d is e a s e s ,  th e  s p h in g o lip id o s e s .  A ll  a re  a u to s o m a l-  

r e c e s s iv e  d is e a s e s  e x c e p t  F a b ry , w h ic h  is  X  l in k e d , a n d  a l l  c a n  b e  f a ta l  in  e a r ly



life . C e r  = c e ra m id e ; G a l = g a la c to s e ;  G lc  = g lu c o se ; G a lN A c  = N - 

a c e ty lg a la c to s a m in e ;  N A N A  = N -a c e ty ln e u ra m in ic  a c id ; C N S  = c e n tra l  n e rv o u s

s y s te m . S O .y  = s u lfa te ;  E R T  = e n z y m e  r e p la c e m e n t  th e ra p y .





F ig u re  1 7 .2 1  E x a m p le s  o f  e ic o s a n o id  s tru c tu re s .  [N o te : P ro s ta g la n d in s  a re  

n a m e d  a s  fo llo w s : P G  p lu s  a  th i rd  le t te r  ( fo r  e x a m p le , E ), w h ic h  d e s ig n a te s  th e  

ty p e  a n d  a r r a n g e m e n t  o f  fu n c t io n a l  g ro u p s  in  th e  m o le c u le .  T h e  s u b s c r ip t  

n u m b e r  in d ic a te s  th e  n u m b e r  o f  d o u b le  b o n d s  in  th e  m o le c u le .  P G I2 is  a lso

k n o w n  as  p ro s ta c y c lin .  T h ro m b o x a n e s  a re  d e s ig n a te d  b y  T X  a n d  le u k o tr ie n e s  b y  

L T .]

A. Prostaglandin and thromboxane synthesis
A ra c h id o n ic  a c id , a n  « - 6  F A  c o n ta in in g  2 0  c a rb o n s  a n d  fo u r  d o u b le  b o n d s  

(a n  e ic o s a te t r a e n o ic  F A ) , is  th e  im m e d ia te  p re c u r s o r  o f  th e  p r e d o m in a n t  

ty p e  o f  h u m a n  P G  (s e r ie s  2 o r  th o s e  w i th  tw o  d o u b le  b o n d s ,  a s  s h o w n  in  

F ig . 1 7 .2 2 ). I t  is  d e r iv e d  b y  th e  e lo n g a t io n  a n d  d e s a tu ra t io n  o f  th e  e s s e n t ia l  

F A  lin o le ic  a c id , a lso  a n  « - 6  F A . A ra c h id o n ic  a c id  is  in c o rp o ra te d  in to  

m e m b ra n e  p h o s p h o lip id s  ( ty p ic a l ly  P I)  a t  c a rb o n  2, f ro m  w h ic h  i t  is  

r e le a s e d  b y  phospholipase A 2 (F ig . 1 7 .2 3 ) in  r e s p o n s e  to  a  v a r ie ty  o f  

s ig n a ls , s u c h  a s  a  r is e  in  c a lc iu m . [N o te : S e r ie s  1 P G  c o n ta in  o n e  d o u b le  

b o n d  a n d  a re  d e r iv e d  f ro m  a n  « - 6  e ic o s a tr ie n o ic  F A , d ih o m o -Y -lin o le n ic  

a c id , w h e re a s  s e r ie s  3 P G  c o n ta in  th re e  d o u b le  b o n d s  a n d  a re  d e r iv e d  f ro m  

e ic o s a p e n ta e n o ic  a c id  (E P A ), a n  « - 3  F A . S e e  p . 3 6 3 .]



COO“

D ie ta ry  lin o le ic  a c id  

1 8 :2  (9 ,1 2 )

(an  co-6 fa t ty  a c id )

Desaturation
Elongation

A ra c h id o n ic  a c id  

2 0 :4  (5 ,8 ,1 1 ,1 4 )  

(a n  co-6 fa t ty  a c id )



F ig u re  1 7 .2 2  O x id a t io n  a n d  c y c l iz a t io n  o f  a ra c h id o n ic  a c id  b y  th e  tw o  c a ta ly t ic  

a c t iv i t ie s  (cyclooxygenase  a n d  peroxidase)  o f  PG H 2 synthase (prostaglandin  

endoperoxide synthase). G -S H  = re d u c e d  g lu ta th io n e ;  G -S -S -G  = o x id iz e d  

g lu ta th io n e ; P G  = p ro s ta g la n d in .



F ig u re  1 7 .2 3  O v e rv ie w  o f  th e  b io s y n th e s is  a n d  fu n c t io n  o f  s o m e  im p o r ta n t  

p ro s ta g la n d in s  (P G ), le u k o tr ie n e s  (L T ), a n d  a  th ro m b o x a n e  (T X ) f ro m  

a ra c h id o n ic  a c id . [N o te : T h e  a ra c h id o n ic  a c id  in  th e  m e m b ra n e  p h o s p h o lip id  

w a s  d e r iv e d  f ro m  th e  « - 6  e s s e n t ia l  fa t ty  a c id  (F A ), l in o le ic ,  a lso  a n  « - 6  F A .]  P I 

= p h o s p h a t id y l in o s i to l ;  N S A ID  = n o n s te ro id a l  a n t i - in f la m m a to ry  d ru g s ; G lu  = 

g lu ta m a te ;  C y s  = c y s te in e ; G ly  = g ly c in e .

1. P ro s ta g la n d in  H 2  s y n th a s e : T h e  f i r s t  s te p  in  P G  a n d  T X  s y n th e s is  is  th e  

o x id a tiv e  c y c l iz a t io n  o f  f re e  a ra c h id o n ic  a c id  to  y ie ld  P G H 2 b y  PG H 2 

synthase  (o r, prostaglandin  endoperoxide synthase). T h is  e n z y m e  is  a n  

E R  m e m b ra n e -b o u n d  p ro te in  th a t  h a s  tw o  c a ta ly t ic  a c tiv i t ie s :  fa tty acid  
cyclooxygenase (COX), w h ic h  r e q u ire s  tw o  m o le c u le s  o f  O 2, a n d  

peroxidase, w h ic h  r e q u ire s  r e d u c e d  g lu ta th io n e  (s e e  p . 1 4 8 ). P G H 2 is 

c o n v e r te d  to  a  v a r ie ty  o f  P G  a n d  T X , a s  s h o w n  in  F ig u re  1 7 .2 3 , b y  c e ll-  

s p e c if ic  synthases. [N o te : P G  c o n ta in  a  f iv e -c a rb o n  r in g , w h e re a s  T X  

c o n ta in  a  h e te ro c y c l ic  s ix -m e m b e re d  o x a n e  r in g  ( s e e  F ig . 1 7 .2 1 ).] T w o  

is o z y m e s  o f  PG H 2 synthase, u s u a lly  d e n o te d  a s  COX-1  a n d  COX-2, a re  

k n o w n . COX-1  is  m a d e  c o n s t i tu t iv e ly  in  m o s t  t i s s u e s  a n d  is  r e q u ire d  fo r  

m a in te n a n c e  o f  h e a l th y  g a s tr ic  t is s u e , r e n a l  h o m e o s ta s is ,  a n d  p la te le t  

a g g re g a tio n . CO X-2  is  in d u c ib le  in  a  l im i te d  n u m b e r  o f  t i s s u e s  in  

r e s p o n s e  to  p ro d u c ts  o f  a c t iv a te d  im m u n e  a n d  in f la m m a to ry  c e lls .  [N o te : 

T h e  in c re a s e  in  P G  s y n th e s is  s u b s e q u e n t  to  th e  in d u c t io n  o f  CO X-2  
m e d ia te s  th e  p a in , h e a t, r e d n e s s ,  a n d  s w e ll in g  o f  in f la m m a tio n  a n d  th e  

f e v e r  o f  in fe c tio n .]

2. S y n th e s is  in h ib it io n :  T h e  s y n th e s is  o f  P G  a n d  T X  c a n  b e  in h ib i te d  b y  

u n re la te d  c o m p o u n d s .  F o r  e x a m p le , c o r t is o l  (a  s te ro id a l  a n t i 

in f la m m a to ry  a g e n t)  in h ib its  phospholipase A 2 a c t iv i ty  (s e e  F ig . 1 7 .2 3 ) 

a n d , th e re fo re ,  a ra c h id o n ic  a c id , th e  s u b s t r a te  fo r  P G  a n d  T X  s y n th e s is ,  is  

n o t  r e le a s e d  f ro m  m e m b ra n e  p h o s p h o lip id s .  A s p ir in ,  in d o m e th a c in ,  a n d  

p h e n y lb u ta z o n e  (a l l  n o n s te ro id a l  a n t i - in f la m m a to ry  d ru g s  [N S A ID ])  

in h ib i t  b o th  COX-1  a n d  CO X-2  a n d , th u s , p r e v e n t  th e  s y n th e s is  o f  th e  

p a r e n t  m o le c u le ,  P G H 2. [N o te : S y s te m ic  in h ib i t io n  o f  COX-1, w ith  

s u b s e q u e n t  d a m a g e  to  th e  s to m a c h  a n d  th e  k id n e y s  a n d  im p a ire d  c lo tt in g  

o f  b lo o d , is  th e  b a s is  o f  a s p i r in ’s to x ic i ty .]  A s p i r in  (b u t  n o t  o th e r  N S A ID )  

a lso  in d u c e s  s y n th e s is  o f  l ip o x in s  (a n t i - in f la m m a to ry  m e d ia to r s  m a d e  

f ro m  a ra c h id o n ic  a c id )  a n d  r e s o lv in s  a n d  p ro te c t in s  ( in f la m m a tio n 

r e s o lv in g  m e d ia to r s  m a d e  f ro m  E P A ) . In h ib i to r s  s p e c if ic  fo r  CO X-2  ( th e



c o x ib s , fo r  e x a m p le , c e le c o x ib )  w e re  d e s ig n e d  to  r e d u c e  p a th o lo g ic  

in f la m m a to ry  p ro c e s s e s  m e d ia te d  b y  CO X-2  w h ile  m a in ta in in g  th e  

p h y s io lo g ic  fu n c t io n s  o f  COX-1. H o w e v e r ,  th e ir  u s e  h a s  b e e n  a s s o c ia te d  

w ith  in c r e a s e d  r is k  o f  h e a r t  a t ta c k s , l ik e ly  a s  a  r e s u l t  o f  d e c re a s e d  P G I2 

s y n th e s is  (s e e  B . b e lo w ) ,  a n d  s o m e  h a v e  b e e n  w ith d ra w n  f ro m  th e  

m a rk e t.

B. Thromboxanes and prostaglandins in platelet 
homeostasis

T h ro m b o x a n e  A 2 (T X A 2) is  p ro d u c e d  b y  COX-1  in  a c t iv a te d  p la te le ts .  I t  

p ro m o te s  p la te le t  a d h e s io n  a n d  a g g re g a t io n  a n d  c o n tra c t io n  o f  v a s c u la r  

s m o o th  m u s c le ,  th e re b y  p ro m o tin g  fo rm a t io n  o f  b lo o d  c lo ts  ( th ro m b i) .  (S e e  

o n lin e  C h a p te r  3 5 .) P ro s ta c y c l in  (P G I2), p ro d u c e d  b y  CO X-2  in  v a s c u la r  

e n d o th e l ia l  c e l ls ,  in h ib its  p la te le t  a g g re g a t io n  a n d  s t im u la te s  v a s o d ila t io n  

a n d , so , im p e d e s  th ro m b o g e n e s is .  T h e  o p p o s in g  e f fe c ts  o f  T X A 2 a n d  P G I2 

l im i t  th ro m b i  fo rm a t io n  to  s ite s  o f  v a s c u la r  in ju ry . [N o te : A s p i r in  h a s  a n  

a n t i th ro m b o g e n ic  e f fe c t.  I t  in h ib its  T X A 2 s y n th e s is  b y  COX-1  in  p la te le ts  

a n d  P G I 2 s y n th e s is  b y  CO X -2  in  e n d o th e l ia l  c e l ls  th ro u g h  i r r e v e r s ib le  

a c e ty la t io n  o f  th e s e  is o z y m e s  (F ig . 1 7 .2 4 ). COX-1  in h ib i t io n  c a n n o t  b e  

o v e rc o m e  in  p la te le ts ,  w h ic h  la c k  n u c le i .  H o w e v e r ,  CO X -2  in h ib i t io n  c a n  

b e  o v e rc o m e  in  e n d o th e l ia l  c e l ls  b e c a u s e  th e y  h a v e  a  n u c le u s  a n d , 

th e re fo re ,  c a n  g e n e ra te  m o re  o f  th e  e n z y m e . T h is  d if f e re n c e  is  th e  b a s is  o f  

lo w -d o s e  a s p ir in  th e ra p y  u s e d  to  lo w e r  th e  r is k  o f  s t ro k e  a n d  h e a r t  a t ta c k s  

b y  d e c re a s in g  fo rm a t io n  o f  th ro m b i.]
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F ig u re  1 7 .2 4  I r r e v e r s ib le  a c e ty la t io n  o f  cyclooxygenase (COX)-1 and CO X-2  b y  

a sp ir in .

C. Leukotriene synthesis
A ra c h id o n ic  a c id  is  c o n v e r te d  to  a  v a r ie ty  o f  l in e a r  h y d ro p e ro x y  ( - O O H )  

a c id s  b y  a  s e p a ra te  p a th w a y  in v o lv in g  a  f a m ily  o f  lipoxygenases (LOX). 
F o r  e x a m p le , 5-LO X  c o n v e r ts  a ra c h id o n ic  a c id  to  5 -h y d ro p e ro x y -6 ,8 ,1 1 ,1 4  

e ic o s a te t r a e n o ic  a c id  ( [5 -H P E T E ] ; s e e  F ig . 1 7 .2 3 ). 5 -H P E T E  is  c o n v e r te d  

to  a  s e r ie s  o f  L T  c o n ta in in g  fo u r  d o u b le  b o n d s ,  th e  n a tu re  o f  th e  f in a l 

p ro d u c ts  v a ry in g  a c c o rd in g  to  th e  t is s u e . L T  a re  m e d ia to r s  o f  a l le rg ic  

r e s p o n s e  a n d  in f la m m a tio n .  In h ib i to r s  o f  5-LO X  a n d  L T - re c e p to r  

a n ta g o n is ts  a re  u s e d  in  th e  t r e a tm e n t  o f  a s th m a . [N o te : L T  s y n th e s is  is  

in h ib i te d  b y  c o r t is o l  a n d  n o t  b y  N S A ID . A s p i r in - e x a c e rb a te d  r e s p ir a to ry  

d is e a s e  is  a  r e s p o n s e  to  L T  o v e rp ro d u c t io n  w ith  N S A ID  u s e  in  ~ 1 0 %  o f  

in d iv id u a ls  w i th  a s th m a .]



IX. CHAPTER SUMMARY

P h o s p h o l ip id s  a re  p o la r , io n ic  c o m p o u n d s  c o m p o s e d  o f  a n  a lc o h o l  ( fo r  

e x a m p le , c h o l in e  o r  e th a n o la m in e )  a t ta c h e d  b y  a  p h o s p h o d ie s te r  b o n d  

e i th e r  to  d ia c y lg ly c e ro l  (D A G ), p ro d u c in g  p h o s p h a t id y lc h o l in e  o r  

p h o s p h a t id y le th a n o la m in e ,  o r  to  th e  a m in o  a lc o h o l  s p h in g o s in e  (F ig . 

1 7 .2 5 ). A d d it io n  o f  a  lo n g -c h a in  fa t ty  a c id  to  s p h in g o s in e  p ro d u c e s  a  

c e ra m id e . A d d i t io n  o f  p h o s p h o ry lc h o l in e  p ro d u c e s  th e  p h o s p h o lip id  

s p h in g o m y e lin .  P h o s p h o l ip id s  a re  th e  p r e d o m in a n t  l ip id s  o f  c e ll  

m e m b ra n e s .  N o n m e m b ra n e  p h o s p h o lip id s  s e rv e  a s  c o m p o n e n ts  o f  lu n g  

s u r fa c ta n t  a n d  b ile .  D ip a lm ito y lp h o s p h a t id y lc h o l in e ,  a lso  c a l le d  

d ip a lm ito y l  le c ith in ,  is  th e  m a jo r  l ip id  c o m p o n e n t  o f  lu n g  s u r fa c ta n t .  

I n s u f f ic ie n t  s u r f a c ta n t  p r o d u c t io n  c a u s e s  r e s p ir a to ry  d is tre s s  s y n d ro m e . 

P h o s p h a t id y l in o s i to l  (P I)  s e rv e s  as  a  r e s e rv o ir  fo r  a ra c h id o n ic  a c id  in  

m e m b ra n e s .  T h e  p h o s p h o ry la t io n  o f  m e m b ra n e -b o u n d  P I  p ro d u c e s  

p h o s p h a t id y l in o s i to l  4 ,5 -b is p h o s p h a te  (P IP 2). T h is  c o m p o u n d  is  d e g ra d e d  

b y  phospholipase C  in  r e s p o n s e  to  th e  b in d in g  o f  v a r io u s  

n e u ro tra n s m it te r s ,  h o rm o n e s ,  a n d  g ro w th  fa c to rs  to  m e m b ra n e  G  p ro te in 

c o u p le d  r e c e p to rs .  T h e  p ro d u c ts  o f  th is  d e g ra d a tio n , in o s i to l  1 ,4 ,5 -  

t r i s p h o s p h a te  ( IP 3) a n d  D A G , m e d ia te  th e  m o b i l iz a t io n  o f  in t r a c e l lu la r  

c a lc iu m  a n d  th e  a c t iv a t io n  o f  protein  kinase C, w h ic h  a c t  s y n e rg is t ic a l ly  to  

e v o k e  c e l lu la r  r e s p o n s e s .  S p e c if ic  p ro te in s  c a n  b e  c o v a le n t ly  a t ta c h e d  v ia  a  

c a rb o h y d ra te  b r id g e  to  m e m b ra n e -b o u n d  P I, fo rm in g  a  g ly c o s y l 

p h o s p h a t id y l in o s i to l  (G P I)  a n c h o r .  A  d e f ic ie n c y  in  G P I  s y n th e s is  in  

h e m a to p o ie t ic  c e lls  re s u lts  in  th e  h e m o ly t ic  d is e a s e  p a ro x y s m a l  n o c tu rn a l  

h e m o g lo b in u r ia .  T h e  d e g ra d a t io n  o f  p h o s p h o g ly c e r id e s  is  p e r fo rm e d  b y  

phospholipases  fo u n d  in  a l l  t is s u e s  a n d  p a n c re a t ic  ju ic e .  S p h in g o m y e lin  is  

d e g ra d e d  to  a  c e ra m id e  p lu s  p h o s p h o ry lc h o l in e  b y  th e  ly s o s o m a l e n z y m e  

sphingom yelinase, a  d e f ic ie n c y  o f  w h ic h  c a u s e s  N ie m a n n -P ic k  (A  a n d  B ) 

d is e a se . G ly c o s p h in g o l ip id s  a re  d e r iv a t iv e s  o f  c e ra m id e s  to  w h ic h  

c a rb o h y d ra te s  h a v e  b e e n  a t ta c h e d . A d d in g  o n e  s u g a r  m o le c u le  to  th e  

c e ra m id e  p ro d u c e s  a  c e re b ro s id e , a d d in g  a n  o l ig o s a c c h a r id e  p ro d u c e s  a  

g lo b o s id e , a n d  a d d in g  a n  a c id ic  N -a c e ty ln e u ra m in ic  a c id  m o le c u le  

p ro d u c e s  a  g a n g lio s id e . G ly c o s p h in g o l ip id s  a re  fo u n d  p re d o m in a n t ly  in  c e ll



m e m b ra n e s  o f  th e  b r a in  a n d  p e r ip h e ra l  n e rv o u s  t is s u e , w i th  h ig h  

c o n c e n tra t io n s  in  th e  m y e lin  s h e a th . T h e y  a re  a n t ig e n ic .  G ly c o l ip id s  a re  

d e g ra d e d  in  th e  ly s o s o m e s  b y  acid  hydrolases. A  d e f ic ie n c y  o f  a n y  o n e  o f  

th e s e  e n z y m e s  c a u s e s  a  s p h in g o lip id o s is ,  in  w h ic h  a  c h a ra c te r is t ic  

s p h in g o lip id  a c c u m u la te s .  P ro s ta g la n d in s  (P G ), th ro m b o x a n e s  (T X ), a n d  

le u k o tr ie n e s  (L T ), th e  e ic o s a n o id s ,  a re  p ro d u c e d  in  v e ry  s m a l l  a m o u n ts  in  

a lm o s t  a l l  t is s u e s ,  a c t  lo c a lly ,  a n d  h a v e  a n  e x tr e m e ly  s h o r t  h a lf - l if e .  T h e y  

s e rv e  a s  m e d ia to r s  o f  th e  in f la m m a to ry  r e s p o n s e . A ra c h id o n ic  a c id  is  th e  

im m e d ia te  p re c u r s o r  o f  th e  p r e d o m in a n t  c la s s  o f  h u m a n  P G  ( th o s e  w i th  tw o  

d o u b le  b o n d s ) .  I t  is  d e r iv e d  b y  th e  e lo n g a t io n  a n d  d e s a tu ra t io n  o f  th e  

e s s e n t ia l  f a t ty  a c id  l in o le ic  a c id  a n d  is  s to re d  in  th e  m e m b ra n e  as  a  

c o m p o n e n t  o f  a  p h o s p h o lip id ,  g e n e ra lly  P I. A ra c h id o n ic  a c id  is  r e le a s e d  

f ro m  th e  p h o s p h o lip id  b y  phospholipase A 2 ( in h ib i te d  b y  c o r t is o l) .  

S y n th e s is  o f  th e  P G  a n d  T X  b e g in s  w i th  th e  o x id a tiv e  c y c l iz a t io n  o f  f re e  

a ra c h id o n ic  a c id  to  y ie ld  P G H 2 b y  P G H 2 synthase  (o r, prostaglandin  

endoperoxide synthase), a n  e n d o p la s m ic  r e t ic u la r  m e m b ra n e  p ro te in  th a t  

h a s  tw o  c a ta ly t ic  a c tiv i t ie s :  fatty acid  cyclooxygenase (COX) a n d  

peroxidase. T h e re  a re  tw o  is o z y m e s  o f  P G H 2 synthase: COX-1  

( c o n s ti tu t iv e )  a n d  CO X-2  ( in d u c ib le ) .  A s p i r in  i r r e v e r s ib ly  in h ib its  b o th . 

O p p o s in g  e f fe c ts  o f  P G I2 a n d  T X A 2 l im i t  c lo t  fo rm a tio n . L T  a re  l in e a r  

m o le c u le s  p ro d u c e d  f ro m  a ra c h id o n ic  a c id  b y  th e  5-lipoxygenase (5-LOX) 
p a th w a y . T h e y  m e d ia te  a l le rg ic  r e s p o n s e . T h e ir  s y n th e s is  is  in h ib i te d  b y  

c o r t is o l  a n d  n o t  b y  a sp ir in .



F ig u re  1 7 .2 5  K e y  c o n c e p t  m a p  fo r  p h o s p h o lip id s ,  g ly c o s p h in g o lip id s ,  a n d  

e ic o s a n o id s .  PLA 2 = phospholipase A 2; ^ 42 =  s u lfa te  io n ; N S A ID  =

n o n s te ro id a l  a n t i - in f la m m a to ry  d ru g s .



Study Questions

Choose th e  O N E  b e s t  a n s w e r .

7 .1 . A s p i r in - e x a c e rb a te d  r e s p ir a to ry  d is e a s e  (A E R D ) is  a  s e v e re  r e a c t io n  to  

n o n s te ro id a l  a n t i - in f la m m a to ry  d ru g s  (N S A ID )  c h a ra c te r iz e d  b y  

b ro n c h o c o n s tr ic t io n  3 0  m in u te s  to  s e v e ra l  h o u rs  a f te r  in g e s t io n . W h ic h  o f  

th e  fo llo w in g  s ta te m e n ts  b e s t  e x p la in s  th e  s y m p to m s  s e e n  in  p a t ie n ts  w ith  

A E R D ?  N S A ID :

A . in h ib i t  th e  a c t iv i ty  o f  th e  c y s tic  f ib ro s is  t r a n s m e m b ra n e  c o n d u c ta n c e  

r e g u la to r  p ro te in ,  r e s u l t in g  in  th ic k e n e d  m u c u s  th a t  b lo c k  a irw a y s .

B . in h ib i t  c y c lo o x y g e n a s e  b u t  n o t  l ip o x y g e n a s e ,  r e s u l t in g  in  th e  f lo w  o f  

a ra c h id o n ic  a c id  to  le u k o tr ie n e  s y n th e s is .

C . a c t iv a te  th e  c y c lo o x y g e n a s e  a c t iv i ty  o f  p ro s ta g la n d in  H 2 s y n th a s e , 

r e s u lt in g  in  in c re a s e d  s y n th e s is  o f  p ro s ta g la n d in s  th a t  p ro m o te  

v a s o d ila t io n .

D . a c t iv a te  p h o s p h o lip a s e s ,  r e s u l t in g  in  d e c re a s e d  a m o u n ts  o f  

d ip a lm i to y lp h o s p h a t id y lc h o lin e  a n d  a lv e o la r  c o l la p s e  (a te le c ta s is ) .

C o r r e c t  a n s w e r  = B . N S A ID  in h ib i t  c y c lo o x y g e n a s e  b u t  n o t  l ip o x y g e n a s e ,  so  

a n y  a ra c h id o n ic  a c id  a v a i la b le  is  u s e d  fo r  th e  s y n th e s is  o f  b r o n c h o c o n s tr ic t in g  

le u k o tr ie n e s .  N S A ID  h a v e  n o  e f f e c t  o n  th e  c y s tic  f ib ro s is  (C F )  tr a n s m e m b ra n e  

c o n d u c ta n c e  r e g u la to r  p ro te in ,  d e fe c ts  in  w h ic h  a re  th e  c a u s e  o f  C F . S te ro id s , 

n o t  N S A ID , in h ib i t  p h o s p h o lip a s e  A 2. C y c lo o x y g e n a s e  is  in h ib i te d  b y  N S A ID ,

n o t  a c t iv a te d . N S A ID  h a v e  n o  e f fe c t  o n  p h o s p h o lip a s e s .

7 .2 . A n  in fa n t,  b o rn  a t  2 8  w e e k s ’ g e s ta t io n , r a p id ly  g a v e  e v id e n c e  o f  re s p ir a to ry  

d is tre s s .  C lin ic a l  la b o ra to ry  a n d  im a g in g  re s u lts  s u p p o r te d  th e  d ia g n o s is  o f  

in f a n t  r e s p ir a to ry  d is tre s s  s y n d ro m e . W h ic h  o f  th e  fo llo w in g  s ta te m e n ts  

a b o u t  th is  s y n d ro m e  is  tru e ?

A . I t  is  u n re la te d  to  th e  b a b y ’s p re m a tu re  b ir th .

B . I t  is  a  c o n s e q u e n c e  o f  to o  fe w  ty p e  II  p n e u m o c y te s .

C . T h e  le c i th in /s p h in g o m y e lin  r a t io  in  th e  a m n io tic  f lu id  is  l ik e ly  to  b e  

h ig h  (> 2 ).

D . T h e  c o n c e n tra t io n  o f  d ip a lm i to y lp h o s p h a t id y lc h o lin e  in  th e  a m n io tic  

f lu id  w o u ld  b e  e x p e c te d  to  b e  lo w e r  th a n  th a t  o f  a  f u l l - te rm  b a b y .



E . I t  is  a n  e a s i ly  t r e a te d  d is o rd e r  w i th  lo w  m o r ta li ty .

F . I t  is  t r e a te d  b y  a d m in is te r in g  s u r f a c ta n t  to  th e  m o th e r  ju s t  b e fo re  sh e  

g iv e s  b ir th .

C o r r e c t  a n s w e r  = D . D ip a lm ito y lp h o s p h a t id y lc h o l in e  (D P P C  o r, d ip a lm ito y l  

le c ith in )  is  th e  lu n g  s u r f a c ta n t  fo u n d  in  m a tu re ,  h e a l th y  lu n g s . R e s p ira to ry  

d is tre s s  s y n d ro m e  (R D S ) c a n  o c c u r  in  lu n g s  th a t  m a k e  to o  l i t t le  o f  th is  

c o m p o u n d . I f  th e  le c i th in /s p h in g o m y e lin  (L /S )  ra t io  in  a m n io t ic  f lu id  is  > 2 , a  

n e w b o r n ’s lu n g s  a re  c o n s id e re d  to  b e  s u f f ic ie n t ly  m a tu re  (p re m a tu re  lu n g s  

w o u ld  b e  e x p e c te d  to  h a v e  a  r a t io  < 2 ). T h e  R D S  w o u ld  n o t  b e  d u e  to  to o  fe w  

ty p e  II p n e u m o c y te s ,  w h ic h  w o u ld  s im p ly  b e  s e c re t in g  s p h in g o m y e lin  ra th e r  

th a n  D P P C  a t  2 8  w e e k s ’ g e s ta t io n . T h e  m o th e r  is  g iv e n  a  g lu c o c o r t ic o id ,  n o t  

s u r fa c ta n t ,  p r io r  to  g iv in g  b ir th  ( a n te n a ta l ly ) .  S u r fa c ta n t  w o u ld  b e  a d m in is te re d  

to  th e  b a b y  p o s tn a ta l ly  to  r e d u c e  s u r fa c e  te n s io n .

7 .3 . A  1 0 -y e a r -o ld  b o y  w a s  e v a lu a te d  fo r  b u rn in g  s e n s a tio n s  in  h is  f e e t  a n d  

c lu s te r s  o f  sm a ll ,  r e d -p u rp le  s p o ts  o n  h is  sk in . L a b o ra to ry  s tu d ie s  re v e a le d  

p ro te in  in  h is  u r in e . E n z y m a t ic  a n a ly s is  r e v e a le d  a  d e f ic ie n c y  o f  a -  

g a la c to s id a s e , a n d  e n z y m e  r e p la c e m e n t  th e ra p y  w a s  re c o m m e n d e d . T h e  

m o s t  l ik e ly  d ia g n o s is  is:

A . F a b ry  d is e a se .

B . F a rb e r  d is e a se .

C . G a u c h e r  d is e a se .

D . K ra b b e  d is e a se .

E . N ie m a n n -P ic k  d is e a se .

C o r r e c t  a n s w e r  = A . F a b ry  d is e a s e , a  d e f ic ie n c y  o f  a -g a la c to s id a s e ,  is  th e  o n ly  

X - l in k e d  s p h in g o lip id o s is .  I t  is  c h a ra c te r iz e d  b y  p a in  in  th e  e x tre m itie s ,  a  re d -  

p u rp le  s k in  r a s h  (g e n e ra l iz e d  a n g io k e ra to m a s ) ,  a n d  k id n e y  a n d  c a rd ia c  

c o m p lic a tio n s .  P ro te in  in  h is  u r in e  in d ic a te s  k id n e y  d a m a g e . E n z y m e  

r e p la c e m e n t  th e ra p y  is  a v a i la b le .

7 .4 . C u r re n t  m e d ic a l  a d v ic e  fo r  in d iv id u a ls  e x p e r ie n c in g  c h e s t  p a in  is  to  c a ll  

e m e rg e n c y  m e d ic a l  s e rv ic e s  a n d  c h e w  a  r e g u la r  s tre n g th , n o n c o a te d  

a s p ir in . W h a t  is  th e  b a s is  fo r  r e c o m m e n d in g  a s p ir in ?

A s p i r in  h a s  a n  a n t i th ro m b o g e n ic  e ffe c t: I t  p re v e n ts  f o rm a t io n  o f  b lo o d  c lo ts



th a t  c o u ld  o c c lu d e  h e a r t  v e s s e ls .  A s p i r in  in h ib its  th ro m b o x a n e  A 2 s y n th e s is  b y  

c y c lo o x y g e n a s e -1  in  p la te le ts  th ro u g h  ir r e v e r s ib le  a c e ty la t io n , th e re b y  

in h ib i t in g  p la te le t  a c t iv a t io n  a n d  v a s o c o n s tr ic t io n .  C h e w in g  a  n o n c o a te d  

a s p ir in  in c re a s e s  th e  ra te  o f  its  a b s o rp tio n .
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Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

C h o le s te ro l ,  th e  c h a ra c te r is t ic  s te ro id  a lc o h o l  o f  a n im a l t is s u e s ,  p e r fo rm s  a  

n u m b e r  o f  e s s e n t ia l  fu n c t io n s  in  th e  b o d y . F o r  e x a m p le , c h o le s te ro l  is  a  

s t ru c tu ra l  c o m p o n e n t  o f  a l l  c e l l  m e m b ra n e s ,  m o d u la t in g  th e ir  f lu id ity ,  a n d , in  

s p e c ia l iz e d  tis s u e s ,  c h o le s te ro l  is  a  p r e c u r s o r  o f  b i le  a c id s , s te ro id  h o rm o n e s , a n d  

v i ta m in  D . T h e re fo re ,  i t  is  c r i t ic a l ly  im p o r ta n t  th a t  th e  c e l ls  o f  th e  b o d y  b e  

a s s u re d  a n  a p p ro p r ia te  s u p p ly  o f  c h o le s te ro l .  T o  m e e t  th is  n e e d , a  c o m p le x  s e r ie s  

o f  t r a n s p o r t ,  b io s y n th e t ic ,  a n d  re g u la to ry  m e c h a n is m s  h a s  e v o lv e d . T h e  l iv e r  

p la y s  a  c e n tra l  ro le  in  th e  r e g u la t io n  o f  th e  b o d y ’s c h o le s te ro l  h o m e o s ta s is .  F o r  

e x a m p le , c h o le s te ro l  e n te r s  th e  h e p a t ic  c h o le s te ro l  p o o l  f ro m  a  n u m b e r  o f  

s o u rc e s  in c lu d in g  d ie ta ry  c h o le s te ro l  a s  w e l l  as  th a t  s y n th e s iz e d  d e  n o v o  b y  

e x tr a h e p a t ic  t i s s u e s  a n d  b y  th e  l iv e r  i ts e lf .  C h o le s te ro l  is  e l im in a te d  f ro m  th e  

l iv e r  as  u n m o d if ie d  c h o le s te ro l  in  th e  b ile , o r  i t  c a n  b e  c o n v e r te d  to  b i le  s a lts  th a t  

a re  s e c re te d  in to  th e  in te s t in a l  lu m e n . I t  c a n  a lso  s e rv e  a s  a  c o m p o n e n t  o f  p la s m a  

l ip o p ro te in s  th a t  c a r ry  l ip id s  to  th e  p e r ip h e ra l  t is s u e s .  In  h u m a n s , th e  b a la n c e  

b e tw e e n  c h o le s te ro l  in f lu x  a n d  e f f lu x  is  n o t  p re c is e ,  r e s u l t in g  in  a  g ra d u a l  

d e p o s i t io n  o f  c h o le s te ro l  in  th e  t is s u e s ,  p a r t ic u la r ly  in  th e  e n d o th e l ia l  l in in g s  o f  

b lo o d  v e s s e ls .  T h is  is  a  p o te n t ia l ly  l i f e - th r e a te n in g  o c c u r re n c e  w h e n  th e  l ip id  

d e p o s i t io n  le a d s  to  p la q u e  fo rm a tio n , c a u s in g  th e  n a r ro w in g  o f  b lo o d  v e s s e ls  

( a th e ro s c le ro s is )  a n d  in c re a s e d  r is k  o f  c a rd io - ,  c e re b ro - ,  a n d  p e r ip h e ra l  v a s c u la r  

d is e a se . F ig u re  1 8 .1  s u m m a r iz e s  th e  m a jo r  s o u rc e s  o f  l iv e r  c h o le s te ro l  a n d  th e  

ro u te s  b y  w h ic h  c h o le s te ro l  le a v e s  th e  liv e r .



Major sources of liver cholesterol
____^ ____

r \

cholesterol leaves the liver



F ig u re  1 8 .1  S o u rc e s  o f  l iv e r  c h o le s te ro l  ( in f lu x )  a n d  ro u te s  b y  w h ic h  c h o le s te ro l  

le a v e s  th e  l iv e r  (e f f lu x ) . H D L  a n d  V L D L  = h ig h -  a n d  v e ry - lo w -d e n s i ty  

l ip o p ro te in s .

II. CHOLESTEROL STRUCTURE

C h o le s te ro l  is  a  v e ry  h y d r o p h o b ic  c o m p o u n d . I t  c o n s is ts  o f  fo u r  fu s e d  

h y d ro c a rb o n  r in g s  ( A - D )  c a l le d  th e  s te ro id  n u c le u s ,  a n d  i t  h a s  a n  e ig h t-c a rb o n , 

b r a n c h e d  h y d ro c a rb o n  c h a in  a t ta c h e d  to  c a rb o n  17  o f  th e  D  r in g . R in g  A  h a s  a  

h y d ro x y l  g ro u p  a t  c a rb o n  3, a n d  r in g  B  h a s  a  d o u b le  b o n d  b e tw e e n  c a rb o n  5 a n d  

c a rb o n  6 (F ig . 1 8 .2 ).





Figure 18.2 Structure of cholesterol and its ester.

A. Sterols
S te ro id s  w i th  8  to  10  c a rb o n  a to m s  in  th e  s id e  c h a in  a t  c a rb o n  17  a n d  a  

h y d ro x y l  g ro u p  a t  c a rb o n  3 a re  c la s s i f ie d  a s  s te ro ls .  C h o le s te ro l  is  th e  m a jo r  

s te ro l  in  a n im a l  t is s u e s .  I t  a r is e s  f ro m  d e  n o v o  s y n th e s is  a n d  a b s o rp t io n  o f  

d ie ta ry  c h o le s te ro l .  In te s t in a l  u p ta k e  o f  c h o le s te ro l  is  m e d ia te d  b y  th e  

N ie m a n n -P ic k  C 1 - lik e  1 p ro te in ,  th e  ta rg e t  o f  th e  d ru g  e z e tim ib e  th a t  

r e d u c e s  a b s o rp t io n  o f  d ie ta ry  c h o le s te ro l  (s e e  p . 1 7 6 ). [N o te : P la n t  s te ro ls  

(p h y to s te ro ls ) ,  s u c h  as  p -s i to s te ro l ,  a re  p o o r ly  a b s o rb e d  b y  h u m a n s  (5 %  

a b s o rb e d  a s  c o m p a re d  to  4 0 %  fo r  c h o le s te ro l) .  A f te r  e n te r in g  th e  

e n te ro c y te s ,  th e y  a re  a c t iv e ly  t r a n s p o r te d  b a c k  in to  th e  in te s t in a l  lu m e n . 

D e fe c ts  in  th e  e f f lu x  t r a n s p o r te r  (A B C G 5 /8 )  r e s u l t  in  th e  ra re  c o n d i t io n  o f  

s i to s te ro le m ia . B e c a u s e  s o m e  c h o le s te ro l  is  t r a n s p o r te d  b a c k  a s  w e ll ,  p la n t  

s te ro ls  r e d u c e  th e  a b s o rp t io n  o f  d ie ta ry  c h o le s te ro l .  D a ily  in g e s t io n  o f  p la n t  

s te ro l  e s te rs  s u p p lie d , fo r  e x a m p le , in  s p re a d s , is  o n e  o f  a  n u m b e r  o f  d ie ta ry  

s tra te g ie s  to  r e d u c e  p la s m a  c h o le s te ro l  le v e ls  ( s e e  p . 3 6 3 ) .]

B. Cholesteryl esters
M o s t p la s m a  c h o le s te ro l  is  in  a n  e s te r i f ie d  fo rm  (w ith  a  fa t ty  a c id  [F A ] 

a t ta c h e d  a t  c a rb o n  3, a s  s h o w n  in  F ig . 1 8 .2 ), w h ic h  m a k e s  th e  s tru c tu re  

e v e n  m o re  h y d r o p h o b ic  th a n  f re e  (n o n e s te r i f ie d )  c h o le s te ro l .  C h o le s te ry l  

e s te rs  a re  n o t  fo u n d  in  m e m b ra n e s  a n d  a re  n o rm a lly  p r e s e n t  o n ly  in  lo w  

le v e ls  in  m o s t  c e lls .  B e c a u s e  o f  th e ir  h y d ro p h o b ic i ty ,  c h o le s te ro l  a n d  its  

e s te rs  m u s t  b e  t r a n s p o r te d  in  a s s o c ia t io n  w i th  p ro te in  as  a  c o m p o n e n t  o f  a  

l ip o p ro te in  p a r t ic le  (s e e  p . 2 2 7 )  o r  b e  s o lu b i l iz e d  b y  p h o s p h o lip id s  a n d  b ile  

s a lts  in  th e  b i le  ( s e e  p . 2 2 6 ).

III. CHOLESTEROL SYNTHESIS

C h o le s te ro l  is  s y n th e s iz e d  b y  v ir tu a l ly  a l l  t i s s u e s  in  h u m a n s , a l th o u g h  liv e r , 

in te s t in e , a d re n a l  c o r te x , a n d  r e p ro d u c t iv e  t is s u e s ,  in c lu d in g  o v a r ie s ,  te s te s , a n d  

p la c e n ta ,  m a k e  th e  la rg e s t  c o n tr ib u t io n s  to  th e  c h o le s te ro l  p o o l.  A s  w ith  F A , a l l



th e  c a rb o n  a to m s  in  c h o le s te ro l  a re  p ro v id e d  b y  a c e ty l  c o e n z y m e  A  (C o A ), a n d  

n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te  (N A D P H )  p ro v id e s  th e  re d u c in g  

e q u iv a le n ts .  T h e  p a th w a y  is  e n d e rg o n ic ,  b e in g  d r iv e n  b y  h y d ro ly s is  o f  th e  h ig h -  

e n e rg y  th io e s te r  b o n d  o f  a c e ty l  C o A  a n d  th e  te rm in a l  p h o s p h a te  b o n d  o f  A T P . 

S y n th e s is  r e q u ire s  e n z y m e s  in  th e  c y to so l ,  th e  m e m b ra n e  o f  th e  s m o o th  

e n d o p la s m ic  r e t ic u lu m  (S E R ), a n d  th e  p e ro x is o m e . T h e  p a th w a y  is  r e s p o n s iv e  to  

c h a n g e s  in  c h o le s te ro l  c o n c e n tra t io n , a n d  r e g u la to ry  m e c h a n is m s  e x is t  to  

b a la n c e  th e  ra te  o f  c h o le s te ro l  s y n th e s is  a g a in s t  th e  ra te  o f  c h o le s te ro l  e x c re tio n . 

A n  im b a la n c e  in  th is  r e g u la t io n  c a n  le a d  to  a n  e le v a tio n  in  c i r c u la t in g  le v e ls  o f  

p la s m a  c h o le s te ro l ,  w ith  th e  p o te n t ia l  fo r  v a s c u la r  d is e a se .

A. 3-Hydroxy-3-methylglutaryl coenzyme A synthesis
T h e  f i r s t  tw o  re a c t io n s  in  th e  c h o le s te ro l  b io s y n th e t ic  p a th w a y  a re  s im ila r  to  

th o s e  in  th e  p a th w a y  th a t  p ro d u c e s  k e to n e  b o d ie s  ( s e e  F ig . 1 6 .2 2 , p . 1 9 6 ). 

T h e y  r e s u l t  in  th e  p r o d u c t io n  o f  3 - h y d ro x y -3 -m e th y lg lu ta ry l  C o A  ( [H M G  

C o A ], F ig . 1 8 .3 ). F ir s t ,  tw o  a c e ty l  C o A  m o le c u le s  c o n d e n s e  to  fo rm  

a c e to a c e ty l  C o A . N e x t, a  th i rd  m o le c u le  o f  a c e ty l  C o A  is  a d d e d  b y  H M G  
CoA synthase, p ro d u c in g  H M G  C o A , a  s ix - c a rb o n  c o m p o u n d . [N o te : L iv e r  

p a r e n c h y m a l c e lls  c o n ta in  tw o  is o e n z y m e s  o f  th e  synthase. T h e  c y to s o l ic  

e n z y m e  p a r t ic ip a te s  in  c h o le s te ro l  s y n th e s is ,  w h e re a s  th e  m i to c h o n d r ia l  

e n z y m e  fu n c t io n s  in  th e  p a th w a y  fo r  k e to n e  b o d y  s y n th e s is .]
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Figure 18.3 Synthesis of HMG CoA. CoA = coenzyme A.

B. Mevalonate synthesis
H M G  C o A  is  r e d u c e d  to  m e v a lo n a te  b y  H M G  CoA reductase. T h is  is  th e  

ra te - l im it in g  a n d  k e y  r e g u la te d  s te p  in  c h o le s te ro l  s y n th e s is .  I t  o c c u rs  in  th e  

c y to so l ,  u s e s  tw o  m o le c u le s  o f  N A D P H  as  th e  re d u c in g  a g e n t, a n d  re le a s e s  

C o A , m a k in g  th e  r e a c t io n  i r r e v e r s ib le  (F ig . 1 8 .4 ). [N o te : H M G  CoA  

reductase  is  a n  in te g ra l  m e m b ra n e  p ro te in  o f  th e  S E R , w ith  its  c a ta ly t ic  

d o m a in  p ro je c t in g  in to  th e  c y to so l .  R e g u la t io n  o f  reductase  a c t iv i ty  is  

d is c u s s e d  in  D . b e lo w .]



F ig u re  1 8 .4  S y n th e s is  o f  m e v a lo n a te .  H M G  C o A  = h y d r o x y m e th y lg lu ta ry l  

c o e n z y m e  A ; N A D P (H )  = n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te .



C. Cholesterol synthesis from mevalonate
T h e  re a c t io n s  a n d  e n z y m e s  in v o lv e d  in  th e  s y n th e s is  o f  c h o le s te ro l  f ro m  

m e v a lo n a te  a re  i l lu s tr a te d  in  F ig u re  1 8 .5 . [N o te : T h e  n u m b e rs  s h o w n  in  

b ra c k e ts  b e lo w  c o r re s p o n d  to  n u m b e re d  r e a c t io n s  s h o w n  in  th is  f ig u re .]

The phosphorylation of mevalonate and presence of pyrophosphate in 
subsequent structures help keep these water-insoluble compounds in solution.

c h 2o - ® ~ ®  CO C H , CH20 - ® ~ ®ADP ®C H ,O H ADP ADPO -C o-c 2 ATPATP ATP

A__>> h
C H , CH C H , CH C -C Hv >> v A >

Kinases DecarboxylaseMevalonate 5-Pyrophosphomevalonate Isopentenyl
pyrophosphate (IPP)(6 C) (6 C)

A  (5C)
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C H , c h 2o - ® ~ ®

C H , c h 2o - ® ~ ®
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® ~ ®® ~ ® IPP IPPc = c c = c c = c

Synthase Synthase
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® ~ ® ^
Pyrophosphate is released in each of these four
condensation steps, making the reactions irreversible.

NADPH + H
Squalene Beginning with squalene, the intermediates in
synthase cholesterol biosynthesis are nonphosphorylated

NADP+ < and are so hydrophobic that they require an
intracellular sterol carrier protein to keep them
soluble.

® ~ ®  <
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monooxygenase

HoO Lanosterol
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F ig u re  1 8 .5  S y n th e s is  o f  c h o le s te ro l  f ro m  m e v a lo n a te .  A D P  =  a d e n o s in e  

d ip h o s p h a te ;  =  p h o s p h a te ;  -  =  p y ro p h o s p h a te ;  N A D P (H )  =  n ic o tin a m id e  

a d e n in e  d in u c le o t id e  p h o s p h a te .

[1 ] M e v a lo n a te  is  c o n v e r te d  to  5 -p y ro p h o s p h o m e v a lo n a te  in  tw o  s te p s , e a c h  

o f  w h ic h  t r a n s fe r s  a  p h o s p h a te  g ro u p  f ro m  A T P .



[2 ] A  f iv e -c a rb o n  is o p re n e  u n it ,  is o p e n te n y l  p y ro p h o s p h a te  ( IP P ) , is  fo rm e d  

b y  th e  d e c a rb o x y la t io n  o f  5 -p y ro p h o s p h o m e v a lo n a te .  T h e  r e a c t io n  

r e q u ire s  A T P . [N o te : IP P  is  th e  p re c u r s o r  o f  a  f a m ily  o f  m o le c u le s  w ith  

d iv e rs e  fu n c t io n s ,  th e  is o p re n o id s .  C h o le s te ro l  is  a  s te ro l  is o p re n o id . 

N o n s te ro l  is o p re n o id s  in c lu d e  d o l ic h o l  (s e e  p . 1 6 7 ) a n d  u b iq u in o n e  (o r, 

c o e n z y m e  Q ; s e e  p . 7 5 ).]

[3 ] IP P  is  i s o m e r iz e d  to  3 ,3 -d im e th y la l ly l  p y ro p h o s p h a te  (D P P ) .

[4 ] IP P  a n d  D P P  c o n d e n s e  to  fo rm  1 0 -c a rb o n  g e ra n y l  p y ro p h o s p h a te  (G P P ) .

[5 ] A  s e c o n d  m o le c u le  o f  IP P  th e n  c o n d e n s e s  w i th  G P P  to  fo rm  1 5 -c a rb o n  

fa rn e s y l  p y ro p h o s p h a te  (F P P ) . [N o te : C o v a le n t  a t ta c h m e n t  o f  f a rn e s y l  to  

p ro te in s ,  a  p ro c e s s  k n o w n  a s  p re n y la tio n ,  is  o n e  m e c h a n is m  fo r  a n c h o r in g  

p ro te in s  ( fo r  e x a m p le , ra s )  to  th e  in n e r  fa c e  o f  p la s m a  m e m b ra n e s .]

[6 ] T w o  m o le c u le s  o f  F P P  c o m b in e , r e le a s in g  p y ro p h o s p h a te ,  a n d  a re  

r e d u c e d , fo rm in g  th e  3 0 -c a rb o n  c o m p o u n d  s q u a le n e . [N o te : S q u a le n e  is  

fo rm e d  f ro m  s ix  is o p re n o id  u n its .  B e c a u s e  3 A T P  a re  h y d ro ly z e d  p e r  

m e v a lo n a te  re s id u e  c o n v e r te d  to  IP P , a  to ta l  o f  18  A T P  a re  re q u ire d  to  

m a k e  th e  p o ly is o p re n o id  s q u a le n e .]

[7 ] S q u a le n e  is  c o n v e r te d  to  th e  s te ro l  la n o s te ro l  b y  a  s e q u e n c e  o f  tw o  

re a c t io n s  c a ta ly z e d  b y  S E R -a s s o c ia te d  e n z y m e s  th a t  u s e  m o le c u la r  o x y g e n  

(O 2) a n d  N A D P H . T h e  h y d ro x y la t io n  o f  l in e a r  s q u a le n e  tr ig g e r s  th e

c y c l iz a t io n  o f  th e  s tru c tu re  to  la n o s te ro l .

[8 ] T h e  c o n v e r s io n  o f  la n o s te ro l  to  c h o le s te ro l  is  a  m u l t is te p  p ro c e s s  in v o lv in g  

s h o r te n in g  o f  th e  s id e  c h a in , o x id a tiv e  r e m o v a l  o f  m e th y l  g ro u p s , 

r e d u c t io n  o f  d o u b le  b o n d s ,  a n d  m ig ra t io n  o f  a  d o u b le  b o n d . S m ith -L e m li-  

O p itz  s y n d ro m e  (S L O S ) , a n  a u to s o m a l- re c e s s iv e  d is o rd e r  o f  c h o le s te ro l  

b io s y n th e s is ,  is  c a u s e d  b y  a  p a r t ia l  d e f ic ie n c y  in  7-dehydrocholesterol-7- 
reductase, th e  e n z y m e  th a t  r e d u c e s  th e  d o u b le  b o n d  in  7- 

d e h y d ro c h o le s te ro l  (7 -D H C ) , th e re b y  c o n v e r t in g  i t  to  c h o le s te ro l .  S L O S  is 

o n e  o f  s e v e ra l  m u l t is y s te m , e m b ry o n ic  m a lfo rm a t io n  s y n d ro m e s  

a s s o c ia te d  w i th  im p a ire d  c h o le s te ro l  s y n th e s is .  [N o te : 7 -D H C  is  c o n v e r te d  

to  v i ta m in  D 3 in  th e  s k in  ( s e e  p . 3 9 0 ) .]

D. Cholesterol synthesis regulation
H M G  CoA reductase  is  th e  m a jo r  c o n tro l  p o in t  fo r  c h o le s te ro l  b io s y n th e s is  

a n d  is  s u b je c t  to  d if f e r e n t  k in d s  o f  m e ta b o l ic  c o n tro l.



1. S te ro l-d e p e n d e n t  r e g u la t io n  o f  g e n e  e x p re s s io n : E x p re s s io n  o f  th e  g e n e  

fo r  H M G  CoA reductase  is  c o n tro l le d  b y  th e  t r a n s - a c t in g  fa c to r , s te ro l 

r e g u la to ry  e le m e n t - b in d in g  p ro te in -2  (S R E B P -2 ) ,  w h ic h  b in d s  D N A  a t 

th e  c is - a c tin g  s te ro l  r e g u la to ry  e le m e n t  (S R E )  u p s tr e a m  o f  th e  reductase  

g e n e . In a c t iv e  S R E B P -2  is  a n  in te g ra l  p ro te in  o f  th e  S E R  m e m b ra n e  a n d  

a s s o c ia te s  w i th  a  s e c o n d  S E R  m e m b ra n e  p ro te in ,  S R E B P  c le a v a g e 

a c t iv a t in g  p ro te in  (S C A P ) . W h e n  s te ro l le v e ls  in  th e  S E R  a re  lo w , th e  

S R E B P - 2 - S C A P  c o m p le x  m o v e s  f ro m  th e  E R  to  th e  G o lg i. In  th e  G o lg i 

m e m b ra n e ,  S R E B P -2  is  s e q u e n t ia l ly  a c te d  u p o n  b y  tw o  proteases, w h ic h  

g e n e ra te  a  s o lu b le  f r a g m e n t  th a t  e n te rs  th e  n u c le u s ,  b in d s  th e  S R E , a n d  

fu n c t io n s  a s  a  tr a n s c r ip t io n  fa c to r . T h is  re s u lts  in  in c r e a s e d  s y n th e s is  o f  

H M G  CoA reductase  a n d , th e re fo re ,  in c re a s e d  c h o le s te ro l  s y n th e s is  (F ig . 

1 8 .6 ). H o w e v e r ,  if  s te ro ls  a re  a b u n d a n t ,  th e y  b in d  S C A P  a t  i ts  s te ro l 

s e n s in g  d o m a in  a n d  in d u c e  th e  b in d in g  o f  S C A P  to  y e t  o th e r  E R  

m e m b ra n e  p ro te in s ,  th e  in s u l in - in d u c e d  g e n e  p ro te in s  ( IN S IG ) . T h is  

re s u lts  in  th e  r e te n t io n  o f  th e  S C A P - S R E B P  c o m p le x  in  th e  S E R , 

th e re b y  p re v e n t in g  th e  a c t iv a t io n  o f  S R E B P -2  a n d  le a d in g  to  

d o w n re g u la t io n  o f  c h o le s te ro l  s y n th e s is .  [N o te : S R E B P - lc  u p re g u la te s  

e x p re s s io n  o f  e n z y m e s  in v o lv e d  in  F A  s y n th e s is  in  r e s p o n s e  to  in s u lin  

(s e e  p . 1 8 4 ).]

F ig u re  1 8 .6  R e g u la t io n  o f  hydroxym ethylglu taryl coenzym e A  (H M G  C o A ) 

reductase. S R E  =  s te ro l  r e g u la to ry  e le m e n t;  S R E B P  =  S R E -b in d in g  p ro te in ; 

S C A P  =  S R E B P  c le a v a g e - a c t iv a t in g  p ro te in ;  A M P K  = adenosine  

m on ophosphate-activa ted  protein  kinase; A D P  =  a d e n o s in e  d ip h o s p h a te ;  = 

p h o s p h a te ;  IN S IG  =  in s u l in - in d u c e d  g e n e  p ro te in .



2. S te ro l- a c c e le ra te d  e n z y m e  d e g ra d a tio n :  T h e  reductase  i t s e l f  is  a  s te ro l 

s e n s in g  in te g ra l  p ro te in  o f  th e  S E R  m e m b ra n e .  W h e n  s te ro l  le v e ls  in  th e  

S E R  a re  h ig h , th e  e n z y m e  b in d s  to  IN S IG  p ro te in s .  B in d in g  le a d s  to  

c y to s o l ic  tr a n s fe r ,  u b iq u i t in a tio n ,  a n d  p ro te a s o m a l d e g ra d a t io n  o f  th e  

reductase  ( s e e  p . 2 4 7 ).

3. S te ro l- in d e p e n d e n t  p h o s p h o ry la t io n /d e p h o s p h o ry la t io n :  H M G  CoA  

reductase  a c t iv i ty  is  c o n tro l le d  c o v a le n tly  th ro u g h  th e  a c t io n s  o f  

adenosine m onophosphate (A M P )-activa ted  protein  kinase  ( [A M P K ] 

s e e  p . 1 8 3 ) a n d  a  phosphoprotein  phosphatase  ( s e e  F ig . 1 8 .6 ). T h e

p h o s p h o ry la te d  fo rm  o f  th e  e n z y m e  is  in a c tiv e , w h e re a s  th e  

d e p h o s p h o ry la te d  fo rm  is  a c tiv e . [N o te : B e c a u s e  A M P K  is  a c t iv a te d  b y  

A M P , c h o le s te ro l  s y n th e s is ,  l ik e  F A  s y n th e s is ,  is  d e c re a s e d  w h e n  A T P  

a v a i la b i l i ty  is  d e c re a s e d .]

4 . H o rm o n a l  re g u la tio n :  T h e  a c t iv i ty  o f  H M G  CoA reductase  is  c o n tro l le d  

h o rm o n a lly .  A n  in c re a s e  in  in s u l in  fa v o rs  d e p h o s p h o ry la t io n  ( a c t iv a t io n )  

o f  th e  reductase , w h e re a s  a n  in c re a s e  in  g lu c a g o n  a n d  e p in e p h r in e  h a s  

th e  o p p o s ite  e f fe c t.

5. D ru g  in h ib it io n :  T h e  s ta t in  d ru g s  ( a to rv a s ta t in ,  f lu v a s ta t in ,  lo v a s ta t in ,  

p ra v a s ta t in ,  ro s u v a s ta t in ,  a n d  s im v a s ta t in )  a re  s t ru c tu ra l  a n a lo g s  o f  H M G  

C o A  a n d  a re  (o r  a re  m e ta b o l iz e d  to )  r e v e r s ib le ,  c o m p e ti t iv e  in h ib i to r s  o f  

H M G  CoA reductase  (F ig . 1 8 .7 ). T h e y  a re  u s e d  to  d e c re a s e  p la s m a  

c h o le s te ro l  le v e ls  in  p a t ie n ts  w ith  h y p e rc h o le s te ro le m ia .





F ig u re  1 8 .7  S tru c tu ra l  s im ila r i ty  o f  h y d r o x y m e th y lg lu ta r ic  a c id  (H M G ) a n d  

p ra v a s ta t in ,  a  c l in ic a lly  u s e fu l  c h o le s te ro l- lo w e r in g  d ru g  o f  th e  s ta t in  fa m ily . 

C o A  = c o e n z y m e  A .

IV. CHOLESTEROL DEGRADATION

H u m a n s  c a n n o t  m e ta b o l iz e  th e  c h o le s te ro l  r in g  s tru c tu re  to  c a rb o n  d io x id e  a n d  

w a te r .  R a th e r ,  th e  in ta c t  s te ro id  n u c le u s  is  e l im in a te d  f ro m  th e  b o d y  b y  

c o n v e r s io n  to  b i le  a c id s  a n d  b i le  s a lts , a  s m a l l  p e rc e n ta g e  o f  w h ic h  is  e x c re te d  in  

th e  fe c e s , a n d  b y  s e c re t io n  o f  c h o le s te ro l  in to  th e  b ile , w h ic h  t r a n s p o r ts  i t  to  th e  

in te s t in e  fo r  e l im in a tio n . [N o te : S o m e  o f  th e  c h o le s te ro l  in  th e  in te s t in e  is  

m o d if ie d  b y  b a c te r ia  b e fo re  e x c re tio n . T h e  p r im a ry  c o m p o u n d s  m a d e  a re  th e  

is o m e rs  c o p ro s ta n o l  a n d  c h o le s ta n o l ,  w h ic h  a re  r e d u c e d  d e r iv a t iv e s  o f  

c h o le s te ro l .  T o g e th e r  w i th  c h o le s te ro l ,  th e s e  c o m p o u n d s  m a k e  u p  th e  b u lk  o f  

n e u tra l  f e c a l  s te ro ls .]

V. BILE ACIDS AND BILE SALTS

B ile  c o n s is ts  o f  a  w a te ry  m ix tu re  o f  o rg a n ic  a n d  in o rg a n ic  c o m p o u n d s . 

P h o s p h a t id y lc h o lin e  (P C ), o r  le c i th in  ( s e e  p . 2 0 2 ) , a n d  c o n ju g a te d  b i le  s a lts  a re  

q u a n t i ta t iv e ly  th e  m o s t  im p o r ta n t  o rg a n ic  c o m p o n e n ts  o f  b ile .  B ile  c a n  e i th e r  

p a s s  d ire c tly  f ro m  th e  l iv e r , w h e re  i t  is  s y n th e s iz e d , in to  th e  d u o d e n u m  th ro u g h  

th e  c o m m o n  b i le  d u c t, o r  b e  s to re d  in  th e  g a l lb la d d e r  w h e n  n o t  im m e d ia te ly  

n e e d e d  fo r  d ig e s t io n .

A. Structure
T h e  b i le  a c id s  c o n ta in  2 4  c a rb o n s , w ith  tw o  o r  th re e  h y d ro x y l  g ro u p s  a n d  a  

s id e  c h a in  th a t  te rm in a te s  in  a  c a rb o x y l  g ro u p . T h e  c a rb o x y l  g ro u p  h a s  a  

p K a (s e e  p . 6 ) o f  ~ 6 . In  th e  d u o d e n u m  (p H  ~ 6 ) , th is  g ro u p  w il l  b e  

p ro to n a te d  in  h a l f  o f  th e  m o le c u le s  ( th e  b i le  a c id s )  a n d  d e p ro to n a te d  in  th e  

r e s t  ( th e  b i le  s a lts ) .  T h e  te rm s  b i le  a c id  a n d  b i le  s a l t  a re  f r e q u e n t ly  u s e d  

in te rc h a n g e a b ly ,  h o w e v e r .  B o th  fo rm s  h a v e  h y d ro x y l  g ro u p s  th a t  a re  a  in  

o r ie n ta t io n  ( th e y  lie  b e lo w  th e  p la n e  o f  th e  r in g s )  a n d  m e th y l  g ro u p s  th a t



a re  p ( th e y  l ie  a b o v e  th e  p la n e  o f  th e  r in g s ) .  T h e re fo re ,  th e  m o le c u le s  h a v e  

b o th  a  p o la r  a n d  a  n o n p o la r  s u r fa c e  a n d  c a n  a c t  a s  e m u ls ify in g  a g e n ts  in  th e  

in te s t in e , h e lp in g  p re p a re  d ie ta ry  f a t  ( t r ia c y lg ly c e ro l  [T A G ])  a n d  o th e r  

c o m p le x  l ip id s  fo r  d e g ra d a t io n  b y  p a n c re a t ic  d ig e s t iv e  e n z y m e s .

B. Synthesis
B ile  a c id s  a re  s y n th e s iz e d  in  th e  l iv e r  b y  a  m u lt is te p , m u l t io rg a n e l le  

p a th w a y  in  w h ic h  h y d ro x y l  g ro u p s  a re  in s e r te d  a t  s p e c if ic  p o s it io n s  o n  th e  

s te ro id  s tru c tu re ; th e  d o u b le  b o n d  o f  th e  c h o le s te ro l  B  r in g  is  re d u c e d ; a n d  

th e  h y d ro c a rb o n  c h a in  is  s h o r te n e d  b y  th re e  c a rb o n s , in t ro d u c in g  a  c a rb o x y l 

g ro u p  a t  th e  e n d  o f  th e  c h a in . T h e  m o s t  c o m m o n  re s u lt in g  c o m p o u n d s , 

c h o l ic  a c id  (a  tr io l)  a n d  c h e n o d e o x y c h o lic  a c id  (a  d io l) , a s  s h o w n  in  F ig u re  

1 8 .8 , a re  c a l le d  p r im a ry  b i le  a c id s . [N o te : T h e  r a te - l im it in g  s te p  in  b i le  a c id  

s y n th e s is  is  th e  in t ro d u c t io n  o f  a  h y d ro x y l  g ro u p  a t  c a rb o n  7 o f  th e  s te ro id  

n u c le u s  b y  7-a-hydroxylase, a  S E R -a s s o c ia te d  cytochrom e P450  
m onooxygenase  fo u n d  o n ly  in  l iv e r . E x p re s s io n  o f  th e  e n z y m e  is  

d o w n re g u la te d  b y  b i le  a c id s  (F ig . 1 8 .9 )].



Cholic acid

Chenodeoxycholic acid

4V.



F ig u re  1 8 .8  B ile  a c id s . [N o te : T h e  io n iz e d  fo rm s  a re  b i le  s a lts .]





F ig u re  1 8 .9  S y n th e s is  o f  th e  b i le  a c id s  c h o l ic  a c id  a n d  c h e n o d e o x y c h o lic  a c id  

f ro m  c h o le s te ro l .

C. Conjugation
B e fo re  th e  b i le  a c id s  le a v e  th e  l iv e r , th e y  a re  c o n ju g a te d  to  a  m o le c u le  o f  

e i th e r  g ly c in e  o r  ta u r in e  (a n  e n d  p ro d u c t  o f  c y s te in e  m e ta b o l is m )  b y  an  

a m id e  b o n d  b e tw e e n  th e  c a rb o x y l  g ro u p  o f  th e  b i le  a c id  a n d  th e  a m in o  

g ro u p  o f  th e  a d d e d  c o m p o u n d . T h e s e  n e w  s tru c tu re s  in c lu d e  g ly c o c h o lic  

a n d  g ly c o c h e n o d e o x y c h o lic  a c id s  a n d  ta u ro c h o lic  a n d  

ta u ro c h e n o d e o x y c h o lic  a c id s  (F ig . 1 8 .1 0 ). T h e  ra t io  o f  g ly c in e  to  ta u r in e  

fo rm s  in  th e  b i le  is  ~ 3 /1 . A d d it io n  o f  g ly c in e  o r  ta u r in e  re s u lts  in  th e  

p r e s e n c e  o f  a  c a rb o x y l  g ro u p  w ith  a  lo w e r  p K a ( f ro m  g ly c in e )  o r  a  s u lfo n a te  

g ro u p  ( f ro m  ta u r in e ) ,  b o th  o f  w h ic h  a re  fu lly  io n iz e d  (n e g a t iv e ly  c h a rg e d )  

a t  th e  a lk a lin e  p H  o f  b ile . T h e  c o n ju g a te d , io n iz e d  b i le  s a lts  a re  m o re  

e f f e c tiv e  d e te rg e n ts  th a n  th e  u n c o n ju g a te d  o n e s  b e c a u s e  o f  th e ir  e n h a n c e d  

a m p h ip a th ic  n a tu re .  T h e re fo re ,  o n ly  th e  c o n ju g a te d  fo rm s  a re  fo u n d  in  th e  

b ile .  In d iv id u a ls  w i th  g e n e t ic  d e f ic ie n c ie s  in  th e  c o n v e r s io n  o f  c h o le s te ro l  

to  b i le  a c id s  a re  t r e a te d  w ith  e x o g e n o u s ly  s u p p lie d  c h e n o d e o x y c h o lic  a c id .



Cholic acid Glycine

Glycocholic acid 
(a conjugated bile salt)

Chenodeoxycholic acid Taurine

Taurochenodeoxycholic acid 
(a conjugated bile salt)



F ig u re  1 8 .1 0  C o n ju g a te d  b ile  sa lts . N o te  “ c h o l ic ” in  th e  n a m e s .

B ile  s a lts  p ro v id e  th e  o n ly  s ig n if ic a n t  m e c h a n is m  fo r  c h o le s te ro l  e x c re tio n , 

b o th  a s  a  m e ta b o l ic  p ro d u c t  o f  c h o le s te ro l  a n d  a s  a  s o lu b il iz e r  o f  

c h o le s te ro l  in  b ile .

D. Bacterial action on bile salts
B a c te r ia  o f  th e  in te s t in a l  m ic ro b io ta  (s e e  p . 3 7 2 )  c a n  d e c o n ju g a te  ( re m o v e  

g ly c in e  a n d  ta u r in e )  b ile  sa lts . T h e y  c a n  a lso  d e h y d ro x y la te  c a rb o n  7, 

p ro d u c in g  s e c o n d a ry  b ile  s a lts  s u c h  a s  d e o x y c h o l ic  a c id  f ro m  c h o lic  a c id  

a n d  l i th o c h o l ic  a c id  f ro m  c h e n o d e o x y c h o lic  a c id .

LIVER Cholesterol

Primary bile acids 
(0.5 g/day)Secondary 

bile salts Glycine
Taurine

Primary and secondary Secondary

DUODENUM

Primary
bile salts

^ .G ly c in e
TaurineBILE DUCTconjugated bile salts bile salts

Primary
Glycine ^ bile salts
Taurine

Secondary
bile saltsPORTAL VEIN

ILEUM

Fecal excretion of primaryBILE
and secondary bile salts(15-30 g bile salts/day)

(0.5 g/day)
PORTAL CIRCULATION
(15-30 g bile salts and acids/day)

F ig u re  1 8 .1 1  E n te ro h e p a t ic  c i r c u la t io n  o f  b ile  sa lts . [N o te : Io n iz e d  b ile  a c id s  a re  

c a l le d  b ile  s a lts .]

E. Enterohepatic circulation
B ile  s a lts  s e c re te d  in to  th e  in te s t in e  a re  e f f ic ie n t ly  r e a b s o rb e d  (> 9 5 % ) a n d  

re u s e d . T h e  l iv e r  a c t iv e ly  s e c re te s  b ile  s a lts  v ia  th e  b ile  s a l t  e x p o r t  p u m p . In  

th e  in te s t in e , th e y  a re  r e a b s o rb e d  in  th e  te rm in a l  i le u m  v ia  th e  a p ic a l



s o d iu m  (N a + ) -b i le  s a l t  c o tr a n s p o r te r  a n d  r e tu rn e d  to  th e  b lo o d  v ia  a  

s e p a ra te  t r a n s p o r t  s y s te m . [N o te : L i th o c h o l ic  a c id  is  o n ly  p o o r ly  a b s o rb e d .]  

T h e y  a re  e f f ic ie n t ly  ta k e n  u p  f ro m  b lo o d  b y  th e  h e p a to c y te s  v ia  a n  is o fo rm  

o f  th e  c o tr a n s p o r te r  a n d  re u s e d . [N o te : A lb u m in  b in d s  b i le  s a lts  a n d  

t r a n s p o r ts  th e m  th ro u g h  th e  b lo o d  a s  w a s  s e e n  w ith  F A  (s e e  p . 1 8 1 ) .]  T h e  

c o n t in u o u s  p ro c e s s  o f  s e c re t io n  o f  b i le  s a lts  in to  th e  b ile , th e ir  p a s s a g e  

th ro u g h  th e  d u o d e n u m  w h e re  s o m e  a re  d e c o n ju g a te d  th e n  d e h y d ro x y la te d  

to  s e c o n d a ry  b i le  s a lts ,  th e ir  u p ta k e  in  th e  i le u m , a n d  th e ir  s u b s e q u e n t  re tu rn  

to  th e  l iv e r  a s  a  m ix tu re  o f  p r im a ry  a n d  s e c o n d a ry  fo rm s  is  te rm e d  th e  

e n te ro h e p a t ic  c i r c u la t io n  (F ig . 1 8 .1 1 ). B e tw e e n  15  a n d  3 0  g  o f  b i le  s a lts  a re  

s e c re te d  f ro m  th e  l iv e r  in to  th e  d u o d e n u m  e a c h  d a y , y e t  o n ly  ~ 0 .5  g  (< 3 % ) 

is  lo s t  d a i ly  in  th e  fe c e s . A p p ro x im a te ly  0 .5  g /d a y  is  s y n th e s iz e d  f ro m  

c h o le s te ro l  in  th e  l iv e r  to  r e p la c e  th e  a m o u n t  lo s t. B ile  a c id  s e q u e s tra n ts ,  

s u c h  a s  c h o le s ty ra m in e ,  b in d  b i le  s a lts  in  th e  g u t  a n d  p r e v e n t  th e ir  

r e a b s o rp tio n , th e re b y  p ro m o tin g  th e ir  e x c re tio n . T h e y  a re  u s e d  in  th e  

t r e a tm e n t  o f  h y p e rc h o le s te ro le m ia  b e c a u s e  th e  r e m o v a l  o f  b i le  s a lts  r e l ie v e s  

th e  in h ib i t io n  o n  b i le  a c id  s y n th e s is  in  th e  l iv e r , th e re b y  d iv e r t in g  a d d i t io n a l  

c h o le s te ro l  in to  th a t  p a th w a y . [N o te : D ie ta ry  f ib e r  a lso  b in d s  b i le  s a lts  a n d  

in c re a s e s  th e ir  e x c re t io n  (s e e  p . 3 6 5 ) .]

F. Bile salt deficiency: Cholelithiasis
T h e  m o v e m e n t  o f  c h o le s te ro l  f ro m  th e  l iv e r  in to  th e  b i le  m u s t  b e  

a c c o m p a n ie d  b y  th e  s im u l ta n e o u s  s e c re t io n  o f  p h o s p h o lip id  a n d  b i le  s a lts . 

I f  th is  d u a l  p ro c e s s  is  d is ru p te d  a n d  m o re  c h o le s te ro l  is  p r e s e n t  th a n  c a n  b e  

s o lu b i l iz e d  b y  th e  b i le  s a lts  a n d  P C  p re s e n t ,  th e  c h o le s te ro l  m a y  p re c ip i ta te  

in  th e  g a l lb la d d e r ,  le a d in g  to  c h o le s te ro l  g a l ls to n e  d is e a s e  o r  c h o le li th ia s is  

(F ig . 1 8 .1 2 ). T h is  d is o rd e r  is  ty p ic a l ly  c a u s e d  b y  a  d e c re a s e  o f  b i le  a c id s  in  

th e  b ile .  C h o le l i th ia s is  a lso  m a y  r e s u l t  f ro m  in c re a s e d  s e c re t io n  o f  

c h o le s te ro l  in to  b ile , a s  s e e n  w ith  th e  u s e  o f  f ib ra te s  ( fo r  e x a m p le , 

g e m f ib ro z il )  to  r e d u c e  c h o le s te ro l  (a n d  T A G )  in  th e  b lo o d . L a p a ro s c o p ic  

c h o le c y s te c to m y  ( s u rg ic a l  r e m o v a l  o f  th e  g a l lb la d d e r  th ro u g h  a  s m a ll  

in c is io n )  is  c u r re n t ly  th e  t r e a tm e n t  o f  c h o ic e . H o w e v e r ,  fo r  p a t ie n ts  w h o  a re  

u n a b le  to  u n d e rg o  s u rg e ry , o ra l  a d m in is tr a t io n  o f  c h e n o d e o x y c h o lic  a c id  to  

s u p p le m e n t  th e  b o d y ’s s u p p ly  o f  b i le  a c id s  r e s u lts  in  a  g ra d u a l  (m o n th s  to  

y e a rs )  d is s o lu t io n  o f  th e  g a l ls to n e s .  [N o te : C h o le s te ro l  s to n e s  a c c o u n t  fo r  

> 8 5 %  o f  c a s e s  o f  c h o le li th ia s is ,  w ith  b i l i r u b in  a n d  m ix e d  s to n e s  a c c o u n tin g  

fo r  th e  re s t] .



F ig u re  1 8 .1 2  G a llb la d d e r  w i th  g a lls to n e s .



VI. PLASMA LIPOPROTEINS

T h e  p la s m a  l ip o p ro te in s  a re  s p h e r ic a l  m a c ro m o le c u la r  c o m p le x e s  o f  l ip id s  a n d  

p ro te in s  (a p o l ip o p ro te in s ) .  T h e  l ip o p ro te in  p a r t ic le s  in c lu d e  c h y lo m ic ro n s ,  v e ry -  

lo w -d e n s i ty  l ip o p ro te in s  (V L D L ) , lo w -d e n s i ty  l ip o p ro te in s  (L D L ), a n d  h ig h -  

d e n s ity  l ip o p ro te in s  (H D L ) . T h e y  d if fe r  in  l ip id  a n d  p ro te in  c o m p o s i t io n , s iz e , 

d e n s ity  (F ig . 1 8 .1 3 ), a n d  s i te  o f  o r ig in . [N o te : B e c a u s e  l ip o p ro te in  p a r t ic le s  

c o n s ta n tly  in te r c h a n g e  l ip id s  a n d  a p o l ip o p ro te in s ,  th e  a c tu a l  a p o l ip o p ro te in  a n d  

l ip id  c o n te n t  o f  e a c h  c la s s  o f  p a r t ic le s  is  s o m e w h a t  v a r ia b le .]  L ip o p ro te in s  

fu n c t io n  b o th  to  k e e p  th e ir  c o m p o n e n t  l ip id s  s o lu b le  a s  th e y  t r a n s p o r t  th e m  in  

th e  p la s m a  a n d  to  p ro v id e  a n  e f f ic ie n t  m e c h a n is m  fo r  t r a n s p o r t in g  th e ir  l ip id  

c o n te n ts  to  ( a n d  f ro m )  th e  t is s u e s .  In  h u m a n s , th e  t r a n s p o r t  s y s te m  is  le s s  p e r f e c t  

th a n  in  o th e r  a n im a ls  a n d , as  a  re s u lt ,  h u m a n s  e x p e r ie n c e  a  g r a d u a l  d e p o s i t io n  o f  

l ip id  ( e s p e c ia l ly  c h o le s te ro l)  in  tis s u e s .
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F ig u re  1 8 .1 3  P la s m a  l ip o p ro te in  p a r t ic le s  e x h ib i t  a  ra n g e  o f  s iz e s  a n d  d e n s it ie s ,  

a n d  ty p ic a l  v a lu e s  a re  s h o w n . R in g  w id th s  a p p ro x im a te  th e  a m o u n t  o f  e a c h  

c o m p o n e n t.  [N o te : A l th o u g h  c h o le s te ro l  a n d  its  e s te rs  a re  s h o w n  a s  o n e  

c o m p o n e n t  in  th e  c e n te r  o f  e a c h  p a r t ic le ,  p h y s ic a lly ,  c h o le s te ro l  is  o n  th e  

s u r fa c e , w h e re a s  c h o le s te ry l  e s te rs  a re  in  th e  in te r io r .]

A. Composition
L ip o p ro te in s  a re  c o m p o s e d  o f  a  n e u tra l  l ip id  c o re  (c o n ta in in g  T A G  a n d  

c h o le s te ry l  e s te rs )  s u r ro u n d e d  b y  a  s h e l l  o f  a m p h ip a th ic  a p o l ip o p ro te in s ,  

p h o s p h o lip id ,  a n d  n o n e s te r i f ie d  ( f re e )  c h o le s te ro l  (F ig . 1 8 .1 4 ). T h e s e  

a m p h ip a th ic  c o m p o u n d s  a re  o r ie n te d  s u c h  th a t  th e ir  p o la r  p o r t io n s  a re  

e x p o s e d  o n  th e  s u r fa c e  o f  th e  l ip o p ro te in ,  th e re b y  r e n d e r in g  th e  p a r t ic le  

s o lu b le  in  a q u e o u s  s o lu tio n . T h e  T A G  a n d  c h o le s te ro l  c a r r ie d  b y  th e  

l ip o p ro te in s  a re  o b ta in e d  e i th e r  f ro m  th e  d ie t  (e x o g e n o u s  s o u rc e )  o r  f ro m  d e  

n o v o  s y n th e s is  ( e n d o g e n o u s  s o u rc e ) .  [N o te : T h e  c h o le s te ro l  (C ) c o n te n t  o f  

p la s m a  l ip o p ro te in s  is  n o w  ro u t in e ly  m e a s u re d  in  fa s t in g  b lo o d . T o ta l  C  = 

L D L -C  + H D L -C  + V L D L -C , w h e re  V L D L -C  is  c a lc u la te d  b y  d iv id in g  

T A G  b y  5 b e c a u s e  th e  T A G /c h o le s te ro l  r a t io  is  5 /1  in  V L D L . T h e  g o a l  

v a lu e  fo r  to ta l  c h o le s te ro l  is  < 2 0 0  m g /d l.]
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F ig u re  1 8 .1 4  S tru c tu re  o f  a  ty p ic a l  l ip o p ro te in  p a r t ic le .

1. S iz e  a n d  d e n s ity :  C h y lo m ic ro n s  a re  th e  l ip o p ro te in  p a r t ic le s  lo w e s t  in  

d e n s ity  a n d  la rg e s t  in  s iz e  a n d  th a t  c o n ta in  th e  h ig h e s t  p e rc e n ta g e  o f  l ip id  

(a s  T A G )  a n d  th e  lo w e s t  p e rc e n ta g e  o f  p ro te in .  V L D L  a n d  L D L  a re  

s u c c e s s iv e ly  d e n s e r ,  h a v in g  h ig h e r  r a t io s  o f  p ro te in  to  l ip id . H D L  

p a r t ic le s  a re  th e  s m a l le s t  a n d  d e n s e s t .  P la s m a  l ip o p ro te in s  c a n  b e  

s e p a ra te d  o n  th e  b a s is  o f  th e ir  e le c tro p h o re t ic  m o b il i ty ,  as  s h o w n  in  

F ig u re  1 8 .1 5 , o r  o n  th e  b a s is  o f  th e ir  d e n s ity  b y  u lt r a c e n tr i fu g a t io n .
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F ig u re  1 8 .1 5  E le c t ro p h o re t ic  m o b i l i ty  o f  p la s m a  l ip o p ro te in  p a r t ic le s .  [N o te : T h e  

o rd e r  o f  lo w -d e n s i ty  l ip o p ro te in  (L D L )  a n d  v e ry - lo w -d e n s i ty  l ip o p ro te in  

(V L D L )  is  r e v e r s e d  if  u l t r a c e n t r i f u g a t io n  is  u s e d  a s  th e  s e p a ra t io n  te c h n iq u e .]  

H D L  = h ig h -d e n s i ty  l ip o p ro te in .

2. A p o lip o p ro te in s :  T h e  a p o l ip o p ro te in s  a s s o c ia te d  w ith  l ip o p ro te in  

p a r t ic le s  h a v e  a  n u m b e r  o f  d iv e rs e  fu n c t io n s ,  s u c h  a s  p ro v id in g  

r e c o g n i t io n  s i te s  fo r  c e l l - s u r fa c e  r e c e p to r s  a n d  s e rv in g  as  a c t iv a to r s  o r



c o e n z y m e s  fo r  e n z y m e s  in v o lv e d  in  l ip o p ro te in  m e ta b o l is m . S o m e  o f  th e  

a p o l ip o p ro te in s  a re  r e q u i re d  a s  e s s e n tia l  s tru c tu ra l  c o m p o n e n ts  o f  th e  

p a r t ic le s  a n d  c a n n o t  b e  r e m o v e d  ( in  fa c t, th e  p a r t ic le s  c a n n o t  b e  p ro d u c e d  

w ith o u t  th e m ) , w h e re a s  o th e rs  a re  t r a n s fe r re d  f r e e ly  b e tw e e n  

l ip o p ro te in s .  A p o lip o p ro te in s  a re  d iv id e d  b y  s tru c tu re  a n d  fu n c t io n  in to  

s e v e ra l  m a jo r  c la s s e s ,  d e n o te d  b y  le t te r s ,  w i th  e a c h  c la s s  h a v in g  

s u b c la s s e s  ( fo r  e x a m p le , a p o l ip o p ro te in  [a p o ] C -I , a p o  C -II ,  a n d  a p o  C 

III) . [N o te : T h e  fu n c t io n s  o f  a l l  th e  a p o l ip o p ro te in s  a re  n o t  y e t  k n o w n .]

B. Chylomicron metabolism
C h y lo m ic ro n s  a re  a s s e m b le d  in  in te s t in a l  m u c o s a l  c e lls  a n d  c a r ry  d ie ta ry  

(e x o g e n o u s )  T A G , c h o le s te ro l ,  fa t - s o lu b le  v i ta m in s ,  a n d  c h o le s te ry l  e s te rs  

to  th e  p e r ip h e ra l  t i s s u e s  (F ig . 1 8 .1 6 ). [N o te : T A G  a c c o u n t  fo r  c lo se  to  9 0 %  

o f  th e  l ip id s  in  a  c h y lo m ic ro n .]
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F ig u re  1 8 .1 6  M e ta b o lis m  o f  c h y lo m ic ro n s . A p o  B -4 8 , a p o  C -II , a n d  a p o  E  a re  

a p o l ip o p ro te in s  fo u n d  as  c o m p o n e n ts  o f  p la s m a  l ip o p ro te in  p a r t ic le s .  T h e  

p a r t ic le s  a re  n o t  d ra w n  to  s c a le  (s e e  F ig . 1 8 .1 3  fo r  d e ta i ls  o f  th e ir  s iz e  a n d  

d e n s ity ) .  T A G  = tr ia c y lg ly c e ro l ;  C  = c h o le s te ro l;  C E  = c h o le s te ry l  e s te r ; H D L  = 

h ig h -d e n s i ty  l ip o p ro te in .

1. A p o lip o p ro te in  s y n th e s is :  A p o  B -4 8  is  u n iq u e  to  c h y lo m ic ro n s . I ts  

s y n th e s is  b e g in s  o n  th e  ro u g h  E R  (R E R ) , a n d  i t  is  g ly c o s y la te d  as  it  

m o v e s  th ro u g h  th e  R E R  a n d  G o lg i. [N o te : A p o  B -4 8  is  so  n a m e d  

b e c a u s e  i t  c o n s ti tu te s  th e  N - te rm in a l  4 8 %  o f  th e  p ro te in  e n c o d e d  b y  th e  

g e n e  fo r  a p o  B . A p o  B -1 0 0 , w h ic h  is  s y n th e s iz e d  b y  th e  l iv e r  a n d  fo u n d  

in  V L D L  a n d  L D L , re p re s e n ts  th e  e n t ire  p ro te in  e n c o d e d  b y  th is  g e n e . 

P o s t t r a n s c r ip t io n a l  e d i t in g  (s e e  p . 4 7 4 )  o f  a  c y to s in e  to  a  u ra c i l  in  

in te s t in a l  a p o  B -1 0 0  m e s s e n g e r  R N A  (m R N A )  c re a te s  a  n o n s e n s e  (s to p )  

c o d o n  (s e e  p . 4 4 9 ) , a l lo w in g  t r a n s la t io n  o f  o n ly  4 8 %  o f  th e  m R N A .]

2. C h y lo m ic ro n  a s s e m b ly : M a n y  e n z y m e s  in v o lv e d  in  T A G , c h o le s te ro l ,  

a n d  p h o s p h o lip id  s y n th e s is  a re  lo c a te d  in  th e  S E R . A s s e m b ly  o f  th e  

a p o l ip o p ro te in  a n d  l ip id  in to  c h y lo m ic ro n s  r e q u ire s  m ic ro s o m a l 

tr ig ly c e r id e  t r a n s fe r  p ro te in  ( [M T P ]  s e e  p . 1 7 7 ), w h ic h  lo a d s  a p o  B -4 8  

w ith  l ip id . T h is  o c c u rs  b e fo re  t r a n s i t io n  f ro m  th e  E R  to  th e  G o lg i, w h e re  

th e  p a r t ic le s  a re  p a c k a g e d  in  s e c re to ry  v e s ic le s .  T h e s e  fu s e  w i th  th e  

p la s m a  m e m b ra n e  r e le a s in g  th e  l ip o p ro te in s ,  w h ic h  th e n  e n te r  th e  

ly m p h a tic  s y s te m  a n d , u l t im a te ly ,  th e  b lo o d . [N o te : C h y lo m ic ro n s  le a v e  

th e  ly m p h a tic  s y s te m  v ia  th e  th o ra c ic  d u c t  th a t  e m p tie s  in to  th e  le f t  

s u b c la v ia n  v e in .]

3. N a s c e n t  c h y lo m ic ro n  m o d if ic a tio n :  T h e  p a r t ic le  re le a s e d  b y  th e  in te s t in a l  

m u c o s a l  c e l l  is  c a l le d  a  n a s c e n t  c h y lo m ic ro n  b e c a u s e  i t  is  fu n c t io n a l ly  

in c o m p le te .  W h e n  i t  r e a c h e s  th e  p la s m a , th e  p a r t ic le  is  r a p id ly  m o d if ie d , 

r e c e iv in g  a p o  E  (w h ic h  is  r e c o g n iz e d  b y  h e p a t ic  r e c e p to r s )  a n d  a p o  C . 

T h e  la t te r  in c lu d e s  a p o  C -II , w h ic h  is  n e c e s s a ry  fo r  th e  a c t iv a t io n  o f  

lipoprotein lipase  (L P L ) , th e  e n z y m e  th a t  d e g ra d e s  th e  T A G  c o n ta in e d  in  

th e  c h y lo m ic ro n . T h e  s o u rc e  o f  th e s e  a p o l ip o p ro te in s  is  c i r c u la t in g  H D L  

(s e e  F ig . 1 8 .1 6 ). [N o te : A p o  C -I I I  o n  T A G -r ic h  l ip o p ro te in s  in h ib its  

L P L ]

4 . T r ia c y lg ly c e ro l  d e g ra d a t io n  b y  l ip o p ro te in  lip a se : LPL  is  a n  e x tr a c e l lu la r  

e n z y m e  th a t  is  a n c h o re d  to  th e  c a p i l la ry  w a lls  o f  m o s t  t i s s u e s  b u t  

p re d o m in a n t ly  th o s e  o f  a d ip o s e  t i s s u e  a n d  c a rd ia c  a n d  s k e le ta l  m u s c le .



T h e  a d u l t  l iv e r  d o e s  n o t  e x p re s s  th is  e n z y m e . [N o te : A  hepatic lipase  is  

fo u n d  o n  th e  s u r fa c e  o f  e n d o th e l ia l  c e l ls  o f  th e  l iv e r . I t  p la y s  a  ro le  in  

T A G  d e g ra d a t io n  in  c h y lo m ic ro n s  a n d  V L D L  a n d  is  im p o r ta n t  in  H D L  

m e ta b o l is m  (s e e  p . 2 3 4 ) .]  LPL, a c t iv a te d  b y  a p o  C -I I  o n  c i r c u la t in g  

c h y lo m ic ro n s , h y d ro ly z e s  th e  T A G  in  th e s e  p a r t ic le s  to  F A  a n d  g ly c e ro l. 

T h e  F A  a re  s to re d  ( in  a d ip o s e )  o r  u s e d  fo r  e n e rg y  ( in  m u s c le ) .  T h e  

g ly c e ro l  is  ta k e n  u p  b y  th e  l iv e r , c o n v e r te d  to  d ih y d ro x y a c e to n e  

p h o s p h a te  (a n  in te rm e d ia te  o f  g ly c o ly s is ) ,  a n d  u s e d  in  l ip id  s y n th e s is  o r  

g lu c o n e o g e n e s is .  [N o te : P a tie n ts  w ith  a  d e f ic ie n c y  o f  LPL  o r  a p o  C -II  

( ty p e  I h y p e r l ip o p ro te in e m ia  o r  f a m ilia l  c h y lo m ic ro n e m ia )  s h o w  a  

d ra m a tic  a c c u m u la t io n  (> 1 ,0 0 0  m g /d l)  o f  c h y lo m ic ro n -T A G  in  th e  

p la s m a  (h y p e r tr ia c y lg ly c e ro le m ia )  e v e n  in  th e  f a s te d  s ta te . T h e y  a re  a t  

in c re a s e d  r is k  fo r  a c u te  p a n c re a t i t is .  T re a tm e n t  is  th e  r e d u c t io n  o f  d ie ta ry  

fa t.]

5. L ip o p ro te in  l ip a s e  e x p re s s io n : LPL  is  s y n th e s iz e d  b y  a d ip o s e  t i s s u e  a n d  

b y  c a rd ia c  a n d  s k e le ta l  m u s c le .  E x p re s s io n  o f  th e  t i s s u e - s p e c if ic  

i s o z y m e s  is  r e g u la te d  b y  n u tr i t io n a l  s ta te  a n d  h o rm o n a l  le v e l.  F o r  

e x a m p le , in  th e  fe d  s ta te  ( e le v a te d  in s u l in  le v e ls ) ,  LPL  s y n th e s is  is  

in c re a s e d  in  a d ip o s e  b u t  d e c re a s e d  in  m u s c le  t is s u e . F a s t in g  (d e c re a s e d  

in s u lin )  f a v o rs  LPL  s y n th e s is  in  m u s c le .  [N o te : T h e  h ig h e s t  

c o n c e n tra t io n  o f  LPL  is  in  c a rd ia c  m u s c le ,  r e f le c t in g  th e  u s e  o f  F A  to  

p ro v id e  m u c h  o f  th e  e n e rg y  n e e d e d  fo r  c a rd ia c  fu n c t io n .]

6. C h y lo m ic ro n  r e m n a n t  fo rm a tio n : A s  th e  c h y lo m ic ro n  c irc u la te s ,  a n d  

> 9 0 %  o f  th e  T A G  in  its  c o re  is  d e g ra d e d  b y  LPL, th e  p a r t ic le  d e c re a s e s  

in  s iz e  a n d  in c re a s e s  in  d e n s ity .  In  a d d i t io n , th e  C  a p o l ip o p ro te in s  (b u t 

n o t  a p o  B  o r  E ) a re  r e tu rn e d  to  H D L . T h e  r e m a in in g  p a r t ic le ,  c a l le d  a  

re m n a n t,  is  r a p id ly  r e m o v e d  f ro m  th e  c i r c u la t io n  b y  th e  l iv e r , w h o s e  c e ll  

m e m b ra n e s  c o n ta in  l ip o p ro te in  re c e p to r s  th a t  r e c o g n iz e  a p o  E  (s e e  F ig . 

1 8 .1 6 ). C h y lo m ic ro n  r e m n a n ts  b in d  to  th e s e  r e c e p to r s  a n d  a re  ta k e n  in to  

th e  h e p a to c y te s  b y  e n d o c y to s is .  T h e  e n d o c y to s e d  v e s ic le  th e n  fu s e s  w ith  

a  ly s o s o m e , a n d  th e  a p o l ip o p ro te in s ,  c h o le s te ry l  e s te rs , a n d  o th e r  

c o m p o n e n ts  o f  th e  r e m n a n t  a re  h y d ro ly t ic a l ly  d e g ra d e d , r e le a s in g  a m in o  

a c id s , f re e  c h o le s te ro l ,  a n d  F A . T h e  r e c e p to r  is  r e c y c le d .  [N o te : T h e  

m e c h a n is m  o f  r e c e p to r -m e d ia te d  e n d o c y to s is  is  i l lu s tr a te d  fo r  L D L  in  

F ig . 1 8 .2 0 .]

C. Very-low-density lipoprotein metabolism



V L D L  a re  p ro d u c e d  in  th e  l iv e r  (F ig . 1 8 .1 7 ). T h e y  a re  c o m p o s e d  

p r e d o m in a n t ly  o f  e n d o g e n o u s  T A G  (~ 6 0 % ) , a n d  th e ir  fu n c t io n  is  to  c a r ry  

th is  l ip id  f ro m  th e  l iv e r  (s ite  o f  s y n th e s is )  to  th e  p e r ip h e ra l  t is s u e s .  T h e re ,  

th e  T A G  is  d e g ra d e d  b y  LPL, a s  d is c u s s e d  fo r  c h y lo m ic ro n s  (se e  p . 2 2 8 ). 

[N o te : N o n a lc o h o l ic  f a t ty  l iv e r  (h e p a t ic  s te a to s is )  o c c u rs  in  c o n d i t io n s  in  

w h ic h  th e re  is  a n  im b a la n c e  b e tw e e n  h e p a t ic  T A G  s y n th e s is  a n d  th e  

s e c re t io n  o f  V L D L . S u c h  c o n d i t io n s  in c lu d e  o b e s ity  a n d  ty p e  2 d ia b e te s  

m e ll i tu s  (s e e  p . 3 4 3 ) .]

F ig u re  1 8 .1 7  M e ta b o lis m  o f  v e ry - lo w -d e n s i ty  l ip o p ro te in  (V L D L )  a n d  lo w -  

d e n s ity  l ip o p ro te in  (L D L )  p a r t ic le s .  A p o  B -1 0 0 , C -II , a n d  E  a re  a p o l ip o p ro te in s  

fo u n d  a s  c o m p o n e n ts  o f  p la s m a  l ip o p ro te in  p a r t ic le s .  T h e  p a r t ic le s  a re  n o t  d ra w n  

to  s c a le  (s e e  F ig . 1 8 .1 3  fo r  d e ta i ls  o f  th e ir  s iz e  a n d  d e n s ity ) .  [N o te : ID L  c a n  a lso  

b e  ta k e n  u p  b y  l iv e r .]  T A G  = t r ia c y lg ly c e ro l ;  H D L  a n d  ID L  = h ig h -  a n d  

in te rm e d ia te -d e n s i ty  l ip o p ro te in s ;  C  = c h o le s te ro l;  C E  = c h o le s te ry l  e s te r.

1. R e le a s e  f ro m  th e  l iv e r : V L D L  a re  s e c re te d  d ire c tly  in to  th e  b lo o d  b y  th e  

l iv e r  a s  n a s c e n t  p a r t ic le s  c o n ta in in g  a p o  B -1 0 0 . T h e y  m u s t  o b ta in  a p o  C 

II a n d  a p o  E  f ro m  c ir c u la t in g  H D L  (se e  F ig . 1 8 .1 7 ). A s  w ith



c h y lo m ic ro n s , a p o  C -I I  is  r e q u ire d  fo r  a c t iv a t io n  o f  LPL. [N o te : 

A b e ta l ip o p ro te in e m ia  is  a  r a re  h y p o lip o p ro te in e m ia  c a u s e d  b y  a  d e f e c t  in  

M T P , le a d in g  to  a n  in a b i l i ty  to  lo a d  a p o  B  w ith  l ip id . C o n s e q u e n t ly ,  f e w  

V L D L  o r  c h y lo m ic ro n s  a re  fo rm e d , a n d  T A G  a c c u m u la te s  in  th e  l iv e r  

a n d  in te s t in e . A b s o rp t io n  o f  fa t - s o lu b le  v i ta m in s  is  d e c re a s e d . L D L  a re  

lo w .]

2. M o d if ic a t io n  in  th e  c i rc u la t io n : A s  V L D L  p a s s  th ro u g h  th e  c irc u la t io n , 

T A G  is  d e g ra d e d  b y  LPL, c a u s in g  th e  V L D L  to  d e c re a s e  in  s iz e  a n d  

b e c o m e  d e n s e r . S u r fa c e  c o m p o n e n ts ,  in c lu d in g  th e  C  a n d  E  

a p o l ip o p ro te in s ,  a re  r e tu rn e d  to  H D L , b u t  th e  p a r t ic le s  r e ta in  a p o  B -1 0 0 . 

A d d it io n a l ly ,  s o m e  T A G  a re  t r a n s f e r r e d  f ro m  V L D L  to  H D L  in  a n  

e x c h a n g e  r e a c t io n  th a t  c o n c o m ita n t ly  t r a n s fe r s  c h o le s te ry l  e s te rs  f ro m  

H D L  to  V L D L . T h is  e x c h a n g e  is  a c c o m p lis h e d  b y  cholesteryl ester 
transfer protein  (CETP), a s  s h o w n  in  F ig u re  1 8 .1 8 .
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F ig u re  1 8 .1 8  T ra n s fe r  o f  c h o le s te ry l  e s te r  (C E )  f ro m  H D L  to  V L D L  in  e x c h a n g e  

fo r  t r ia c y lg ly c e ro l  (T A G ).

3. C o n v e r s io n  to  lo w -d e n s i ty  l ip o p ro te in s :  W ith  th e s e  m o d if ic a t io n s ,  th e  

V L D L  is  c o n v e r te d  in  th e  p la s m a  to  L D L . In te rm e d ia te -d e n s i ty  

l ip o p ro te in s  ( ID L )  o f  v a ry in g  s iz e s  a re  fo rm e d  d u r in g  th is  tr a n s i t io n .  ID L  

c a n  a lso  b e  ta k e n  u p  b y  l iv e r  c e l ls  th ro u g h  r e c e p to r -m e d ia te d  e n d o c y to s is  

th a t  u s e s  a p o  E  a s  th e  l ig a n d . A p o  E  is  n o rm a lly  p r e s e n t  in  th re e  

is o fo rm s , E -2  ( th e  le a s t  c o m m o n ) , E -3  ( th e  m o s t  c o m m o n ) , a n d  E -4 . A p o  

E -2  b in d s  p o o r ly  to  r e c e p to rs ,  a n d  p a t ie n ts  w h o  a re  h o m o z y g o tic  fo r  a p o  

E -2  a re  d e f ic ie n t  in  th e  c le a ra n c e  o f  ID L  a n d  c h y lo m ic ro n  re m n a n ts .  

T h e s e  in d iv id u a ls  h a v e  f a m il ia l  ty p e  III  h y p e r l ip o p ro te in e m ia  ( f a m ilia l  

d y s b e ta l ip o p ro te in e m ia  o r  b ro a d  b e ta  d is e a s e ) ,  w ith  

h y p e rc h o le s te ro le m ia  a n d  p re m a tu re  a th e ro s c le ro s is .  [N o te : T h e  a p o  E -4  

is o fo rm  c o n fe rs  in c re a s e d  s u s c e p t ib i l i ty  to  a n  e a r l ie r  a g e  o f  o n s e t  o f  th e  

la te -o n s e t  fo rm  o f  A lz h e im e r  d is e a s e . T h e  e f f e c t  is  d o s e  d e p e n d e n t,  w ith  

h o m o z y g o te s  b e in g  a t  g r e a te s t  r isk . E s tim a te s  o f  th e  r is k  v a ry .]

D. Low-density lipoprotein metabolism
L D L  p a r t ic le s  c o n ta in  m u c h  le s s  T A G  th a n  th e ir  V L D L  p re d e c e s s o r s  a n d  

h a v e  a  h ig h  c o n c e n tr a t io n  o f  c h o le s te ro l  a n d  c h o le s te ry l  e s te rs  (F ig . 1 8 .1 9 ). 

A b o u t  7 0 %  o f  p la s m a  c h o le s te ro l  is  in  L D L .
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F ig u re  1 8 .1 9  C o m p o s i t io n  o f  th e  p la s m a  l ip o p ro te in  p a r t ic le s .  N o te  th e  h ig h  

c o n c e n tra t io n  o f  c h o le s te ro l  a n d  c h o le s te ry l  e s te rs  in  L D L .

1. R e c e p to r -m e d ia te d  e n d o c y to s is :  T h e  p r im a ry  fu n c t io n  o f  L D L  p a r t ic le s  is  

to  p ro v id e  c h o le s te ro l  to  th e  p e r ip h e ra l  t is s u e s  (o r  r e tu rn  i t  to  th e  liv e r ) .  

T h e y  d o  so  b y  b in d in g  to  p la s m a  m e m b ra n e  L D L  re c e p to r s  th a t  

r e c o g n iz e  a p o  B -1 0 0  (b u t n o t  a p o  B -4 8 ) . B e c a u s e  th e s e  L D L  re c e p to rs  

c a n  a lso  b in d  a p o  E , th e y  a re  k n o w n  as  a p o  B -1 0 0 /a p o  E  re c e p to rs .  A  

s u m m a ry  o f  th e  u p ta k e  a n d  d e g ra d a t io n  o f  L D L  p a r t ic le s  is  p r e s e n te d  in  

F ig u re  1 8 .2 0 . [N o te : T h e  n u m b e rs  in  b ra c k e ts  b e lo w  r e fe r  to  

c o r re s p o n d in g  n u m b e rs  o n  th a t  f ig u re .]  A  s im ila r  m e c h a n is m  o f  r e c e p to r -  

m e d ia te d  e n d o c y to s is  is  u s e d  fo r  th e  u p ta k e  a n d  d e g ra d a t io n  o f  

c h y lo m ic ro n  r e m n a n ts  a n d  ID L  b y  th e  liv e r .



F ig u re  1 8 .2 0  C e l lu la r  u p ta k e  a n d  d e g ra d a t io n  o f  lo w -d e n s i ty  l ip o p ro te in  (L D L ) 

p a r t ic le s .  [N o te : O v e r s u p p ly  o f  c h o le s te ro l  a c c e le ra te s  th e  d e g ra d a t io n  o f  H M G  
CoA reductase. I t  a lso  d e c re a s e s  tr a n s c r ip t io n  o f  its  g e n e  a s  s e e n  w i th  th e  L D L  

re c e p to r .]  A C A T  = acyl C oA :cholesterol acyltransferase; H M G  C o A  = 

h y d ro x y m e th y lg lu ta ry l  c o e n z y m e  A ; m R N A  =  m e s s e n g e r  R N A .



[1 ] L D L  re c e p to r s  a re  n e g a t iv e ly  c h a rg e d  g ly c o p ro te in s  th a t  a re  c lu s te re d  

in  p its  o n  c e l l  m e m b ra n e s .  T h e  c y to s o l ic  s id e  o f  th e  p i t  is  c o a te d  w ith  

th e  p ro te in  c la th r in ,  w h ic h  s ta b i l iz e s  th e  p it.

[2 ] A f te r  b in d in g ,  th e  L D L - r e c e p to r  c o m p le x  is  e n d o c y to s e d . [N o te :

D e fe c ts  in  th e  s y n th e s is  o f  fu n c t io n a l  L D L  r e c e p to r s  c a u s e s  a  

s ig n if ic a n t  e le v a t io n  in  p la s m a  L D L -C . P a tie n ts  w ith  s u c h  

d e f ic ie n c ie s  h a v e  ty p e  I Ia  h y p e r l ip id e m ia  ( f a m ilia l  

h y p e rc h o le s te ro le m ia  [F H ])  a n d  p r e m a tu re  a th e ro s c le ro s is .  

A u to s o m a l d o m in a n t  h y p e rc h o le s te ro le m ia  c a n  a lso  b e  c a u s e d  b y  

d e fe c ts  in  a p o  B -1 0 0  th a t  r e d u c e  its  b in d in g  to  th e  re c e p to r  a n d  b y  

in c re a s e d  a c t iv i ty  o f  a  protease, proprotein  convertase
subtilisin/kexin type 9 (PCSK9), w h ic h  p ro m o te s  in te rn a l iz a t io n  a n d  

ly s o s o m a l d e g ra d a t io n  o f  th e  r e c e p to r .  PC SK 9  in h ib i to rs  a re  n o w  

a v a i la b le  fo r  th e  t r e a tm e n t  o f  h y p e rc h o le s te ro le m ia .]

[3 ] T h e  v e s ic le  c o n ta in in g  L D L  lo s e s  i ts  c la th r in  c o a t  a n d  fu s e s  w ith  o th e r

s im ila r  v e s ic le s ,  fo rm in g  la rg e r  v e s ic le s  c a l le d  e n d o s o m e s .

[4 ] T h e  p H  o f  th e  e n d o s o m e  fa lls  (d u e  to  th e  p ro to n -p u m p in g  a c t iv i ty  o f  

e n d o s o m a l A T P ase), w h ic h  a l lo w s  s e p a ra t io n  o f  th e  L D L  f ro m  its  

re c e p to r .  T h e  r e c e p to r s  th e n  m ig ra te  to  o n e  s id e  o f  th e  e n d o s o m e , 

w h e re a s  th e  L D L  s ta y  f re e  w ith in  th e  lu m e n  o f  th e  v e s ic le .

[5 ] T h e  r e c e p to r s  c a n  b e  r e c y c le d , w h e re a s  th e  l ip o p ro te in  r e m n a n ts  in  th e

v e s ic le  a re  tr a n s f e r r e d  to  ly s o s o m e s  a n d  d e g ra d e d  b y  ly s o s o m a l acid  
hydrolases, r e le a s in g  f re e  c h o le s te ro l ,  a m in o  a c id s , F A , a n d  

p h o s p h o lip id s .  T h e s e  c o m p o u n d s  c a n  b e  r e u t i l iz e d  b y  th e  c e ll. [N o te : 

L y s o s o m a l s to ra g e  d is e a s e s  r e s u l t  f ro m  ra re  a u to s o m a l- re c e s s iv e  

d e f ic ie n c ie s  in  th e  a b i l i ty  to  h y d ro ly z e  ly s o s o m a l  c h o le s te ry l  e s te rs  

(W o lm a n  d is e a s e )  o r  to  t r a n s p o r t  f re e  c h o le s te ro l  o u t  o f  th e  ly s o s o m e  

(N ie m a n n -P ic k  d is e a se , ty p e  C ).]

2. E n d o c y to s e d  c h o le s te ro l  a n d  c h o le s te ro l  h o m e o s ta s is :  T h e  c h y lo m ic ro n  

r e m n a n t- ,  ID L - , a n d  L D L -d e r iv e d  c h o le s te ro l  a f fe c ts  c e l lu la r  c h o le s te ro l  

c o n te n t  in  s e v e ra l  w a y s  (s e e  F ig . 1 8 .2 0 ). F ir s t ,  e x p re s s io n  o f  th e  g e n e  fo r  

H M G  CoA reductase  is  in h ib i te d  b y  h ig h  c h o le s te ro l ,  a n d  d e  n o v o  

c h o le s te ro l  s y n th e s is  d e c re a s e s  a s  a  re s u lt .  A d d it io n a l ly ,  d e g ra d a t io n  o f  

th e  reductase  is  a c c e le ra te d . S e c o n d , s y n th e s is  o f  n e w  L D L  re c e p to r  

p ro te in  is  r e d u c e d  b y  d e c re a s in g  th e  e x p re s s io n  o f  th e  L D L  re c e p to r  

g e n e , th u s  l im i t in g  fu r th e r  e n try  o f  L D L -C  in to  c e lls .  [N o te : A s  w a s  s e e n  

w ith  th e  reductase  g e n e  (s e e  p . 2 2 2 ) , t r a n s c r ip t io n a l  r e g u la t io n  o f  th e



L D L  re c e p to r  g e n e  in v o lv e s  a n  S R E  a n d  S R E B P -2 . T h is  a l lo w s  

c o o rd in a te  r e g u la t io n  o f  th e  e x p re s s io n  o f  th e s e  p ro te in s .]  T h ird , i f  th e  

c h o le s te ro l  is  n o t  r e q u ire d  im m e d ia te ly  fo r  s o m e  s tru c tu ra l  o r  s y n th e t ic  

p u rp o s e , i t  is  e s te r i f ie d  b y  acyl CoA :cholesterol acyltransferase  (A C A T ). 

A C A T  t r a n s fe r s  a  F A  f ro m  a  fa t ty  a c y l  C o A  to  c h o le s te ro l ,  p ro d u c in g  a  

c h o le s te ry l  e s te r  th a t  c a n  b e  s to re d  in  th e  c e l l  (F ig . 1 8 .2 1 ). T h e  a c t iv i ty  o f  

A C A T  is  e n h a n c e d  in  th e  p re s e n c e  o f  in c r e a s e d  in t r a c e l lu la r  c h o le s te ro l .
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F ig u re  1 8 .2 1  S y n th e s is  o f  in t r a c e l lu la r  c h o le s te ry l  e s te r  b y  A C A T . [N o te : 

Lecithin: cholesterol acyl transferase  (LCAT) is  th e  e x tr a c e l lu la r  e n z y m e  th a t  

e s te r i f ie s  c h o le s te ro l  u s in g  p h o s p h a t id y lc h o l in e  ( le c ith in )  as  th e  s o u rc e  o f  th e  

fa t ty  a c id .]  C o A  = c o e n z y m e  A .

3. U p ta k e  b y  m a c ro p h a g e  s c a v e n g e r  re c e p to rs :  In  a d d i t io n  to  th e  h ig h ly  

s p e c if ic  a n d  r e g u la te d  r e c e p to r -m e d ia te d  p a th w a y  fo r  L D L  u p ta k e  

d e s c r ib e d  a b o v e , m a c ro p h a g e s  p o s s e s s  h ig h  le v e ls  o f  s c a v e n g e r  re c e p to r  

a c tiv i ty . T h e s e  r e c e p to rs ,  k n o w n  a s  s c a v e n g e r  re c e p to r  c la s s  A  (S R -A ), 

c a n  b in d  a  b ro a d  ra n g e  o f  l ig a n d s  a n d  m e d ia te  th e  e n d o c y to s is  o f  

c h e m ic a l ly  m o d if ie d  L D L  in  w h ic h  th e  l ip id  o r  a p o  B  c o m p o n e n t  h a s  

b e e n  o x id iz e d . U n lik e  th e  L D L  re c e p to r ,  th e  s c a v e n g e r  r e c e p to r  is  n o t  

d o w n re g u la te d  in  r e s p o n s e  to  in c r e a s e d  in t r a c e l lu la r  c h o le s te ro l .  

C h o le s te ry l  e s te rs  a c c u m u la te  in  m a c ro p h a g e s  a n d  c a u s e  th e ir  

t r a n s fo rm a tio n  in to  “ f o a m ” c e lls ,  w h ic h  p a r t ic ip a te  in  th e  fo rm a t io n  o f  

a th e ro s c le ro t ic  p la q u e  (F ig . 1 8 .2 2 ). L D L -C  is  th e  p r im a ry  c a u s e  o f  

a th e ro s c le ro s is .



E X T R A C E L L U L A R

M A C R O P H A G E Foam cells accumulate, releasing 
growth factors and cytokines that

High-affinity receptors specific
for LDL are downregulatedLDL
when the ce has sufficientVitamin E cholesterol.

Superoxide e Ascorbic acid
Nitric oxide p-Carotene

Hydrogen peroxide Other antioxidants
Other oxidants from the diet

oxLDL

F O A M  C E L L

M A C R O P H A G E Low-affinity, nonspecific, and
nonregulated scavenger
receptors take up modifed

S M O O T H  M U S C L E  C E L L(oxidized) LDL (oxLDL).

In response to endothelial injury
(caused at least in part by oxidized LDL)
monocytes adhere to endothelial cells
move to the subendothelium (intima)
and are converted into macrophages.

F O A M

C E L LM A T R IX

E N D O T H E L IA L

E L L

stimulate the migration of smooth
Macrophages consume excess muscle cells (SMC) from the media
modified (oxidized) lipoprotein, to the intima. There, the SMC
becoming foam cells. proliferate; produce collagen; and

take up lipid, potentially becomingM O N O C Y T E S
foam cells.

IN T E R IO R  O F  A R T E R Y

F ig u re  1 8 .2 2  R o le  o f  o x id iz e d  lo w -d e n s i ty  l ip o p ro te in  (L D L )  p a r t ic le s  in  p la q u e  

fo rm a t io n  in  a n  a r te r ia l  w a ll .

E. High-density lipoprotein metabolism
H D L  c o m p r is e  a  h e te ro g e n e o u s  f a m ily  o f  l ip o p ro te in s  w ith  a  c o m p le x  

m e ta b o l is m  th a t  is  n o t  y e t  c o m p le te ly  u n d e rs to o d . H D L  p a r t ic le s  a re  

fo rm e d  in  th e  b lo o d  b y  th e  a d d i t io n  o f  l ip id  to  a p o  A -1 , a n  a p o l ip o p ro te in  

m a d e  a n d  s e c re te d  b y  th e  l iv e r  a n d  in te s t in e . A p o  A -1  a c c o u n ts  fo r  ~ 7 0 %  o f  

th e  a p o l ip o p ro te in s  in  H D L . H D L  p e r fo rm  a  n u m b e r  o f  im p o r ta n t  fu n c t io n s ,  

in c lu d in g  th e  fo llo w in g .

1. A p o lip o p ro te in  s u p p ly : H D L  p a r t ic le s  s e rv e  a s  a  c i r c u la t in g  r e s e rv o ir  o f 

a p o  C -II  ( th e  a p o l ip o p ro te in  th a t  is  t r a n s f e r r e d  to  V L D L  a n d  

c h y lo m ic ro n s  a n d  is  a n  a c t iv a to r  o f  LPL) a n d  a p o  E  ( th e  a p o l ip o p ro te in



r e q u ire d  fo r  th e  r e c e p to r -m e d ia te d  e n d o c y to s is  o f  ID L  a n d  c h y lo m ic ro n  

re m n a n ts ) .

2. N o n e s te r if ie d  c h o le s te ro l  u p ta k e : N a s c e n t  H D L  a re  d is c - s h a p e d  p a r t ic le s  

c o n ta in in g  p r im a r i ly  p h o s p h o l ip id  ( la rg e ly  P C )  a n d  a p o  A , C , a n d  E . 

T h e y  ta k e  u p  c h o le s te ro l  f ro m  n o n h e p a t ic  (p e r ip h e ra l)  t i s s u e s  a n d  re tu rn  

i t  to  th e  l iv e r  a s  c h o le s te ry l  e s te rs  (F ig . 1 8 .2 3 ). [N o te : H D L  p a r t ic le s  a re  

e x c e l le n t  a c c e p to r s  o f  n o n e s te r i f ie d  c h o le s te ro l  a s  a  r e s u l t  o f  th e ir  h ig h  

c o n c e n tra t io n  o f  p h o s p h o lip id s ,  w h ic h  a re  im p o r ta n t  s o lu b il iz e r s  o f  

c h o le s te ro l .]

F ig u re  1 8 .2 3  M e ta b o lis m  o f  h ig h -d e n s i ty  l ip o p ro te in  (H D L )  p a r t ic le s .  A p o  = 

a p o l ip o p ro te in ;  A B C A 1  =  A T P -b in d in g  c a s s e tte  t r a n s p o r t  p ro te in ; C  = 

c h o le s te ro l;  C E  =  c h o le s te ry l  e s te r ; L C A T  = lecith in:cholesterol 
acyltransferase; V L D L , ID L , a n d  L D L  =  v e ry - lo w - ,  in te rm e d ia te - ,  a n d  lo w -  

d e n s ity  l ip o p ro te in s ;  CE TP = cholesteryl ester transfer protein;  S R -B 1  = 

s c a v e n g e r  r e c e p to r  B 1 .

3. C h o le s te ro l  e s te r i f ic a tio n :  T h e  c h o le s te ro l  ta k e n  u p  b y  H D L  is 

im m e d ia te ly  e s te r i f ie d  b y  th e  p la s m a  e n z y m e  lecith in:cholesterol 
acyltransferase (LCAT, a lso  k n o w n  a s  PCAT, in  w h ic h  P  s ta n d s  fo r  

p h o s p h a t id y lc h o l in e ,  th e  s o u rc e  o f  th e  F A ). T h is  e n z y m e  is  s y n th e s iz e d  

a n d  s e c re te d  b y  th e  l iv e r . L C A T  b in d s  to  n a s c e n t  H D L  a n d  is  a c t iv a te d  

b y  a p o  A -I . L C A T  t r a n s fe r s  th e  F A  f ro m  c a rb o n  2 o f  P C  to  c h o le s te ro l .  

T h is  p ro d u c e s  a  h y d ro p h o b ic  c h o le s te ry l  e s te r , w h ic h  is  s e q u e s te re d  in



th e  c o re  o f  th e  H D L , a n d  ly s o p h o s p h a t id y lc h o l in e ,  w h ic h  b in d s  to  

a lb u m in . [N o te : E s te r if ic a t io n  m a in ta in s  th e  c h o le s te ro l  c o n c e n tra t io n  

g ra d ie n t,  a l lo w in g  c o n t in u e d  e f f lu x  o f  c h o le s te ro l  to  H D L .]  A s  th e  

d is c o id a l  n a s c e n t  H D L  a c c u m u la te s  c h o le s te ry l  e s te rs , i t  f ir s t  b e c o m e s  a  

s p h e r ic a l ,  r e la t iv e ly  c h o le s te ry l  e s te r - p o o r  H D L 3  a n d , e v e n tu a lly ,  a  

c h o le s te ry l  e s te r - r i c h  H D L 2  p a r t ic le  th a t  c a r r ie s  th e s e  e s te rs  to  th e  liv e r . 

H epatic lipase, w h ic h  d e g ra d e s  T A G  a n d  p h o s p h o lip id s ,  p a r t ic ip a te s  in  

th e  c o n v e r s io n  o f  H D L 2  to  H D L 3  (s e e  F ig . 1 8 .2 3 ). CE TP  ( s e e  p . 2 3 1 )  

tr a n s fe r s  s o m e  o f  th e  c h o le s te ry l  e s te rs  f ro m  H D L  to  V L D L  in  e x c h a n g e  

fo r  T A G , r e l ie v in g  p ro d u c t  in h ib i t io n  o f  LCAT. B e c a u s e  V L D L  a re  

c a ta b o liz e d  to  L D L , th e  c h o le s te ry l  e s te rs  t r a n s fe r re d  b y  C E TP  a re  

u l t im a te ly  ta k e n  u p  b y  th e  l iv e r  ( s e e  p . 2 3 1 ).

4 . R e v e rs e  c h o le s te ro l  tr a n sp o r t :  T h e  s e le c tiv e  t r a n s fe r  o f  c h o le s te ro l  f ro m  

p e r ip h e ra l  c e lls  to  H D L  a n d  f ro m  H D L  to  th e  l iv e r  fo r  b i le  a c id  s y n th e s is  

o r  d is p o s a l  v ia  th e  b i le  is  a  k e y  c o m p o n e n t  o f  c h o le s te ro l  h o m e o s ta s is .  

T h is  p ro c e s s  o f  r e v e r s e  c h o le s te ro l  t r a n s p o r t  (R C T )  is , in  p a r t ,  th e  b a s is  

fo r  th e  in v e r s e  r e la t io n s h ip  s e e n  b e tw e e n  p la s m a  H D L  c o n c e n tr a t io n  a n d  

a th e ro s c le ro s is  a n d  fo r  th e  d e s ig n a t io n  o f  H D L  as  th e  “ g o o d ” c h o le s te ro l  

c a r r ie r .  [N o te : E x e rc is e  a n d  e s tro g e n  r a is e  H D L  le v e ls .]  R C T  in v o lv e s  

e f f lu x  o f  c h o le s te ro l  f ro m  p e r ip h e ra l  c e lls  to  H D L , e s te r i f ic a t io n  o f  th e  

c h o le s te ro l  b y  LCAT, b in d in g  o f  th e  c h o le s te ry l  e s t e r - r i c h  H D L  (H D L 2 )  

to  l iv e r  (a n d , p e rh a p s , s te ro id o g e n ic  c e lls ) ,  s e le c tiv e  t r a n s fe r  o f  th e  

c h o le s te ry l  e s te rs  in to  th e s e  c e lls ,  a n d  r e le a s e  o f  l ip id -d e p le te d  H D L  

(H D L 3 ) . T h e  e f f lu x  o f  c h o le s te ro l  f ro m  p e r ip h e ra l  c e l ls  is  m e d ia te d  

p r im a r i ly  b y  th e  t r a n s p o r t  p ro te in  A B C A 1 . [N o te : T a n g ie r  d is e a s e  is  a  

v e ry  ra re  d e f ic ie n c y  o f  A B C A 1  a n d  is  c h a ra c te r iz e d  b y  th e  v ir tu a l  

a b s e n c e  o f  H D L  p a r t ic le s  d u e  to  d e g ra d a t io n  o f  l ip id -p o o r  a p o  A -1 .]  

C h o le s te ry l  e s te r  u p ta k e  b y  th e  l iv e r  is  m e d ia te d  b y  th e  c e l l- s u r fa c e  

re c e p to r  S R -B 1  ( s c a v e n g e r  r e c e p to r  c la s s  B  ty p e  1) th a t  b in d s  H D L  (se e  

p . 2 3 2  fo r  S R -A  re c e p to rs ) .  T h e  H D L  p a r t ic le  i t s e l f  is  n o t  ta k e n  u p . 

In s te a d , th e re  is  s e le c tiv e  u p ta k e  o f  th e  c h o le s te ry l  e s te r  f ro m  th e  H D L  

p a r t ic le .  [N o te : L o w  H D L -C  is  a  r is k  fa c to r  fo r  a th e ro s c le ro s is .]

A B C A 1  is  a n  A T P -b in d in g  c a s s e tte  (A B C )  p ro te in .  A B C  p ro te in s  u s e  

e n e rg y  f ro m  A T P  h y d ro ly s is  to  t r a n s p o r t  m a te r ia ls ,  in c lu d in g  lip id s ,  in  a n d  

o u t  o f  c e l ls  a n d  a c ro s s  in t r a c e l lu la r  c o m p a r tm e n ts .  In  a d d i t io n  to  T a n g ie r  

d is e a se , d e fe c ts  in  s p e c if ic  A B C  p ro te in s  r e s u l t  in  s i to s te ro le m ia ,  c y s tic  

f ib ro s is ,  X - l in k e d  a d re n o le u k o d y s tro p h y , r e s p ir a to ry  d is tre s s  s y n d ro m e  d u e



to  d e c re a s e d  s u r f a c ta n t  s e c re t io n , a n d  l iv e r  d is e a s e  d u e  to  d e c re a s e d  b ile  

s a l t  s e c re t io n .

F. Lipoprotein (a) and heart disease
L ip o p ro te in  (a ), o r  L p (a ) ,  is  n e a r ly  id e n t ic a l  in  s t ru c tu re  to  a n  L D L  p a r t ic le .  

I ts  d is t in g u is h in g  fe a tu re  is  th e  p r e s e n c e  o f  a n  a d d i t io n a l  a p o l ip o p ro te in  

m o le c u le ,  a p o (a ) , w h ic h  is  c o v a le n t ly  l in k e d  a t  a  s in g le  s ite  to  a p o  B -1 0 0 . 

C irc u la t in g  le v e ls  o f  L p (a )  a re  d e te rm in e d  p r im a r i ly  b y  g e n e t ic s .  H o w e v e r ,  

f a c to rs  s u c h  as  d ie t  m a y  p la y  s o m e  ro le , a s  tr a n s  F A  h a v e  b e e n  r e p o r te d  to  

in c re a s e  it. T h e  p h y s io lo g ic  fu n c t io n  o f  L p (a )  is  u n k n o w n . W h e n  p re s e n t  in  

la rg e  q u a n t i t ie s  in  th e  p la sm a , L p (a )  is  a s s o c ia te d  w i th  a n  in c r e a s e d  r is k  o f  

c o ro n a ry  h e a r t  d is e a s e . [N o te : A p o (a )  is  s t ru c tu ra l ly  h o m o lo g o u s  to  

p la s m in o g e n ,  th e  p r e c u r s o r  o f  a  b lo o d  pro tease  w h o s e  ta rg e t  is  f ib r in , th e  

m a in  p ro te in  c o m p o n e n t  o f  b lo o d  c lo ts  (s e e  C h a p te r  3 5  o n lin e ) .  I t  is  

h y p o th e s iz e d  th a t  e le v a te d  L p (a )  s lo w s  th e  b r e a k d o w n  o f  b lo o d  c lo ts  th a t  

tr ig g e r  h e a r t  a t ta c k s  b e c a u s e  i t  c o m p e te s  w ith  p la s m in o g e n  fo r  b in d in g  to  

f ib r in .]  N ia c in  r e d u c e s  L p (a ) ,  a s  w e l l  a s  L D L -C  a n d  T A G , a n d  r a is e s  H D L 

C .

VII. STEROID HORMONES

C h o le s te ro l  is  th e  p r e c u r s o r  o f  a l l  c la s s e s  o f  s te ro id  h o rm o n e s :  g lu c o c o r t ic o id s  

( fo r  e x a m p le , c o r t is o l) ,  m in e ra lo c o r t ic o id s  ( fo r  e x a m p le , a ld o s te ro n e ) ,  a n d  th e  

s e x  h o rm o n e s  ( th a t  is , a n d ro g e n s , e s tro g e n s , a n d  p ro g e s tin s ) ,  a s  s h o w n  in  F ig u re  

1 8 .2 4 . [N o te : G lu c o c o r t ic o id s  a n d  m in e ra lo c o r t ic o id s  a re  c o l le c t iv e ly  c a l le d  

c o r t ic o s te ro id s .]  S y n th e s is  a n d  s e c re t io n  o c c u r  in  th e  a d re n a l  c o r te x  (c o r tis o l,  

a ld o s te ro n e , a n d  a n d ro g e n s ) ,  o v a r ie s  a n d  p la c e n ta  ( e s tro g e n s  a n d  p ro g e s tin s ) ,  

a n d  te s te s  ( te s to s te ro n e ) .  S te ro id  h o rm o n e s  a re  t r a n s p o r te d  b y  th e  b lo o d  f ro m  

th e ir  s i te s  o f  s y n th e s is  to  th e ir  ta rg e t  o rg a n s . B e c a u s e  o f  th e ir  h y d ro p h o b ic ity ,  

th e y  m u s t  b e  c o m p le x e d  w ith  a  p la s m a  p ro te in .  A lb u m in  c a n  a c t  as  a  n o n s p e c if ic  

c a r r ie r  a n d  d o e s  c a r ry  a ld o s te ro n e . H o w e v e r ,  s p e c if ic  s te ro id -c a r r ie r  p la s m a  

p ro te in s  b in d  th e  s te ro id  h o rm o n e s  m o re  t ig h t ly  th a n  d o e s  a lb u m in  ( fo r  e x a m p le , 

c o r t ic o s te ro id -b in d in g  g lo b u lin ,  o r  tr a n s c o r t in ,  is  r e s p o n s ib le  fo r  tr a n s p o r t in g  

c o r t is o l) .  A  n u m b e r  o f  g e n e t ic  d is e a s e s  a re  c a u s e d  b y  d e f ic ie n c ie s  in  s p e c if ic  

s te p s  in  th e  b io s y n th e s is  o f  s te ro id  h o rm o n e s . S o m e  re p re s e n ta t iv e  d is e a s e s  a re



d e s c r ib e d  in  F ig u re  1 8 .2 5 .



HO

Cholesterol

Pregnenolone

Aldosterone 
(a mineralocorticoid)

Estradiol 
(an estrogen)



F ig u re  1 8 .2 4  K e y  s te ro id  h o rm o n e s .

F ig u re  1 8 .2 5  S te ro id  h o rm o n e  s y n th e s is  a n d  a s s o c ia te d  d is e a se s .  [N o te : 3-fi- 
H ydroxysteroid dehydrogenase, CYP17, a n d  CYP11B 2  a re  m u l t i fu n c t io n a l  

e n z y m e s . S y n th e s is  o f  te s to s te ro n e  a n d  th e  e s tro g e n s  o c c u rs  p r im a r i ly  o u ts id e  o f  

th e  a d re n a l  g la n d .]  N A D P H  = n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te ;  

C Y P  = c y to c h ro m e  P 4 5 0 .

A. Synthesis
S y n th e s is  in v o lv e s  s h o r te n in g  th e  h y d ro c a rb o n  c h a in  o f  c h o le s te ro l  a n d  

h y d ro x y la t in g  th e  s te ro id  n u c le u s .  T h e  in i t ia l  a n d  r a te - l im it in g  r e a c t io n  

c o n v e r ts  c h o le s te ro l  to  th e  2 1 -c a rb o n  p re g n e n o lo n e .  I t  is  c a ta ly z e d  b y  th e  

cholesterol side-chain cleavage enzym e, a  cytochrom e P 450 (CYP) m ixed



function oxidase  o f  th e  in n e r  m i to c h o n d r ia l  m e m b ra n e  (s e e  p . 1 4 9 ) th a t  is  

a lso  k n o w n  as  P450scc a n d  desm olase. N A D P H  a n d  O 2 a re  r e q u ire d  fo r  th e

re a c tio n . T h e  c h o le s te ro l  s u b s t r a te  c a n  b e  n e w ly  s y n th e s iz e d , ta k e n  u p  f ro m  

lip o p ro te in s ,  o r  r e le a s e d  b y  a n  esterase  f ro m  c h o le s te ry l  e s te rs  s to re d  in  th e  

c y to s o l  o f  s te ro id o g e n ic  t is s u e s .  T h e  c h o le s te ro l  m o v e s  to  th e  o u te r  

m i to c h o n d r ia l  m e m b ra n e .  A n  im p o r ta n t  c o n tro l  p o in t  is  th e  s u b s e q u e n t  

m o v e m e n t  f ro m  th e  o u te r  to  th e  in n e r  m i to c h o n d r ia l  m e m b ra n e .  T h is  

p ro c e s s  is  m e d ia te d  b y  S tA R  ( s te ro id o g e n ic  a c u te  re g u la to ry )  p ro te in . 

P re g n e n o lo n e  is  th e  p a r e n t  c o m p o u n d  fo r  a l l  s te ro id  h o rm o n e s  ( s e e  F ig . 

1 8 .2 5 ). I t  is  o x id iz e d  a n d  th e n  is o m e r iz e d  to  p ro g e s te ro n e ,  w h ic h  is  fu r th e r  

m o d if ie d  to  th e  o th e r  s te ro id  h o rm o n e s  b y  C Y P  p r o te in - c a ta ly z e d  

h y d ro x y la t io n  r e a c t io n s  in  th e  S E R  a n d  m ito c h o n d r ia .  A  d e fe c t  in  th e  

a c t iv i ty  o r  a m o u n t  o f  a n  e n z y m e  in  th is  p a th w a y  c a n  le a d  to  a  d e f ic ie n c y  in  

th e  s y n th e s is  o f  h o rm o n e s  b e y o n d  th e  a f f e c te d  s te p  a n d  to  a n  e x c e s s  in  th e  

h o rm o n e s  o r  m e ta b o l i te s  b e fo re  th a t  s te p . B e c a u s e  a l l  m e m b e rs  o f  th e  

p a th w a y  h a v e  p o te n t  b io lo g ic  a c tiv ity , s e r io u s  m e ta b o l ic  im b a la n c e s  o c c u r  

w ith  e n z y m e  d e f ic ie n c ie s  (s e e  F ig . 1 8 .2 5 ). C o lle c t iv e ly , th e s e  d is o rd e rs  a re  

k n o w n  a s  th e  c o n g e n i ta l  a d re n a l  h y p e rp la s ia s  (C A H ), b e c a u s e  th e y  r e s u l t  in  

e n la rg e d  a d re n a ls .  [N o te : A d d is o n  d is e a s e , d u e  to  a u to im m u n e  d e s tru c t io n  

o f  th e  a d re n a l  c o r te x , is  c h a ra c te r iz e d  b y  a d re n o c o r t ic a l  in s u f f ic ie n c y .]

B. Adrenal cortical steroid hormones
S te ro id  h o rm o n e s  a re  s y n th e s iz e d  a n d  s e c re te d  in  r e s p o n s e  to  h o rm o n a l  

s ig n a ls . T h e  c o r t ic o s te ro id s  a n d  a n d ro g e n s  a re  m a d e  in  d if f e r e n t  r e g io n s  o f  

th e  a d re n a l  c o r te x  a n d  a re  s e c re te d  in to  b lo o d  in  r e s p o n s e  to  d if f e re n t  

s ig n a ls . [N o te : T h e  a d re n a l  m e d u lla  m a k e s  c a te c h o la m in e s  ( s e e  p . 2 8 5 ) .]

1. C o r tiso l:  I ts  p r o d u c t io n  in  th e  m id d le  la y e r  (z o n a  fa s c ic u la ta )  o f  th e  

a d re n a l  c o r te x  is  c o n tro l le d  b y  th e  h y p o th a la m u s ,  to  w h ic h  th e  p itu ita ry  

g la n d  is  a t ta c h e d  (F ig . 1 8 .2 6 ). In  r e s p o n s e  to  s e v e re  s tre s s  ( fo r  e x a m p le , 

in fe c tio n ) ,  c o r t ic o tro p in - re le a s in g  h o rm o n e  (C R H ), p ro d u c e d  b y  th e  

h y p o th a la m u s ,  t r a v e ls  th ro u g h  c a p i l la r ie s  to  th e  a n te r io r  lo b e  o f  th e  

p itu ita ry , w h e re  i t  in d u c e s  th e  p ro d u c t io n  a n d  s e c re t io n  o f  

a d re n o c o r t ic o tro p ic  h o rm o n e  (A C T H ), a  p e p t id e . A C T H  s t im u la te s  th e  

a d re n a l  c o r te x  to  s y n th e s iz e  a n d  s e c re te  th e  g lu c o c o r t ic o id  c o r t is o l,  th e  

s tre s s  h o rm o n e . [N o te : A C T H  b in d s  to  a  m e m b ra n e  G  p r o te in - c o u p le d  

re c e p to r ,  r e s u l t in g  in  c y c l ic  A M P  (c A M P ) p r o d u c t io n  a n d  a c t iv a t io n  o f



protein  kinase A  ([PKA] s e e  p . 9 4 ) . PKA  p h o s p h o ry la te s  a n d  a c tiv a te s  

b o th  th e  esterase  th a t  c o n v e r ts  c h o le s te ry l  e s te r  to  f re e  c h o le s te ro l  a n d  

S tA R  p ro te in .]  C o r t is o l  a l lo w s  th e  b o d y  to  r e s p o n d  to  s tre s s  th ro u g h  its  

e f fe c ts  o n  in te rm e d ia ry  m e ta b o l is m  ( fo r  e x a m p le , in c re a s e d  

g lu c o n e o g e n e s is )  a n d  th e  in f la m m a to ry  a n d  im m u n e  re s p o n s e s  (w h ic h  

a re  d e c re a s e d ) .  A s  c o r t is o l  le v e ls  r is e , th e  r e le a s e  o f  C R H  a n d  A C T H  is  

in h ib ite d . [N o te : T h e  r e d u c t io n  o f  c o r t is o l  in  C A H  re s u lts  in  a  r is e  in  

A C T H  th a t  c a u s e s  a d re n a l  h y p e rp la s ia .]



HYPOTHALAMUS

LUTEINIZING HORMONE

Induces testosterone 
synthesis in Leydig cells 
of the testis
Induces ovulation in females
Stimulates estrogen and 
progesterone synthesis in 
the corpus luteum /

FOLLICLE-STIMULATING
HORMONE
•  Stimulates secretion of 

estrogens in females or 
androgens in males

•  Promotes spermato
genesis in testes and 
oogenesis in ovaries

TESTIS



F ig u re  1 8 .2 6  P i tu i ta ry  h o rm o n e  s t im u la t io n  o f  s te ro id  h o rm o n e  s y n th e s is  a n d  

s e c re t io n .

2. A ld o s te ro n e :  I ts  p ro d u c t io n  in  th e  o u te r  la y e r  (z o n a  g lo m e ru lo s a )  o f  th e  

a d re n a l  c o r te x  is  in d u c e d  b y  a  d e c re a s e  in  th e  p la s m a  N a + /p o ta s s iu m  (K +) 

ra t io  a n d  b y  th e  h o rm o n e  a n g io te n s in  II  (A n g -I I ) .  A n g - I I  (a n  o c ta p e p tid e )  

is  p ro d u c e d  f ro m  a n g io te n s in  I ( [A n g -I ]  a  d e c a p e p tid e )  b y  angiotensin 
converting enzym e (ACE), a n  e n z y m e  fo u n d  p re d o m in a n t ly  in  th e  lu n g s  

b u t  a lso  d is tr ib u te d  w id e ly  in  th e  b o d y . [N o te : A n g - I  is  p ro d u c e d  in  th e  

b lo o d  b y  c le a v a g e  o f  a n  in a c t iv e  p re c u r s o r ,  a n g io te n s in o g e n ,  s e c re te d  b y  

th e  l iv e r . C le a v a g e  is  c a ta ly z e d  b y  renin, m a d e  a n d  s e c re te d  b y  th e  

k id n e y s .]  A n g - I I  b in d s  to  c e l l  s u r fa c e  r e c e p to rs .  H o w e v e r ,  in  c o n t r a s t  to  

A C T H , its  e f fe c ts  a re  m e d ia te d  th ro u g h  th e  p h o s p h a t id y l in o s i to l  4 ,5 -  

b is p h o s p h a te  p a th w a y  (s e e  p . 2 0 5 )  a n d  n o t  b y  c A M P . A ld o s te r o n e ’s 

p r im a ry  e f f e c t  is  o n  th e  k id n e y  tu b u le s ,  w h e re  i t  s t im u la te s  N a + a n d  w a te r  

u p ta k e  a n d  K+ e x c re t io n  (F ig . 1 8 .2 7 ). [N o te : A n  e f fe c t  o f  a ld o s te ro n e  is  

a n  in c re a s e  in  b lo o d  p re s s u re .  C o m p e ti t iv e  in h ib ito rs  o f  A C E  a re  u s e d  to  

t r e a t  renin -d e p e n d e n t  h y p e r te n s io n .]



ADRENAL CORTEX

ALDOSTERONE

• Stimulates renal reabsorption 
of Na+ and excretion of K+

CORTISOL

•  Increases gluconeogenesis
•  Anti-inflammatory action
•  Protein breakdown in muscle

ESTROGENS
• Control menstrual cycle
•  Promote development of female 

secondary sex characteristics

PROGESTERONE

• Secretory phase of uterus and 
mammary glands

•  Implantation and maturation of 
fertilized ovum

TESTOSTERONE

• Stimulates spermatogenesis
•  Promotes development of male 

secondary sex characteristics
•  Promotes anabolism
• Masculinization of the fetus



F ig u re  1 8 .2 7  A c tio n s  o f  s te ro id  h o rm o n e s .  N a+ = s o d iu m ; K+ = p o ta s s iu m .

3. A n d ro g e n s :  B o th  th e  in n e r  (z o n a  r e t ic u la r is )  a n d  m id d le  la y e rs  o f  th e  

a d re n a l  c o r te x  p ro d u c e  a n d ro g e n s , p r im a r i ly  d e h y d ro e p ia n d ro s te ro n e  a n d  

a n d ro s te n e d io n e .  A lth o u g h  a d re n a l  a n d ro g e n s  th e m s e lv e s  a re  w e a k , th e y  

a re  c o n v e r te d  b y  arom atase (CYP19) to  te s to s te ro n e ,  a  s t ro n g e r  

a n d ro g e n , in  th e  te s te s  a n d  to  e s tro g e n s  in  th e  o v a r ie s  (p r im a r ily )  o f  

p r e m e n o p a u s a l  w o m e n . [N o te : P o s tm e n o p a u s a l  w o m e n  p ro d u c e  e s tro g e n  

a t  e x tr a g o n a d a l  s i te s  s u c h  as  th e  b re a s t .  A rom atase  in h ib i to r s  a re  u s e d  in  

th e  t r e a tm e n t  o f  e s tro g e n - re s p o n s iv e  b r e a s t  c a n c e r  in  th e s e  w o m e n .]

C. Gonadal steroid hormones
T h e  te s te s  a n d  o v a r ie s  (g o n a d s )  s y n th e s iz e  h o rm o n e s  n e c e s s a ry  fo r  s e x u a l  

d if f e re n t ia t io n  a n d  re p ro d u c t io n .  A  s in g le  h y p o th a la m ic -  r e le a s in g  fa c to r , 

g o n a d o tro p in - re le a s in g  h o rm o n e , s t im u la te s  th e  a n te r io r  p i tu i ta ry  to  re le a s e  

th e  g ly c o p ro te in s  lu te in iz in g  h o rm o n e  (L H ) a n d  fo l l ic le - s t im u la t in g  

h o rm o n e  (F S H ). L ik e  A C T H , L H  a n d  F S H  b in d  to  s u r fa c e  r e c e p to r s  a n d  

c a u s e  a n  in c re a s e  in  c A M P . L H  s t im u la te s  th e  te s te s  to  p ro d u c e  te s to s te ro n e  

a n d  th e  o v a r ie s  to  p ro d u c e  e s tro g e n s  a n d  p ro g e s te ro n e  (se e  F ig . 1 8 .2 7 ). 

F S H  re g u la te s  th e  g ro w th  o f  o v a r ia n  fo l l ic le s  a n d  s t im u la te s  te s t ic u la r  

s p e rm a to g e n e s is .

D. Mechanism
E a c h  s te ro id  h o rm o n e  d if fu s e s  a c ro s s  th e  p la s m a  m e m b ra n e  o f  i ts  ta rg e t  c e ll  

a n d  b in d s  to  a  s p e c if ic  c y to s o l ic  o r  n u c le a r  r e c e p to r .  T h e s e  r e c e p to r - l ig a n d  

c o m p le x e s  a c c u m u la te  in  th e  n u c le u s ,  d im e r iz e ,  a n d  b in d  to  s p e c if ic  

r e g u la to ry  D N A  s e q u e n c e s  (h o rm o n e  r e s p o n s e  e le m e n ts  [H R E ])  in  

a s s o c ia t io n  w i th  c o a c t iv a to r  p ro te in s ,  th e re b y  c a u s in g  in c re a s e d  

tr a n s c r ip t io n  o f  ta rg e te d  g e n e s  (F ig . 1 8 .2 8 ). A n  H R E  is  fo u n d  in  th e  

p ro m o te r  o r  a n  e n h a n c e r  e le m e n t  (s e e  p . 4 4 0 )  fo r  g e n e s  th a t  r e s p o n d  to  a  

s p e c if ic  s te ro id  h o rm o n e , th u s  in s u r in g  c o o rd in a te d  r e g u la t io n  o f  th e s e  

g e n e s . H o r m o n e - r e c e p to r  c o m p le x e s  c a n  a lso  in h ib i t  t r a n s c r ip t io n  in  

a s s o c ia t io n  w ith  c o re p re s s o rs .  [N o te : T h e  b in d in g  o f  a  h o rm o n e  to  its  

r e c e p to r  c a u s e s  a  c o n fo rm a tio n a l  c h a n g e  in  th e  r e c e p to r  th a t  u n c o v e r s  its



D N A -b in d in g  d o m a in , a l lo w in g  th e  c o m p le x  to  in te r a c t  th ro u g h  a  z in c  

f in g e r  m o t i f  w i th  th e  a p p ro p r ia te  D N A  s e q u e n c e . R e c e p to rs  fo r  th e  s te ro id  

h o rm o n e s , p lu s  th o s e  fo r  th y ro id  h o rm o n e ,  r e t in o ic  a c id  (s e e  p . 3 8 6 ) , a n d  

1 ,2 5 -d ih y d ro x y c h o le c a lc if e ro l  (v ita m in  D ; s e e  p . 3 9 0 ) , a re  m e m b e rs  o f  a  

s u p e r fa m ily  o f  s t ru c tu ra l ly  re la te d  g e n e  r e g u la to r s  th a t  fu n c t io n  in  a  s im ila r  

w a y .]





F ig u re  1 8 .2 8  A c tiv a t io n  o f  t r a n s c r ip t io n  b y  in te ra c t io n  o f  s te ro id  h o r m o n e -  

re c e p to r  c o m p le x  w ith  h o rm o n e  r e s p o n s e  e le m e n t  (H R E ) . T h e  r e c e p to r  c o n ta in s  

d o m a in s  th a t  b in d  th e  h o rm o n e , D N A , a n d  c o a c t iv a t in g  p ro te in s .  m R N A  = 

m e s s e n g e r  R N A .

E. Further metabolism
S te ro id  h o rm o n e s  a re  g e n e ra lly  c o n v e r te d  in to  in a c t iv e  m e ta b o l ic  e x c re tio n  

p ro d u c ts  in  th e  l iv e r . R e a c tio n s  in c lu d e  r e d u c t io n  o f  u n s a tu r a te d  b o n d s  a n d  

th e  in t ro d u c t io n  o f  a d d i t io n a l  h y d ro x y l  g ro u p s . T h e  re s u lt in g  s tru c tu re s  a re  

m a d e  m o re  s o lu b le  b y  c o n ju g a t io n  w ith  g lu c u ro n ic  a c id  o r  s u lf a te  ( f ro m  3 '-  

p h o s p h o a d e n o s y l-5 '- p h o s p h o s u l f a te ;  s e e  p . 1 6 2 ). T h e s e  c o n ju g a te d  

m e ta b o l i te s  a re  fa ir ly  w a te r  s o lu b le  a n d  d o  n o t  n e e d  p ro te in  c a r r ie rs .  T h e y  

a re  e l im in a te d  in  fe c e s  a n d  u r in e .



VIII. CHAPTER SUMMARY

C h o le s te ro l  is  a  h y d ro p h o b ic  c o m p o u n d , w ith  a  s in g le  h y d ro x y l  g ro u p  

lo c a te d  a t  c a rb o n  3 o f  th e  A  r in g , to  w h ic h  a  fa t ty  a c id  (F A ) c a n  b e  

a t ta c h e d , p ro d u c in g  a n  e v e n  m o re  h y d ro p h o b ic  c h o le s te ry l  e s te r . 

C h o le s te ro l  is  s y n th e s iz e d  b y  v ir tu a l ly  a l l  h u m a n  tis s u e s ,  a l th o u g h  

p r im a r i ly  b y  th e  l iv e r , in te s t in e , a d re n a l  c o r te x , a n d  r e p ro d u c t iv e  t i s s u e s  

(F ig . 1 8 .2 9 ). A ll  th e  c a rb o n  a to m s  a re  p ro v id e d  b y  a c e ty l  c o e n z y m e  A  

(C o A ), a n d  n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te  p ro v id e s  th e  

re d u c in g  e q u iv a le n ts .  T h e  p a th w a y  is  d r iv e n  b y  h y d ro ly s is  o f  th e  h ig h -  

e n e rg y  th io e s te r  b o n d  o f  a c e ty l  C o A  a n d  th e  te rm in a l  p h o s p h a te  b o n d  o f  

A T P . S y n th e s is  r e q u ire s  e n z y m e s  o f  th e  c y to so l ,  s m o o th  e n d o p la s m ic  

r e t ic u lu m  (S E R ) , a n d  p e ro x is o m e s .  T h e  r a te - l im it in g  a n d  r e g u la te d  s te p  in  

c h o le s te ro l  s y n th e s is  is  c a ta ly z e d  b y  th e  S E R -m e m b ra n e  p ro te in  

hydroxym ethylglu taryl coenzym e A  (H M G  CoA) reductase, w h ic h  

p ro d u c e s  m e v a lo n a te  f ro m  H M G  C o A . T h e  e n z y m e  is  r e g u la te d  b y  a  

n u m b e r  o f  m e c h a n is m s : 1) in c re a s e d  e x p re s s io n  o f  th e  reductase  g e n e  

w h e n  c h o le s te ro l  le v e ls  a re  lo w , v ia  th e  t r a n s c r ip t io n  fa c to r , s te ro l  

r e g u la to ry  e le m e n t - b in d in g  p ro te in -2  (S R E B P -2 ) ,  b o u n d  to  a  s te ro l  

r e g u la to ry  e le m e n t  (S R E ), r e s u l t in g  in  in c re a s e d  e n z y m e  a n d , th e re fo re ,  

c h o le s te ro l ,  s y n th e s is ;  2 ) a c c e le ra te d  d e g ra d a t io n  o f  th e  reductase  p ro te in  

w h e n  c h o le s te ro l  le v e ls  a re  h ig h ; 3 ) p h o s p h o ry la t io n  (c a u s in g  in a c t iv a t io n  

o f  reductase  a c t iv i ty )  b y  adenosine m on ophosphate-activa ted  protein  
kinase  [A M P K ] a n d  d e p h o s p h o ry la t io n  ( a c t iv a t io n )  b y  a  phosphoprotein  

phosphatase; a n d  4 )  h o rm o n a l  r e g u la t io n  b y  in s u l in  a n d  g lu c a g o n . S ta t in s  

a re  c o m p e ti t iv e  in h ib i to rs  o f  H M G  CoA reductase . T h e s e  d ru g s  a re  u s e d  to  

d e c re a s e  p la s m a  c h o le s te ro l  in  p a t ie n ts  w i th  h y p e rc h o le s te ro le m ia .  T h e  r in g  

s tru c tu re  o f  c h o le s te ro l  c a n n o t  b e  d e g ra d e d  in  h u m a n s .

C h o le s te ro l  is  e l im in a te d  f ro m  th e  b o d y  e i th e r  b y  c o n v e r s io n  to  b i le  s a l ts  o r  

b y  s e c re t io n  in to  th e  b ile .  B ile  s a lts  a n d  p h o s p h a t id y lc h o l in e  (P C )  a re  

q u a n t i ta t iv e ly  th e  m o s t  im p o r ta n t  o rg a n ic  c o m p o n e n ts  o f  b ile .  T h e  ra te -  

l im i t in g  s te p  in  b i le  a c id  s y n th e s is  is  c a ta ly z e d  b y  cholesterol-7-a- 
hydroxylase, w h ic h  is  in h ib i te d  b y  b i le  a c id s . B e fo re  th e  b i le  a c id s  le a v e  

th e  l iv e r , th e y  a re  c o n ju g a te d  to  a  m o le c u le  o f  e i th e r  g ly c in e  o r  ta u r in e ,



p ro d u c in g  th e  c o n ju g a te d  b i le  s a lts  g ly c o c h o lic  o r  ta u ro c h o lic  a c id  a n d  

g ly c o c h e n o d e o x y c h o lic  o r  ta u ro c h e n o d e o x y c h o lic  a c id . B ile  s a lts  

(d e p ro to n a te d )  a re  m o re  a m p h ip a th ic  th a n  b i le  a c id s  (p ro to n a te d )  a n d , 

th e re fo re ,  a re  m o re  e f f e c tiv e  e m u ls if ie r s  o f  d ie ta ry  fa t. In te s t in a l  b a c te r ia  

c a n  r e m o v e  th e  g ly c in e  a n d  ta u r in e  a s  w e l l  a s  a  h y d ro x y l  g ro u p  f ro m  th e  

s te ro id  n u c le u s ,  p ro d u c in g  th e  s e c o n d a ry  b i le  s a lts , d e o x y c h o l ic  a n d  

l i th o c h o l ic  a c id s . B ile  s a lts  a re  e f f ic ie n t ly  r e a b s o rb e d  (> 9 5 % ) in  th e  

in te s t in a l  i le u m  b y  a  s o d iu m - b i le  s a l t  c o tr a n s p o r te r ,  r e tu rn e d  to  th e  b lo o d , 

a n d  c a r r ie d  b y  a lb u m in  b a c k  to  th e  l iv e r  w h e re  th e y  a re  ta k e n  u p  b y  th e  

h e p a t ic  is o fo rm  o f  th e  c o tr a n s p o r te r  a n d  r e u s e d  ( e n te ro h e p a t ic  c irc u la t io n , 

w h ic h  b i le  a c id  s e q u e s tr a n ts  re d u c e ) .  I f  m o re  c h o le s te ro l  e n te r s  th e  b ile  

th a n  c a n  b e  s o lu b i l iz e d  b y  th e  a v a i la b le  b i le  s a lts  a n d  P C , c h o le s te ro l  

g a l ls to n e  d is e a s e  (c h o le l i th ia s is )  c a n  o c c u r .

T h e  p la s m a  l ip o p ro te in s  (s e e  F ig . 1 8 .2 9 ) in c lu d e  c h y lo m ic ro n s ,  v e ry -  

lo w -d e n s i ty  l ip o p ro te in s  (V L D L ) , in te rm e d ia te -d e n s i ty  l ip o p ro te in s  ( ID L ), 

lo w -d e n s i ty  l ip o p ro te in s  (L D L ) , a n d  h ig h -d e n s i ty  l ip o p ro te in s  (H D L ) . T h e y  

fu n c t io n  to  k e e p  l ip id s  (p r im a r ily  t r ia c y lg ly c e ro l  [T A G ] a n d  c h o le s te ry l  

e s te rs )  s o lu b le  a s  th e y  t r a n s p o r t  th e m  b e tw e e n  tis s u e s .  L ip o p ro te in s  a re  

c o m p o s e d  o f  a  n e u t r a l  l ip id  (T A G , c h o le s te ry l  e s te rs , o r  b o th )  c o re  

s u r ro u n d e d  b y  a  s h e ll  o f  a m p h ip a th ic  a p o l ip o p ro te in s ,  p h o s p h o lip id ,  a n d  

n o n e s te r i f ie d  c h o le s te ro l .  C h y lo m ic ro n s  a re  a s s e m b le d  in  in te s t in a l  

m u c o s a l  c e l ls  f ro m  d ie ta ry  l ip id s  (p r im a r ily  T A G ). E a c h  n a s c e n t  

c h y lo m ic ro n  p a r t ic le  h a s  o n e  m o le c u le  o f  a p o l ip o p ro te in  (a p o )  B -4 8 . T h e y  

a re  re le a s e d  f ro m  th e  c e l ls  in to  th e  ly m p h a tic  s y s te m  a n d  tr a v e l  to  th e  

b lo o d , w h e re  th e y  r e c e iv e  a p o  C -I I  a n d  a p o  E  f ro m  H D L . A p o  C -II  

a c t iv a te s  e n d o th e l ia l  lipoprotein lipase  (L P L ) , w h ic h  d e g ra d e s  th e  T A G  in  

c h y lo m ic ro n s  to  F A  a n d  g ly c e ro l.  T h e  F A  th a t  a re  re le a s e d  a re  s to re d  (in  

a d ip o s e  t is s u e )  o r  u s e d  fo r  e n e rg y  ( in  m u s c le ) .  T h e  g ly c e ro l  is  m e ta b o l iz e d  

b y  th e  l iv e r . P a tie n ts  w ith  a  d e f ic ie n c y  o f  LPL  o r  a p o  C -I I  s h o w  a  d ra m a tic  

a c c u m u la t io n  o f  c h y lo m ic ro n s  in  th e  p la s m a  ( ty p e  I h y p e r l ip o p ro te in e m ia  

o r  f a m ilia l  c h y lo m ic ro n e m ia )  e v e n  if  f a s te d . A f te r  m o s t  o f  th e  T A G  is  

re m o v e d , a p o  C -I I  is  r e tu rn e d  to  H D L , a n d  th e  c h y lo m ic ro n  re m n a n t,  

c a r ry in g  m o s t  o f  th e  d ie ta ry  c h o le s te ro l ,  b in d s  to  a  l iv e r  re c e p to r  th a t  

r e c o g n iz e s  a p o  E . T h e  p a r t ic le  is  e n d o c y to s e d , a n d  its  c o n te n ts  d e g ra d e d  b y  

ly s o s o m a l e n z y m e s . D e fe c t iv e  u p ta k e  o f  th e s e  re m n a n ts  (a n d  ID L )  c a u s e s  

ty p e  I II  h y p e r l ip o p ro te in e m ia  o r  d y s b e ta l ip o p ro te in e m ia .  N a s c e n t  V L D L  

a re  p ro d u c e d  in  th e  l iv e r  a n d  a re  c o m p o s e d  p re d o m in a n t ly  o f  T A G . T h e y  

c o n ta in  a  s in g le  m o le c u le  o f  a p o  B -1 0 0 . L ik e  c h y lo m ic ro n s ,  V L D L  re c e iv e



a p o  C -I I  a n d  a p o  E  f ro m  H D L  in  th e  p la sm a . V L D L  c a r ry  h e p a t ic  T A G  to  

th e  p e r ip h e ra l  t i s s u e s  w h e re  LPL  d e g ra d e s  th e  l ip id . A d d it io n a l ly ,  th e  

V L D L  p a r t ic le  r e c e iv e s  c h o le s te ry l  e s te rs  f ro m  H D L  in  e x c h a n g e  fo r  T A G . 

T h is  p ro c e s s  is  a c c o m p lis h e d  b y  cholesteryl ester transfer protein  (CETP). 
V L D L  in  th e  p la s m a  is  f i r s t  c o n v e r te d  to  ID L  a n d  th e n  to  L D L , a  m u c h  

sm a lle r ,  d e n s e r  p a r t ic le .  A p o  C -I I  a n d  a p o  E  a re  r e tu rn e d  to  H D L , b u t  th e  

L D L  re ta in s  a p o  B -1 0 0 , w h ic h  is  r e c o g n iz e d  b y  r e c e p to r s  o n  p e r ip h e ra l  

t i s s u e s  a n d  th e  l iv e r . L D L  u n d e rg o  r e c e p to r -m e d ia te d  e n d o c y to s is ,  a n d  th e ir  

c o n te n ts  a re  d e g ra d e d  in  th e  ly s o s o m e s . T h e  p ro te a s e  proprotein  
convertase subtilisin/kexin type 9 (PCSK9) p re v e n ts  r e c e p to r  re c y c lin g . 

D e fe c ts  in  th e  s y n th e s is  o f  f u n c t io n a l  L D L  re c e p to r s  c a u s e s  ty p e  I Ia  

h y p e r l ip o p ro te in e m ia  ( fa m il ia l  h y p e rc h o le s te ro le m ia  [F H ]) . T h e  

e n d o c y to s e d  c h o le s te ro l  d e c re a s e s  e x p re s s io n  o f  H M G  CoA reductase  (a n d  

L D L  re c e p to rs )  th ro u g h  p re v e n t io n  o f  S R E B P -2  b in d in g  to  th e  S R E . S o m e  

o f  i t  c a n  b e  e s te r i f ie d  b y  acyl CoA :cholesterol acyltransferase (ACAT) a n d  

s to re d . H D L  a re  c re a te d  b y  l ip id a t io n  o f  a p o  A -1  s y n th e s iz e d  in  th e  l iv e r  

a n d  in te s t in e . T h e y  h a v e  a  n u m b e r  o f  fu n c t io n s ,  in c lu d in g  1) s e rv in g  as  a  

c i r c u la t in g  r e s e rv o ir  o f  a p o  C -I I  a n d  a p o  E  fo r  c h y lo m ic ro n s  a n d  V L D L ; 2) 

r e m o v in g  c h o le s te ro l  f ro m  p e r ip h e ra l  t i s s u e s  v ia  A B C A 1  a n d  e s te r i fy in g  i t  

u s in g  lecithin:cholesterol acyl transferase (LCAT), a  l iv e r - s y n th e s iz e d  

p la s m a  e n z y m e  th a t  is  a c t iv a te d  b y  a p o  A -1 ; a n d  3 ) d e l iv e r in g  th e se  

c h o le s te ry l  e s te rs  to  th e  l iv e r  ( r e v e rs e  c h o le s te ro l  tr a n s p o r t )  fo r  u p ta k e  v ia  

s c a v e n g e r  r e c e p to r - B l  (S R -B 1 ) .

C h o le s te ro l  is  th e  p re c u r s o r  o f  a l l  c la s s e s  o f  s te ro id  h o rm o n e s ,  w h ic h  

in c lu d e  g lu c o c o r t ic o id s ,  m in e ra lo c o r t ic o id s ,  a n d  th e  s e x  h o rm o n e s  

(a n d ro g e n s , e s tro g e n s , a n d  p ro g e s tin s ) .  S y n th e s is ,  u s in g  p r im a r ily  

c y to c h ro m e  P 4 5 0  m ixed function oxidases, o c c u rs  in  th e  a d re n a l  c o r te x  

(c o r t is o l  in  th e  z o n a  fa s c ic u la ta ,  a ld o s te ro n e  in  th e  z o n a  g lo m e ru lo s a , a n d  

a n d ro g e n s  in  th e  z o n a  re t ic u la r is ) ,  o v a r ie s  a n d  p la c e n ta  ( e s tro g e n s  a n d  

p ro g e s tin s ) ,  a n d  te s te s  ( te s to s te ro n e ) .  T h e  in i t ia l  a n d  r a te - l im it in g  s te p  is  th e  

c o n v e r s io n  o f  c h o le s te ro l  to  p re g n e n o lo n e  b y  th e  s id e -c h a in  c le a v a g e  

e n z y m e  P 450scc. D e f ic ie n c ie s  in  s y n th e s is  le a d  to  c o n g e n i ta l  a d re n a l  

h y p e rp la s ia  (C A H ). E a c h  s te ro id  h o rm o n e  d if fu s e s  a c ro s s  th e  p la s m a  

m e m b ra n e  o f  its  ta rg e t  c e l l  a n d  b in d s  to  a  s p e c if ic  in t r a c e l lu la r  r e c e p to r .  

T h e s e  r e c e p to r - h o r m o n e  c o m p le x e s  a c c u m u la te  in  th e  n u c le u s ,  d im e r iz e ,  

a n d  b in d  to  s p e c if ic  r e g u la to ry  D N A  s e q u e n c e s  (h o rm o n e  re s p o n s e  

e le m e n ts )  in  a s s o c ia t io n  w ith  c o a c t iv a to r  p ro te in s ,  th e re b y  c a u s in g  

in c re a s e d  t r a n s c r ip t io n  o f  ta rg e te d  g e n e s . In  a s s o c ia t io n  w i th  c o re p re s s o rs ,



t r a n s c r ip t io n  is  d e c re a s e d .

F ig u re  1 8 .2 9  C o n c e p t  m a p  fo r  c h o le s te ro l  a n d  th e  l ip o p ro te in s .  H M G  C o A  = 

h y d ro x y m e th y lg lu ta ry l  c o e n z y m e  A ; S R E B P  =  s te ro l  r e g u la to ry  e le m e n t

b in d in g  p ro te in ;  H D L , L D L , a n d  V L D L  = h ig h - ,  lo w - , a n d  v e ry - lo w -d e n s i ty



l ip o p ro te in s ;  T A G  = tr ia c y lg ly c e ro l ;  N A D P H  = n ic o t in a m id e  a d e n in e  

d in u c le o t id e  p h o s p h a te ;  C  = c a rb o n .

Study Questions

Choose th e  O N E  b e s t  a n s w e r .

8 .1 . M ic e  w e re  g e n e t ic a l ly  e n g in e e re d  to  c o n ta in  h y d r o x y m e th y lg lu ta ry l  

c o e n z y m e  A  re d u c ta s e  in  w h ic h  s e r in e  8 7 1 , a  p h o s p h o ry la t io n  s ite , w a s  

r e p la c e d  b y  a la n in e . W h ic h  o f  th e  fo llo w in g  s ta te m e n ts  c o n c e rn in g  th e  

m o d if ie d  fo rm  o f  th e  e n z y m e  is  m o s t  l ik e ly  to  b e  c o r re c t?

A . T h e  e n z y m e  is  n o n re s p o n s iv e  to  A T P  d e p le tio n .

B . T h e  e n z y m e  is  n o n re s p o n s iv e  to  s ta t in  d ru g s .

C . T h e  e n z y m e  is  n o n re s p o n s iv e  to  th e  s te ro l  r e s p o n s e  e le m e n t - s t e r o l  

r e s p o n s e  e le m e n t - b in d in g  p ro te in  s y s te m .

D . T h e  e n z y m e  is  u n a b le  to  b e  d e g ra d e d  b y  th e  u b iq u i t in -p r o te a s o m e  

sy s te m .

C o r r e c t  a n s w e r  = A . T h e  r e d u c ta s e  is  r e g u la te d  b y  c o v a le n t  p h o s p h o ry la t io n  

a n d  d e p h o s p h o ry la t io n .  D e p le t io n  o f  A T P  re s u lts  in  a  r is e  in  a d e n o s in e  

m o n o p h o s p h a te  (A M P ) , w h ic h  a c t iv a te s  A M P  k in a s e  (A M P K ), th e re b y  

p h o s p h o ry la t in g  a n d  in a c t iv a t in g  th e  r e d u c ta s e .  In  th e  a b s e n c e  o f  th e  s e r in e , a  

c o m m o n  p h o s p h o ry la t io n  s ite , th e  e n z y m e  c a n n o t  b e  p h o s p h o ry la te d  b y  

A M P K . T h e  e n z y m e  is  a lso  r e g u la te d  p h y s io lo g ic a l ly  th ro u g h  c h a n g e s  in  

tr a n s c r ip t io n  a n d  d e g ra d a t io n  a n d  p h a rm a c o lo g ic a l ly  b y  s ta t in  d ru g s  

( c o m p e ti t iv e  in h ib ito rs ) ,  b u t  n o n e  o f  th e s e  d e p e n d s  o n  s e r in e  p h o s p h o ry la t io n .

8 .2 . C a lc u la te  th e  a m o u n t  o f  c h o le s te ro l  in  th e  lo w -d e n s i ty  l ip o p ro te in s  in  a n  

in d iv id u a l  w h o s e  fa s t in g  b lo o d  g a v e  th e  fo l lo w in g  l ip id -p a n e l  te s t  re su lts : 

to ta l  c h o le s te ro l  = 3 0 0  m g /d l,  h ig h -d e n s i ty  l ip o p ro te in  c h o le s te ro l  = 2 5  

m g /d l,  t r ig ly c e r id e s  = 1 5 0  m g /d l.

A . 5 5  m g /d l

B . 9 5  m g /d l

C . 1 2 5  m g /d l

D . 2 4 5  m g /d l



C o r re c t  a n s w e r  = D . T h e  to ta l  c h o le s te ro l  in  th e  b lo o d  o f  a  fa s te d  in d iv id u a l  is  

e q u a l  to  th e  s u m  o f  th e  c h o le s te ro l  in  lo w -d e n s i ty  l ip o p ro te in s  p lu s  th e  

c h o le s te ro l  in  h ig h -d e n s i ty  l ip o p ro te in s  p lu s  th e  c h o le s te ro l  in  v e ry - lo w -  

d e n s ity  l ip o p ro te in s  (V L D L ) . T h is  la s t  te rm  is  c a lc u la te d  b y  d iv id in g  th e  

t r ia c y lg ly c e ro l  v a lu e  b y  5 b e c a u s e  c h o le s te ro l  a c c o u n ts  fo r  a b o u t  1 /5  o f  th e  

v o lu m e  o f  V L D L  in  fa s te d  b lo o d .

F o r  Q u e s tio n s  1 8 .3  a n d  1 8 .4 , u s e  th e  fo llo w in g  s c e n a r io .

A  y o u n g  g ir l  w i th  a  h is to ry  o f  s e v e re  a b d o m in a l  p a in  w a s  ta k e n  to  h e r  lo c a l  

h o s p i ta l  a t  5 a .m . in  s e v e re  d is tre s s .  B lo o d  w a s  d ra w n , a n d  th e  p la s m a  a p p e a re d  

m ilk y , w ith  th e  t r ia c y lg ly c e ro l  le v e l  > 2 ,0 0 0  m g /d l  (n o rm a l = 4 - 1 5 0  m g /d l) .  T h e  

p a t ie n t  w a s  p la c e d  o n  a  d ie t  e x tr e m e ly  l im i te d  in  f a t  b u t  s u p p le m e n te d  w ith  

m e d iu m -c h a in  tr ig ly c e r id e s .

8 .3 . W h ic h  o f  th e  fo llo w in g  l ip o p ro te in  p a r t ic le s  a re  m o s t  l ik e ly  r e s p o n s ib le  fo r

th e  a p p e a ra n c e  o f  th e  p a t ie n t ’s p la s m a ?

A . C h y lo m ic ro n s

B . H ig h -d e n s i ty  l ip o p ro te in s

C . In te rm e d ia te -d e n s i ty  l ip o p ro te in s

D . L o w -d e n s i ty  l ip o p ro te in s

E . V e ry - lo w -d e n s i ty  l ip o p ro te in s

C o r r e c t  a n s w e r  = A . T h e  m ilk y  a p p e a ra n c e  o f  h e r  p la s m a  w a s  a  r e s u l t  o f  

tr ia c y lg ly c e ro l - r ic h  c h y lo m ic ro n s . B e c a u s e  5 a .m . is  p re s u m a b ly  s e v e ra l  h o u rs  

a f te r  h e r  e v e n in g  m e a l,  th e  p a t ie n t  m u s t  h a v e  d if f ic u lty  d e g ra d in g  th e se  

l ip o p ro te in  p a r t ic le s .  In te rm e d ia te - ,  lo w - , a n d  h ig h -d e n s i ty  l ip o p ro te in s  c o n ta in  

p r im a r i ly  c h o le s te ry l  e s te rs , a n d , i f  o n e  o r  m o re  o f  th e s e  p a r t ic le s  w a s  e le v a te d , 

i t  w o u ld  c a u s e  h y p e rc h o le s te ro le m ia .  V e ry - lo w -d e n s i ty  l ip o p ro te in s  d o  n o t  

c a u s e  th e  d e s c r ib e d  m ilk y  a p p e a ra n c e  o f  p la sm a .

8 .4 . W h ic h  o n e  o f  th e  fo llo w in g  p ro te in s  is  m o s t  l ik e ly  to  b e  d e f ic ie n t  in  th is  

p a t ie n t?

A . A p o lip o p ro te in  A - I

B . A p o lip o p ro te in  B -4 8

C . A p o lip o p ro te in  C -II

D . C h o le s te ry l  e s te r  t r a n s fe r  p ro te in



E . M ic ro s o m a l t r ig ly c e r id e  t r a n s f e r  p ro te in

C o r r e c t  a n s w e r  = C . T h e  t r ia c y lg ly c e ro l  (T A G ) in  c h y lo m ic ro n s  is  d e g ra d e d  b y  

e n d o th e l ia l  l ip o p ro te in  l ip a s e  (L P L ) , w h ic h  r e q u ire s  a p o l ip o p ro te in  (a p o )  C -II  

as  a  c o e n z y m e . D e f ic ie n c y  o f  L P L  o r  a p o  C -I I  r e s u l ts  in  d e c re a s e d  a b i l i ty  to  

d e g ra d e  c h y lo m ic ro n s  to  th e ir  r e m n a n ts ,  w h ic h  g e t  c le a re d  (v ia  a p o  E ) b y  l iv e r  

re c e p to rs .  A p o  A -I  is  th e  c o e n z y m e  fo r  le c i th in :c h o le s te ro l  a c y l tra n s fe ra s e ;  a p o  

B -4 8  is  th e  c h a ra c te r is t ic  s t ru c tu ra l  p ro te in  o f  c h y lo m ic ro n s ;  c h o le s te ry l  e s te r  

t r a n s fe r  p ro te in  c a ta ly z e s  th e  c h o le s te ry l  e s te r - T A G  e x c h a n g e  b e tw e e n  h ig h -  

d e n s ity  a n d  v e ry - lo w -d e n s i ty  l ip o p ro te in s  (V L D L ); a n d  m ic ro s o m a l 

tr ig ly c e r id e  t r a n s fe r  p ro te in  is  in v o lv e d  in  th e  fo rm a tio n , n o t  d e g ra d a tio n , o f  

c h y lo m ic ro n s  ( a n d  V L D L ) .

8 .5 . C o m p le te  th e  ta b le  b e lo w  fo r  a n  in d iv id u a l  w i th  c la s s ic  2 1 -a -h y d ro x y la s e  

d e f ic ie n c y  r e la t iv e  to  a  n o rm a l  in d iv id u a l .

lo w  m ig h t  th e  r e s u lts  b e  c h a n g e d  i f  th is  in d iv id u a l  w e re  d e f ic ie n t  in  1 7 -a -  

h y d ro x y la s e ,  r a th e r  th a n  2 1 -a -  h y d ro x y la s e ?

C la s s ic  2 1 - a - h y d ro x y la s e  d e f ic ie n c y  c a u s e s  m in e ra lo c o r t ic o id s  ( a ld o s te ro n e )  

a n d  g lu c o c o r t ic o id s  (c o r t is o l)  to  b e  v ir tu a l ly  a b s e n t .  B e c a u s e  a ld o s te ro n e  

in c re a s e s  b lo o d  p re s s u re ,  a n d  c o r t is o l  in c re a s e s  b lo o d  g lu c o se , th e ir  

d e f ic ie n c ie s  r e s u l t  in  a  d e c re a s e  in  b lo o d  p re s s u re  a n d  b lo o d  g lu c o se , 

r e s p e c t iv e ly . C o r t is o l  n o rm a lly  fe e d s  b a c k  to  in h ib i t  a d re n o c o r t ic o tro p ic  

h o rm o n e  (A C T H ) r e le a s e  b y  th e  p itu ita ry , a n d , so , its  a b s e n c e  r e s u lts  in  a n  

e le v a tio n  in  A C T H . T h e  lo s s  o f  2 1 - a - h y d ro x y la s e  p u s h e s  p ro g e s te ro n e  a n d



p re g n e n o lo n e  to  a n d ro g e n  s y n th e s is  a n d , th e re fo re ,  c a u s e s  a n d ro s te n e d io n e  

le v e ls  to  r is e .

W ith  1 7 -a -h y d ro x y la s e  d e f ic ie n c y , s e x  h o rm o n e  s y n th e s is  w o u ld  b e  d e c re a s e d . 

M in e ra lo c o r t ic o id  p ro d u c t io n  w o u ld  b e  in c re a s e d , le a d in g  to  h y p e r te n s io n .
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Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

U n lik e  fa ts  a n d  c a rb o h y d ra te s ,  a m in o  a c id s  a re  n o t  s to re d  b y  th e  b o d y . T h a t  is , 

n o  p ro te in  e x is ts  w h o s e  s o le  fu n c t io n  is  to  m a in ta in  a  s u p p ly  o f  a m in o  a c id s  fo r  

fu tu re  u se . T h e re fo re ,  a m in o  a c id s  m u s t  b e  o b ta in e d  f ro m  th e  d ie t, s y n th e s iz e d  

d e  n o v o , o r  p ro d u c e d  f ro m  th e  d e g ra d a t io n  o f  b o d y  p ro te in .  A n y  a m in o  a c id s  in  

e x c e s s  o f  th e  b io s y n th e t ic  n e e d s  o f  th e  c e ll  a re  r a p id ly  d e g ra d e d . T h e  f i r s t  p h a s e  

o f  c a ta b o lis m  in v o lv e s  th e  r e m o v a l  o f  th e  a - a m in o  g ro u p s  (u s u a lly  b y  

t r a n s a m in a t io n  a n d  s u b s e q u e n t  o x id a t iv e  d e a m in a t io n ) ,  fo rm in g  a m m o n ia  a n d  

th e  c o r re s p o n d in g  a - k e to  a c id s , th e  c a rb o n  s k e le to n s  o f  a m in o  a c id s . A  p o r t io n  

o f  th e  f re e  a m m o n ia  is  e x c re te d  in  th e  u r in e , b u t  m o s t  is  u s e d  in  th e  s y n th e s is  o f  

u re a  (F ig . 1 9 .1 ), w h ic h  is  q u a n t i ta t iv e ly  th e  m o s t  im p o r ta n t  ro u te  fo r  d is p o s in g  

o f  n it ro g e n  f ro m  th e  b o d y . In  th e  s e c o n d  p h a s e  o f  a m in o  a c id  c a ta b o lis m , 

d e s c r ib e d  in  C h a p te r  2 0 , th e  c a rb o n  s k e le to n s  o f  th e  a - k e to  a c id s  a re  c o n v e r te d  

to  c o m m o n  in te rm e d ia te s  o f  e n e rg y -p ro d u c in g  m e ta b o l ic  p a th w a y s .  T h e s e  

c o m p o u n d s  c a n  b e  m e ta b o l iz e d  to  c a rb o n  d io x id e  (C O 2) a n d  w a te r  (H 2O ), 

g lu c o se , f a t ty  a c id s , o r  k e to n e  b o d ie s  b y  th e  c e n tra l  p a th w a y s  o f  m e ta b o l is m  

d e s c r ib e d  in  C h a p te r s  8 - 13  a n d  1 6 .





F ig u re  1 9 .1  U re a  c y c le  s h o w n  a s  p a r t  o f  th e  e s s e n t ia l  p a th w a y s  o f  e n e rg y  

m e ta b o l is m . [N o te : S e e  F ig . 8 .2 , p . 9 2 , fo r  a  m o re  d e ta i le d  m a p  o f  m e ta b o l is m .]  

N H 3 = a m m o n ia ;  C O 2 = c a rb o n  d io x id e .

II. OVERALL NITROGEN METABOLISM

A m in o  a c id  c a ta b o lis m  is  p a r t  o f  th e  la rg e r  p ro c e s s  o f  th e  m e ta b o l is m  o f  

n i t r o g e n -c o n ta in in g  m o le c u le s .  N itro g e n  e n te r s  th e  b o d y  in  a  v a r ie ty  o f  

c o m p o u n d s  p r e s e n t  in  fo o d , th e  m o s t  im p o r ta n t  b e in g  a m in o  a c id s  c o n ta in e d  in  

d ie ta ry  p ro te in .  N itro g e n  le a v e s  th e  b o d y  as  u re a , a m m o n ia , a n d  o th e r  p ro d u c ts  

d e r iv e d  f ro m  a m in o  a c id  m e ta b o l is m  (s u c h  a s  c re a tin in e , s e e  p . 2 8 7 ) . T h e  ro le  o f  

b o d y  p ro te in s  in  th e s e  t r a n s fo rm a tio n s  in v o lv e s  tw o  im p o r ta n t  c o n c e p ts :  th e  

a m in o  a c id  p o o l  a n d  p ro te in  tu rn o v e r .

A. Amino acid pool
F re e  a m in o  a c id s  a re  p r e s e n t  th r o u g h o u t  th e  b o d y , s u c h  a s  in  c e lls , b lo o d , 

a n d  th e  e x tr a c e l lu la r  f lu id s . F o r  th e  p u rp o s e  o f  th is  d is c u s s io n , e n v is io n  a ll 

o f  th e s e  a m in o  a c id s  as  if  th e y  b e lo n g e d  to  a  s in g le  e n tity , c a l le d  th e  a m in o  

a c id  p o o l. T h is  p o o l  is  s u p p lie d  b y  th re e  s o u rc e s : 1) a m in o  a c id s  p ro v id e d  

b y  th e  d e g ra d a t io n  o f  e n d o g e n o u s  (b o d y )  p ro te in s ,  m o s t  o f  w h ic h  a re  

re u t i l iz e d ;  2 ) a m in o  a c id s  d e r iv e d  f ro m  e x o g e n o u s  (d ie ta ry )  p ro te in ;  a n d  3) 

n o n e s s e n t ia l  a m in o  a c id s  s y n th e s iz e d  f ro m  s im p le  in te rm e d ia te s  o f  

m e ta b o l is m  (F ig . 1 9 .2 ). C o n v e rs e ly , th e  a m in o  a c id  p o o l  is  d e p le te d  b y  

th re e  ro u te s :  1) s y n th e s is  o f  b o d y  p ro te in ,  2 ) c o n s u m p tio n  o f  a m in o  a c id s  as  

p re c u r s o r s  o f  e s s e n t ia l  n i t r o g e n -c o n ta in in g  s m a l l  m o le c u le s ,  a n d  3) 

c o n v e r s io n  o f  a m in o  a c id s  to  g lu c o se , g ly c o g e n , fa t ty  a c id s , a n d  k e to n e  

b o d ie s  o r  o x id a t io n  to  C O 2 + H 2O  (s e e  F ig . 1 9 .2 ). A lth o u g h  th e  a m in o  a c id

p o o l  is  s m a l l  ( c o m p r is in g  ~ 9 0 - 1 0 0  g  o f  a m in o  a c id s )  in  c o m p a r is o n  w ith  

th e  a m o u n t  o f  p ro te in  in  th e  b o d y  (~ 1 2  k g  in  a  7 0 -k g  m a n ) , i t  is  

c o n c e p tu a l ly  a t  th e  c e n te r  o f  w h o le -b o d y  n it ro g e n  m e ta b o l is m .



TURNOVER
Protein turnover is the simultaneous 
synthesis and degradation of protein 
molecules. In healthy, fed adults, the 
total amount of protein in the body 
remains constant because the rate 
of protein synthesis is just sufficient 
to replace the protein that is 
degraded.

Dietary protein can vary 
from none (for example, 
fasting) to >600 g/day 
(high-protein diets), but 
100 g/day is typical of the 
U.S. diet.

Body 
protein 
-400 g/day

Synthesis of 
nonessential 
amino acids

I Varies

A m in o  a c id  p o o l

Varies

Synthesis of:
• Porphyrins
• Creatine
• Neurotransm itters
• Purines
• Pyrim id ines
• O ther n itrogen- 

conta in ing 
com pounds

Glucose,
glycogen

Ketone bodies, 
fatty acids

CO2 + H2O

The amino acids not used in 
biosynthetic reactions are 
burned as a fuel.



F ig u re  1 9 .2  S o u rc e s  a n d  fa te s  o f  a m in o  a c id s . [N o te : N itro g e n  f ro m  a m in o  a c id  

d e g ra d a t io n  is  r e le a s e d  a s  a m m o n ia , w h ic h  is  c o n v e r te d  to  u re a  a n d  e x c re te d .]  

C O 2 = c a rb o n  d io x id e .

In  h e a l th y , w e l l - f e d  in d iv id u a ls ,  th e  in p u t  to  th e  a m in o  a c id  p o o l  is  

b a la n c e d  b y  th e  o u tp u t. T h a t  is , th e  a m o u n t  o f  a m in o  a c id s  c o n ta in e d  in  th e  

p o o l  is  c o n s ta n t .  T h e  a m in o  a c id  p o o l  is  s a id  to  b e  in  a  s te a d y  s ta te , a n d  th e  

in d iv id u a l  is  s a id  to  b e  in  n i t r o g e n  b a la n c e  ( s e e  p . 3 6 7 ).

B. Protein turnover
M o s t p ro te in s  in  th e  b o d y  a re  c o n s ta n tly  b e in g  s y n th e s iz e d  a n d  th e n  

d e g ra d e d  ( tu rn e d  o v e r ) , p e rm it t in g  th e  r e m o v a l  o f  a b n o rm a l  o r  u n n e e d e d  

p ro te in s .  F o r  m a n y  p ro te in s ,  r e g u la t io n  o f  s y n th e s is  d e te rm in e s  th e  

c o n c e n tra t io n  o f  p ro te in  in  th e  c e ll, w ith  p ro te in  d e g ra d a t io n  a s s u m in g  a  

m in o r  ro le . F o r  o th e r  p ro te in s ,  th e  ra te  o f  s y n th e s is  is  c o n s t i tu t iv e  ( th a t  is , 

e s s e n tia l ly  c o n s ta n t) ,  a n d  c e l lu la r  le v e ls  o f  th e  p ro te in  a re  c o n tro l le d  b y  

s e le c tiv e  d e g ra d a tio n .

1. R a te : In  h e a l th y  a d u lts , th e  to ta l  a m o u n t  o f  p ro te in  in  th e  b o d y  re m a in s  

c o n s ta n t  b e c a u s e  th e  ra te  o f  p ro te in  s y n th e s is  is  ju s t  s u f f ic ie n t  to  r e p la c e  

th e  p ro te in  th a t  is  d e g ra d e d . T h is  p ro c e s s ,  c a l le d  p ro te in  tu rn o v e r ,  le a d s  

to  th e  h y d ro ly s is  a n d  r e s y n th e s is  o f  3 0 0 - 4 0 0  g  o f  b o d y  p ro te in  e a c h  d a y . 

T h e  r a te  o f  p ro te in  tu rn o v e r  v a r ie s  w id e ly  fo r  in d iv id u a l  p ro te in s .  S h o r t 

l iv e d  p ro te in s  ( fo r  e x a m p le , m a n y  r e g u la to ry  p ro te in s  a n d  m is fo ld e d  

p ro te in s )  a re  r a p id ly  d e g ra d e d , h a v in g  h a lf - l iv e s  m e a s u re d  in  m in u te s  o r  

h o u rs . L o n g - l iv e d  p ro te in s ,  w ith  h a lf - l iv e s  o f  d a y s  to  w e e k s , c o n s ti tu te  

th e  m a jo r i ty  o f  p ro te in s  in  th e  c e ll. S tru c tu ra l  p ro te in s ,  s u c h  as  c o l la g e n , 

a re  m e ta b o l ic a l ly  s ta b le  a n d  h a v e  h a lf - l iv e s  m e a s u re d  in  m o n th s  o r  y e a rs .

2. P ro te in  d e g ra d a tio n :  T h e re  a re  tw o  m a jo r  e n z y m e  s y s te m s  r e s p o n s ib le  

fo r  d e g ra d in g  p ro te in s :  th e  A T P -d e p e n d e n t  u b iq u i t in  ( U b ) - p r o te a s o m e  

s y s te m  o f  th e  c y to s o l  a n d  th e  A T P - in d e p e n d e n t  d e g ra d a t iv e  e n z y m e  

s y s te m  o f  th e  ly s o s o m e s .  P ro te a s o m e s  s e le c t iv e ly  d e g ra d e  d a m a g e d  o r  

s h o r t- l iv e d  p ro te in s .  L y s o s o m e s  u s e  acid  hydrolases  ( s e e  p . 1 6 2 ) to  

n o n s e le c t iv e ly  d e g ra d e  in t r a c e l lu la r  p ro te in s  (a u to p h a g y )  a n d  

e x tr a c e l lu la r  p ro te in s  (h e te ro p h a g y ) ,  s u c h  as  p la s m a  p ro te in s ,  th a t  a re



ta k e n  in to  th e  c e l l  b y  e n d o c y to s is .

a. U b iq u i t in - p r o te a s o m e  sy s te m : P ro te in s  s e le c te d  fo r  d e g ra d a t io n  b y  th e  

c y to s o l ic  u b iq u i t in -p r o te a s o m e  s y s te m  a re  f i r s t  m o d if ie d  b y  th e  

c o v a le n t  a t ta c h m e n t  o f  U b , a  sm a ll ,  g lo b u la r ,  n o n e n z y m ic  p ro te in  th a t  

is  h ig h ly  c o n s e rv e d  a c ro s s  e u k a ry o t ic  s p e c ie s .  U b iq u i t in a t io n  o f  th e  

ta rg e t  s u b s t r a te  o c c u rs  th ro u g h  is o p e p t id e  l in k a g e  o f  th e  a - c a r b o x y l  

g ro u p  o f  th e  C - te rm in a l  g ly c in e  o f  U b  to  th e  e -a m in o  g ro u p  o f  a  ly s in e  

in  th e  p ro te in  s u b s t r a te  b y  a  th re e -s te p , e n z y m e -c a ta ly z e d ,  A T P -  

d e p e n d e n t  p ro c e s s .  [N o te : E nzym e 1 (E1, a n  a c t iv a t in g  e n z y m e )  

a c t iv a te s  U b , w h ic h  is  th e n  t r a n s f e r r e d  to  E 2  (a  c o n ju g a t in g  e n z y m e ) . 

E3  (a  ligase) id e n tif ie s  th e  p ro te in  to  b e  d e g ra d e d  a n d  in te ra c ts  w ith  

E 2 -U b .  T h e re  a re  m a n y  m o re  E3  p ro te in s  th a n  th e re  a re  E1 o r  E 2 .]  

T h e  c o n s e c u t iv e  a d d i t io n  o f  fo u r  o r  m o re  U b  m o le c u le s  to  th e  ta rg e t  

p ro te in  g e n e ra te s  a  p o ly u b iq u i t in  c h a in . P ro te in s  ta g g e d  w ith  U b  

c h a in s  a re  r e c o g n iz e d  b y  a  la rg e , b a r re l - s h a p e d ,  m a c ro m o le c u la r ,  

p ro te o ly t ic  c o m p le x  c a l le d  a  p ro te a s o m e  (F ig . 1 9 .3 ). T h e  p ro te a s o m e  

u n fo ld s ,  d e u b iq u it in a te s ,  a n d  c u ts  th e  ta rg e t  p ro te in  in to  f ra g m e n ts  th a t  

a re  th e n  fu r th e r  d e g ra d e d  b y  c y to s o l ic  proteases  to  a m in o  a c id s , w h ic h  

e n te r  th e  a m in o  a c id  p o o l. T h e  U b  is  r e c y c le d . I t  is  n o te w o r th y  th a t  th e  

s e le c tiv e  d e g ra d a t io n  o f  p ro te in s  b y  th e  u b iq u i t in -p r o te o s o m e  c o m p le x  

(u n lik e  s im p le  h y d ro ly s is  b y  p ro te o ly t ic  e n z y m e s )  r e q u ire s  A T P  

h y d ro ly s is .



P ro te in  s e le c te d  fo r  d e g ra d a tio n  
is ta g g e d  w ith  m o le c u le s  o f 
u b iq u itin  (an  A T P -d e p e n d e n t  
p ro c e s s ).

U b iq u it in a te d  p ro te in s  
a re  re c o g n iz e d  by th e  
c y to s o lic  p ro te a s o m e , 
w h ic h  u n fo ld s , d e -  
u b iq u it in a te s , a n d  
tra n s p o r ts  th e  p ro te in  
to  its  p ro te o ly tic  c o re  
(a ls o  an  A T P - 
d e p e n d e n t p ro c e s s ).

T a n d e m ly  
lin k e d  
m o le c u le s  
o f u b iq u itin

C e llu la r  p ro te in

A T P  A M P  + PPj P ro te a s o m e

y  R e c y c le d

o
o o  

o
U b iq u itin

A m in o  a c id s

N o n s p e c if ic
proteases

P e p tid e  fra g m e n ts  p ro d u c e d  
by th e  p ro te a s o m e  are  
d e g ra d e d  to  a m in o  a c id s  in 
th e  c y to s o l.



F ig u re  1 9 .3  T h e  u b iq u i t in -p r o te a s o m e  d e g ra d a t io n  p a th w a y  o f  p ro te in s .  A M P  = 

a d e n o s in e  m o n o p h o s p h a te ;  P P j = p y ro p h o s p h a te .

b . D e g ra d a t io n  s ig n a ls :  B e c a u s e  p ro te in s  h a v e  d if f e re n t  h a l f - l iv e s ,  i t  is  

c le a r  th a t  p ro te in  d e g ra d a t io n  c a n n o t  b e  r a n d o m  b u t,  r a th e r ,  is  

in f lu e n c e d  b y  s o m e  s tru c tu ra l  a s p e c t  o f  th e  p ro te in  th a t  s e rv e s  a s  a  

d e g ra d a t io n  s ig n a l ,  w h ic h  is  r e c o g n iz e d  a n d  b o u n d  b y  a n  E3. T h e  h a l f 

l i f e  o f  a  p ro te in  is  a lso  in f lu e n c e d  b y  th e  a m in o  (N )- te rm in a l  re s id u e , 

th e  s o -c a l le d  N -e n d  ru le , a n d  ra n g e s  f ro m  m in u te s  to  h o u rs . 

D e s ta b i l iz in g  N - te rm in a l  a m in o  a c id s  in c lu d e  a rg in in e  a n d  

p o s t t r a n s la t io n a l ly  m o d if ie d  a m in o  a c id s  s u c h  as  a c e ty la te d  a la n in e . In  

c o n tra s t ,  s e r in e  is  a  s ta b i l iz in g  a m in o  a c id . A d d it io n a l ly ,  p ro te in s  r ic h  

in  s e q u e n c e s  c o n ta in in g  p ro lin e , g lu ta m a te ,  s e r in e , a n d  th re o n in e  

( c a l le d  P E S T  s e q u e n c e s  a f te r  th e  o n e - le t te r  d e s ig n a tio n s  fo r  th e s e  

a m in o  a c id s )  a re  r a p id ly  u b iq u i t in a te d  a n d  d e g ra d e d  a n d , th e re fo re ,  

h a v e  s h o r t  h a lf - l iv e s .

III. DIETARY PROTEIN DIGESTION

M o s t o f  th e  n i t r o g e n  in  th e  d ie t  is  c o n s u m e d  in  th e  fo rm  o f  p ro te in ,  ty p ic a l ly  

a m o u n tin g  to  7 0 - 1 0 0  g /d a y  in  th e  A m e r ic a n  d ie t  (s e e  F ig . 1 9 .2 ). P ro te in s  a re  

g e n e ra lly  to o  la rg e  to  b e  a b s o rb e d  b y  th e  in te s t in e . [N o te : A n  e x a m p le  o f  a n  

e x c e p t io n  to  th is  ru le  is  th a t  n e w b o rn s  c a n  ta k e  u p  m a te rn a l  a n t ib o d ie s  in  b r e a s t  

m ilk .]  T h e re fo re ,  p ro te in s  m u s t  b e  h y d ro ly z e d  to  y ie ld  d i-  a n d  t r ip e p t id e s  a s  w e l l  

as  in d iv id u a l  a m in o  a c id s , w h ic h  c a n  b e  a b s o rb e d . P ro te o ly t ic  e n z y m e s  

re s p o n s ib le  fo r  d e g ra d in g  p ro te in s  a re  p ro d u c e d  b y  th re e  d if f e r e n t  o rg a n s : th e  

s to m a c h , th e  p a n c re a s ,  a n d  th e  s m a l l  in te s t in e  (F ig . 1 9 .4 ).
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F ig u re  1 9 .4  D ig e s t io n  o f  d ie ta ry  p ro te in s  b y  th e  p ro te o ly t ic  e n z y m e s  o f  th e  

g a s tro in te s t in a l  tra c t.

A. Digestion by gastric secretion
T h e  d ig e s t io n  o f  p ro te in s  b e g in s  in  th e  s to m a c h , w h ic h  s e c re te s  g a s tr ic  

ju ic e ,  a  u n iq u e  s o lu t io n  c o n ta in in g  h y d ro c h lo r ic  a c id  (H C l)  a n d  th e  

p ro e n z y m e  p e p s in o g e n .

1. H y d ro c h lo r ic  a c id : S to m a c h  H C l is  to o  d ilu te  (p H  2 - 3 )  to  h y d ro ly z e  

p ro te in s .  T h e  a c id , s e c re te d  b y  th e  p a r ie ta l  c e l ls  o f  th e  s to m a c h , fu n c t io n s  

in s te a d  to  k i l l  s o m e  b a c te r ia  a n d  to  d e n a tu re  p ro te in s ,  th e re b y  m a k in g  

th e m  m o re  s u s c e p t ib le  to  s u b s e q u e n t  h y d ro ly s is  b y  proteases.

2. P e p s in : T h is  a c id - s ta b le  endopeptidase  is  s e c re te d  b y  th e  c h ie f  c e l ls  o f  

th e  s to m a c h  a s  a n  in a c t iv e  z y m o g e n  (o r  p ro e n z y m e ) ,  p e p s in o g e n .  [N o te : 

In  g e n e ra l ,  z y m o g e n s  c o n ta in  e x tr a  a m in o  a c id s  in  th e ir  s e q u e n c e s  th a t  

p r e v e n t  th e m  f ro m  b e in g  c a ta ly t ic a lly  a c tiv e . R e m o v a l  o f  th e s e  a m in o  

a c id s  p e rm its  th e  p ro p e r  fo ld in g  r e q u ire d  fo r  a n  a c t iv e  e n z y m e .]  In  th e  

p r e s e n c e  o f  H C l, p e p s in o g e n  u n d e rg o e s  a  c o n fo rm a tio n a l  c h a n g e  th a t  

a l lo w s  i t  to  c le a v e  i t s e l f  ( a u to c a ta ly s is )  to  th e  a c t iv e  fo rm , pepsin , w h ic h  

r e le a s e s  p o ly p e p tid e s  a n d  a  f e w  f re e  a m in o  a c id s  f ro m  d ie ta ry  p ro te in s .

B. Digestion by pancreatic enzymes
O n  e n te r in g  th e  s m a l l  in te s t in e , th e  p o ly p e p tid e s  p ro d u c e d  in  th e  s to m a c h  

b y  th e  a c t io n  o f  pepsin  a re  fu r th e r  c le a v e d  to  o l ig o p e p tid e s  a n d  a m in o  a c id s  

b y  a  g ro u p  o f  p a n c re a t ic  proteases  th a t  in c lu d e  b o th  endopeptidases  ( th a t 

c le a v e  w ith in )  a n d  exopeptidases  ( th a t  c u t  a t  a n  e n d ) . [N o te : B ic a rb o n a te  

(H C O 3- ), s e c re te d  b y  th e  p a n c re a s  in  r e s p o n s e  to  th e  in te s t in a l  h o rm o n e  

s e c re t in ,  r a is e s  th e  in te s t in a l  p H .]

1. S p e c if ic i ty :  E a c h  o f  th e s e  e n z y m e s  h a s  a  d if f e r e n t  s p e c if ic i ty  fo r  th e  

a m in o  a c id  R -g ro u p s  a d ja c e n t  to  th e  s u s c e p t ib le  p e p t id e  b o n d  (F ig . 1 9 .5 ). 

F o r  e x a m p le , trypsin  c le a v e s  o n ly  w h e n  th e  c a rb o n y l  g ro u p  o f  th e  

p e p t id e  b o n d  is  c o n tr ib u te d  b y  a rg in in e  o r  ly s in e . T h e s e  e n z y m e s , l ik e  

pepsin  d e s c r ib e d  a b o v e , a re  s y n th e s iz e d  a n d  s e c re te d  as  in a c tiv e  

z y m o g e n s .



F ig u re  1 9 .5  C le a v a g e  o f  d ie ta ry  p ro te in  in  th e  s m a ll  in te s t in e  b y  p a n c re a tic  

proteases. T h e  p e p t id e  b o n d s  s u s c e p tib le  to  h y d ro ly s is  a re  s h o w n  fo r  e a c h  o f  th e  

f iv e  m a jo r  p a n c re a t ic  proteases. [N o te : T h e  f i r s t  th re e  a re  s e r in e  endopeptidases, 
w h e re a s  th e  la s t  tw o  a re  exopeptidases. E a c h  is  p r o d u c e d  f ro m  a n  in a c tiv e  

z y m o g e n .]

2. Z y m o g e n  re le a s e : T h e  r e le a s e  a n d  a c t iv a t io n  o f  th e  p a n c re a t ic  z y m o g e n s  

a re  m e d ia te d  b y  th e  s e c re t io n  o f  c h o le c y s to k in in ,  a  p o ly p e p tid e  h o rm o n e  

o f  th e  s m a ll  in te s t in e  ( s e e  p . 1 7 6 ).

3 . Z y m o g e n  a c t iv a t io n :  Enteropeptidase  (a lso  c a l le d  enterokinase), a 

serine pro tease  s y n th e s iz e d  b y  a n d  p r e s e n t  o n  th e  lu m in a l  (a p ic a l)  

s u r fa c e  o f  in te s t in a l  m u c o s a l  c e l ls  ( e n te ro c y te s )  o f  th e  b ru s h  b o rd e r ,  

c o n v e r ts  th e  p a n c re a t ic  z y m o g e n  t ry p s in o g e n  to  trypsin  b y  r e m o v a l  o f  a 

h e x a p e p tid e  f ro m  th e  N - te rm in u s  o f  t ry p s in o g e n .  Trypsin  s u b s e q u e n tly  

c o n v e r ts  o th e r  try p s in o g e n  m o le c u le s  to  trypsin  b y  c le a v in g  a  l im i te d  

n u m b e r  o f  s p e c if ic  p e p t id e  b o n d s  in  th e  z y m o g e n . T h u s , enteropeptidase  
u n le a s h e s  a  c a s c a d e  o f  p ro te o ly t ic  a c t iv i ty  b e c a u s e  trypsin  is  th e  c o m m o n  

a c t iv a to r  o f  a l l  th e  p a n c re a t ic  z y m o g e n s  (se e  F ig . 1 9 .5 ).

4 . D ig e s t io n  a b n o rm a li t ie s :  In  in d iv id u a ls  w ith  a  d e f ic ie n c y  in  p a n c re a tic  

s e c re t io n  ( fo r  e x a m p le , b e c a u s e  o f  c h ro n ic  p a n c re a ti t is ,  c y s tic  f ib ro s is ,  o r  

s u rg ic a l  r e m o v a l  o f  th e  p a n c re a s ) ,  th e  d ig e s t io n  a n d  a b s o rp t io n  o f  f a t  a n d  

p ro te in  a re  in c o m p le te .  T h is  re s u lts  in  th e  a b n o rm a l  a p p e a ra n c e  o f  l ip id s  

in  th e  fe c e s  (a  c o n d i t io n  c a l le d  s te a to r rh e a ;  s e e  p . 1 7 7 ) a s  w e l l  a s  

u n d ig e s te d  p ro te in .

C e l ia c  d is e a s e  (c e l ia c  s p ru e )  is  a  d is e a s e  o f  m a la b s o rp t io n  re s u l t in g  f ro m  

im m u n e -m e d ia te d  d a m a g e  to  th e  s m a ll  in te s t in e  in  r e s p o n s e  to  in g e s t io n  o f



g lu te n  (o r  g lia d in  p ro d u c e d  f ro m  g lu te n ) , a  p ro te in  fo u n d  in  w h e a t ,  b a r le y , 

a n d  ry e .

C. Digestion of oligopeptides by small intestine enzymes
T h e  lu m in a l  s u r fa c e  o f  th e  e n te ro c y te s  c o n ta in s  am inopeptidase, a n  

exopeptidase  th a t  r e p e a te d ly  c le a v e s  th e  N - te rm in a l  r e s id u e  f ro m  

o lig o p e p tid e s  to  p ro d u c e  e v e n  s m a l le r  p e p t id e s  a n d  f re e  a m in o  a c id s .

D. Amino acid and small peptide intestinal absorption
M o s t f re e  a m in o  a c id s  a re  ta k e n  in to  e n te ro c y te s  v ia  s o d iu m -d e p e n d e n t  

s e c o n d a ry  a c t iv e  t r a n s p o r t  b y  s o lu te  c a r r ie r  (S L C )  p ro te in s  o f  th e  a p ic a l  

m e m b ra n e .  A t  le a s t  s e v e n  d if f e r e n t  t r a n s p o r t  s y s te m s  w ith  o v e r la p p in g  

a m in o  a c id  s p e c if ic i t ie s  a re  k n o w n . D i-  a n d  tr ip e p tid e s ,  h o w e v e r ,  a re  ta k e n  

u p  b y  a  p ro to n - l in k e d  p e p t id e  t r a n s p o r te r  (P e p T 1 ) . T h e  p e p t id e s  a re  th e n  

h y d ro ly z e d  to  f re e  a m in o  a c id s . R e g a rd le s s  o f  th e ir  s o u rc e , f re e  a m in o  a c id s  

a re  r e le a s e d  f ro m  e n te ro c y te s  in to  th e  p o r ta l  s y s te m  b y  s o d iu m - in d e p e n d e n t  

t r a n s p o r te r s  o f  th e  b a s o la te r a l  m e m b ra n e .  T h e re fo re ,  o n ly  f re e  a m in o  a c id s  

a re  fo u n d  in  th e  p o r ta l  v e in  a f te r  a  m e a l  c o n ta in in g  p ro te in .  T h e s e  a m in o  

a c id s  a re  e i th e r  m e ta b o l iz e d  b y  th e  l iv e r  o r  r e le a s e d  in to  th e  g e n e ra l  

c irc u la t io n . [N o te : B ra n c h e d -c h a in  a m in o  a c id s  (B C A A ) a re  n o t

m e ta b o l iz e d  b y  th e  l iv e r  b u t,  in s te a d , a re  s e n t  f ro m  th e  l iv e r  to  m u s c le  v ia  

th e  b lo o d .]

E. Absorption abnormalities
T h e  s m a l l  in te s t in e  a n d  th e  p ro x im a l  tu b u le s  o f  th e  k id n e y s  h a v e  c o m m o n  

tr a n s p o r t  s y s te m s  fo r  a m in o  a c id  u p ta k e . C o n s e q u e n t ly ,  a  d e f e c t  in  a n y  o n e  

o f  th e s e  s y s te m s  re s u lts  in  a n  in a b il i ty  to  a b s o rb  p a r t ic u la r  a m in o  a c id s  in to  

th e  in te s t in e  a n d  in to  th e  k id n e y  tu b u le s .  F o r  e x a m p le , o n e  s y s te m  is  

r e s p o n s ib le  fo r  th e  u p ta k e  o f  c y s tin e  a n d  th e  d ib a s ic  a m in o  a c id s  o rn ith in e , 

a rg in in e , a n d  ly s in e  ( r e p re s e n te d  as  C O A L ). In  th e  in h e r i te d  d is o rd e r  

c y s tin u r ia ,  th is  c a r r ie r  s y s te m  is  d e fe c tiv e , a n d  a l l  fo u r  a m in o  a c id s  a p p e a r  

in  th e  u r in e  (F ig . 1 9 .6 ). C y s t in u r ia  o c c u rs  a t  a  f r e q u e n c y  o f  1 in  7 ,0 0 0  

in d iv id u a ls ,  m a k in g  i t  o n e  o f  th e  m o s t  c o m m o n  in h e r i te d  d is e a s e s  a n d  th e



m o s t  c o m m o n  g e n e t ic  e r ro r  o f  a m in o  a c id  t r a n s p o r t .  T h e  d is e a s e  e x p re s s e s  

i t s e lf  c l in ic a lly  b y  th e  p r e c ip i ta t io n  o f  c y s tin e  to  fo rm  k id n e y  s to n e s  

(c a lc u li) ,  w h ic h  c a n  b lo c k  th e  u r in a ry  tra c t.  O ra l  h y d ra t io n  is  a n  im p o r ta n t  

p a r t  o f  t r e a tm e n t  fo r  th is  d is o rd e r .  [N o te : D e fe c ts  in  th e  u p ta k e  o f  

try p to p h a n  b y  a  n e u tra l  a m in o  a c id  t r a n s p o r te r  c a n  r e s u l t  in  H a r tn u p  

d is o rd e r  a n d  p e l la g ra - l ik e  (s e e  p . 3 8 4 )  d e rm a to lo g ic  a n d  n e u ro lo g ic  

s y m p to m s .]



Proximal
convoluted
tubule

Cystinuria is a disorder of the 
proximal tubule’s reabsorption of 
filtered cystine and dibasic amino 
acids (ornithine, arginine, lysine).

Cystine
Ornithine
Arginine
Lysine

C y s t in e
Ornithine 
Arginine 

Lysine

The inability to reabsorb 
cystine leads to accumulation 
and subsequent precipitation 
of stones of cystine in the 
urinary tract.



F ig u re  1 9 .6  G e n e tic  d e fe c t  s e e n  in  c y s tin u r ia .  [N o te : C y s t in u r ia  is  d is t in c t  f ro m  

c y s tin o s is ,  a  r a re  d e f e c t  in  th e  t r a n s p o r t  o f  c y s t in e  o u t  o f  ly s o s o m e s  th a t  re s u lts  

in  th e  fo rm a t io n  o f  c y s tin e  c ry s ta ls  w ith in  th e  ly s o s o m e  a n d  w id e s p re a d  t is s u e  

d a m a g e .]

IV. NITROGEN REMOVAL FROM AMINO 
ACIDS

T h e  p re s e n c e  o f  th e  a - a m in o  g ro u p  k e e p s  a m in o  a c id s  s a fe ly  lo c k e d  a w a y  f ro m  

o x id a tiv e  b re a k d o w n . R e m o v in g  th e  a - a m in o  g ro u p  is  e s s e n t ia l  fo r  p ro d u c in g  

e n e rg y  f ro m  a n y  a m in o  a c id  a n d  is  a n  o b l ig a to ry  s te p  in  th e  c a ta b o lis m  o f  a ll  

a m in o  a c id s . O n c e  r e m o v e d , th is  n i t r o g e n  c a n  b e  in c o rp o ra te d  in to  o th e r  

c o m p o u n d s  o r  e x c re te d  a s  u re a , w i th  th e  c a rb o n  s k e le to n s  b e in g  m e ta b o l iz e d . 

T h is  s e c t io n  d e s c r ib e s  t r a n s a m in a t io n  a n d  o x id a t iv e  d e a m in a t io n ,  r e a c t io n s  th a t  

u l t im a te ly  p ro v id e  a m m o n ia  a n d  a s p a r ta te ,  th e  tw o  s o u rc e s  o f  u r e a  n i t r o g e n  (se e  

p . 2 5 3 ) .

A. Transamination: Funneling amino groups to glutamate
T h e  f i r s t  s te p  in  th e  c a ta b o li s m  o f  m o s t  a m in o  a c id s  is  th e  t r a n s fe r  o f  th e ir  

a - a m in o  g ro u p  to  a - k e to g lu ta r a te  (F ig . 1 9 .7 ), p ro d u c in g  a n  a - k e to  a c id  

(d e r iv e d  f ro m  th e  o r ig in a l  a m in o  a c id )  a n d  g lu ta m a te .  a -K e to g lu ta r a te  p la y s  

a  p iv o ta l  ro le  in  a m in o  a c id  m e ta b o l is m  b y  a c c e p tin g  th e  a m in o  g ro u p s  

f ro m  m o s t  a m in o  a c id s , th e re b y  b e c o m in g  g lu ta m a te .  G lu ta m a te  p ro d u c e d  

b y  t r a n s a m in a t io n  c a n  b e  o x id a t iv e ly  d e a m in a te d  ( s e e  B . b e lo w )  o r  u s e d  as  

a n  a m in o  g ro u p  d o n o r  in  th e  s y n th e s is  o f  n o n e s s e n t ia l  a m in o  a c id s . T h is  

t r a n s fe r  o f  a m in o  g ro u p s  f ro m  o n e  c a rb o n  s k e le to n  to  a n o th e r  is  c a ta ly z e d  

b y  a  f a m ily  o f  e n z y m e s  c a l le d  am inotransferases  (a lso  c a l le d  

transam inases). T h e s e  e n z y m e s  a re  fo u n d  in  th e  c y to s o l  a n d  m i to c h o n d r ia  

o f  c e l ls  th ro u g h o u t  th e  b o d y . A l l  a m in o  a c id s , w ith  th e  e x c e p t io n  o f  ly s in e  

a n d  th re o n in e ,  p a r t ic ip a te  in  t r a n s a m in a t io n  a t  s o m e  p o in t  in  th e ir  

c a ta b o lis m . [N o te : T h e s e  tw o  a m in o  a c id s  lo s e  th e ir  a - a m in o  g ro u p s  b y  

d e a m in a t io n  ( s e e  p p . 2 6 5 - 2 6 6 ) .]



F ig u re  1 9 .7  A m inotransferase  r e a c t io n  u s in g  a - k e to g lu ta r a te  a s  th e  a m in o  g ro u p  

a c c e p to r .  P L P  = p y r id o x a l  p h o s p h a te .

1. S u b s tra te  s p e c if ic i ty :  E a c h  am inotransferase  is  s p e c if ic  fo r  o n e  o r, a t  

m o s t, a  f e w  a m in o  g ro u p  d o n o rs . A m inotransferases  a re  n a m e d  a f te r  th e  

s p e c if ic  a m in o  g ro u p  d o n o r , b e c a u s e  th e  a c c e p to r  o f  th e  a m in o  g ro u p  is



a lm o s t  a lw a y s  a -k e to g lu ta r a te .  T w o  im p o r ta n t  am inotransferase  
r e a c t io n s  a re  c a ta ly z e d  b y  alanine am inotransferase (ALT) a n d  

aspartate am inotransferase (AST), a s  s h o w n  in  F ig u re  1 9 .8 .





F ig u re  1 9 .8  R e a c tio n s  c a ta ly z e d  d u r in g  a m in o  a c id  c a ta b o lis m . A A la n in e  
am inotransferase (ALT). B . A sparta te am inotransferase (AST). P L P  =

p y r id o x a l  p h o s p h a te .

a. A la n in e  a m in o tra n s fe ra s e :  A L T  is  p r e s e n t  in  m a n y  tis s u e s .  T h e  e n z y m e  

c a ta ly z e s  th e  t r a n s fe r  o f  th e  a m in o  g ro u p  o f  a la n in e  to  a -k e to g lu ta ra te ,  

r e s u lt in g  in  th e  fo rm a t io n  o f  p y ru v a te  a n d  g lu ta m a te .  T h e  r e a c t io n  is  

re a d i ly  re v e r s ib le .  H o w e v e r ,  d u r in g  a m in o  a c id  c a ta b o lis m , th is  

e n z y m e  ( lik e  m o s t  am inotransferases) fu n c t io n s  in  th e  d ir e c t io n  o f  

g lu ta m a te  s y n th e s is .  [N o te : In  e f fe c t,  g lu ta m a te  a c ts  a s  a  c o l le c to r  o f  

n i t ro g e n  f ro m  m o s t  a m in o  a c id s .]

b . A s p a r ta te  a m in o tra n s fe ra s e :  A S T  is  a n  e x c e p t io n  to  th e  ru le  th a t  

am inotransferases  fu n n e l  a m in o  g ro u p s  to  fo rm  g lu ta m a te .  D u r in g  

a m in o  a c id  c a ta b o lis m , A S T  p r im a r i ly  t r a n s fe r s  a m in o  g ro u p s  f ro m  

g lu ta m a te  to  o x a lo a c e ta te ,  fo rm in g  a s p a r ta te ,  w h ic h  is  u s e d  a s  a  s o u rc e  

o f  n i t r o g e n  in  th e  u re a  c y c le  (s e e  p . 2 5 5 ) . L ik e  o th e r  tr a n s a m in a t io n s ,  

th e  A S T  r e a c t io n  is  re v e rs ib le .

2. M e c h a n ism : A l l  am inotransferases  r e q u ire  th e  c o e n z y m e  p y r id o x a l  

p h o s p h a te  (a  d e r iv a t iv e  o f  v i ta m in  B 6; s e e  p . 3 8 2 ) , w h ic h  is  c o v a le n tly  

l in k e d  to  th e  e -a m in o  g ro u p  o f  a  s p e c if ic  ly s in e  r e s id u e  a t  th e  a c t iv e  s ite  

o f  th e  e n z y m e . A m in otran sferases  a c t  b y  t r a n s fe r r in g  th e  a m in o  g ro u p  o f  

a n  a m in o  a c id  to  th e  p y r id o x a l  p a r t  o f  th e  c o e n z y m e  to  g e n e ra te  

p y r id o x a m in e  p h o s p h a te .  T h e  p y r id o x a m in e  fo rm  o f  th e  c o e n z y m e  th e n  

re a c ts  w ith  a n  a - k e to  a c id  to  fo rm  a n  a m in o  a c id , a t  th e  s a m e  t im e  

re g e n e ra t in g  th e  o r ig in a l  a ld e h y d e  fo rm  o f  th e  c o e n z y m e . F ig u re  1 9 .9  

s h o w s  th e s e  tw o  c o m p o n e n t  r e a c t io n s  fo r  th e  t r a n s a m in a t io n  c a ta ly z e d  b y  

A S T .
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F ig u re  1 9 .9  C y c l ic  in te r c o n v e r s io n  o f  p y r id o x a l  p h o s p h a te  a n d  p y r id o x a m in e  

p h o s p h a te  d u r in g  th e  aspartate am inotransferase  re a c tio n .  = p h o s p h a te  g ro u p .

3. E q u il ib r iu m : F o r  m o s t  t r a n s a m in a t io n  re a c tio n s ,  th e  e q u i l ib r iu m  c o n s ta n t  

is  n e a r  1. T h is  a l lo w s  th e  r e a c t io n  to  fu n c t io n  in  b o th  a m in o  a c id  

d e g ra d a t io n  th ro u g h  r e m o v a l  o f  a - a m in o  g ro u p s  ( fo r  e x a m p le , a f te r  

c o n s u m p tio n  o f  a  p r o te in - r ic h  m e a l)  a n d  b io s y n th e s is  o f  n o n e s s e n t ia l  

a m in o  a c id s  th ro u g h  a d d i t io n  o f  a m in o  g ro u p s  to  th e  c a rb o n  s k e le to n s  o f  

a - k e to  a c id s  ( fo r  e x a m p le , w h e n  th e  s u p p ly  o f  a m in o  a c id s  f ro m  th e  d ie t  

is  n o t  a d e q u a te  to  m e e t  th e  s y n th e t ic  n e e d s  o f  c e lls ) .

4 . D ia g n o s t ic  v a lu e : A m inotransferases  a re  n o rm a lly  in t r a c e l lu la r  e n z y m e s , 

w ith  th e  lo w  le v e ls  fo u n d  in  th e  p la s m a  r e p re s e n t in g  th e  re le a s e  o f  

c e l lu la r  c o n te n ts  d u r in g  n o rm a l  c e l l  tu rn o v e r .  E le v a te d  p la s m a  le v e ls  o f  

am inotransferases  in d ic a te  d a m a g e  to  c e l ls  r ic h  in  th e s e  e n z y m e s . F o r  

e x a m p le , p h y s ic a l  tr a u m a  o r  a  d is e a s e  p ro c e s s  c a n  c a u s e  c e ll  ly s is , 

r e s u lt in g  in  r e le a s e  o f  in t r a c e l lu la r  e n z y m e s  in to  th e  b lo o d . T w o  

am inotransferases, A S T  a n d  ALT, a re  o f  p a r t ic u la r  d ia g n o s t ic  v a lu e  

w h e n  th e y  a re  fo u n d  in  th e  p la sm a .

a. H e p a t ic  d is e a se : P la s m a  A S T  a n d  A L T  a re  e le v a te d  in  n e a r ly  a ll 

h e p a t ic  d is e a s e s  b u t  a re  p a r t ic u la r ly  h ig h  in  c o n d i t io n s  th a t  c a u s e  

e x te n s iv e  c e l l  n e c ro s is ,  s u c h  a s  s e v e re  v i r a l  h e p a t i t is ,  to x ic  in ju ry , a n d  

p ro lo n g e d  c i r c u la to ry  c o l la p s e . A L T  is  m o re  s p e c if ic  th a n  A S T  fo r  

l iv e r  d is e a se , b u t  th e  la t te r  is  m o re  s e n s it iv e  b e c a u s e  th e  l iv e r  c o n ta in s  

la rg e r  a m o u n ts  o f  A S T . S e r ia l  m e a s u re m e n ts  o f  A S T  a n d  A L T  ( l iv e r  

fu n c t io n  te s ts )  a re  o f te n  u s e fu l  in  d e te rm in in g  th e  c o u rs e  o f  l iv e r  

d a m a g e . F ig u re  1 9 .1 0  s h o w s  th e  e a r ly  r e le a s e  o f  A L T  in to  th e  b lo o d , 

fo llo w in g  in g e s t io n  o f  a  l iv e r  to x in . [N o te : T h e  e le v a t io n  in  b i l i r u b in  

r e s u lts  f ro m  h e p a to c e l lu la r  d a m a g e  th a t  d e c re a s e s  th e  h e p a t ic  

c o n ju g a t io n  a n d  e x c re t io n  o f  b i l i r u b in  (s e e  p . 2 8 2 ) .]



F ig u re  1 9 .1 0  P a t te rn  o f  A L T  a n d  b i l i r u b in  in  th e  p la s m a , fo llo w in g  p o is o n in g  b y  

in g e s t io n  o f  th e  to x ic  m u s h ro o m  A m a n i ta  p h a l lo id e s .

b . N o n h e p a t ic  d is e a se : A m inotransferases  m a y  b e  e le v a te d  in  n o n h e p a t ic  

d is e a s e s  s u c h  a s  th o s e  th a t  c a u s e  d a m a g e  to  c a rd ia c  o r  s k e le ta l  m u s c le .  

H o w e v e r ,  th e s e  d is o rd e r s  c a n  u s u a l ly  b e  d is t in g u is h e d  c l in ic a lly  f ro m  

l iv e r  d is e a se .



B. Oxidative deamination: Amino group removal
In  c o n t r a s t  to  t r a n s a m in a t io n  r e a c t io n s  th a t  t r a n s fe r  a m in o  g ro u p s , o x id a tiv e  

d e a m in a t io n  r e a c t io n s  r e s u l t  in  th e  l ib e r a t io n  o f  th e  a m in o  g ro u p  a s  f re e  

a m m o n ia  (F ig . 1 9 .1 1 ). T h e s e  re a c t io n s  o c c u r  p r im a r i ly  in  th e  l iv e r  a n d  

k id n e y . T h e y  p ro v id e  a - k e to  a c id s  th a t  c a n  e n te r  th e  c e n tra l  p a th w a y s  o f  

e n e rg y  m e ta b o l is m  a n d  a m m o n ia , w h ic h  is  a  s o u rc e  o f  n i t r o g e n  in  h e p a t ic  

u re a  s y n th e s is .  [N o te : A m m o n ia  e x is ts  p r im a r i ly  as  a m m o n iu m  (N H 4+) in  

a q u e o u s  s o lu tio n , b u t  i t  is  th e  u n io n iz e d  fo rm  (N H 3) th a t  c ro s s e s  

m e m b ra n e s .]

F ig u re  1 9 .1 1  O x id a t iv e  d e a m in a t io n  b y  glu tam ate dehydrogenase. [N o te : T h e  

e n z y m e  is  u n u s u a l  in  th a t  i t  u s e s  b o th  N A D +  (n ic o t in a m id e  a d e n in e  d in u c le o t id e )  

a n d  N A D P H  (n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te ) .]  N H 3 = a m m o n ia .

1. G lu ta m a te  d e h y d ro g e n a s e :  A s  d e s c r ib e d  a b o v e , th e  a m in o  g ro u p s  o f  m o s t  

a m in o  a c id s  a re  u l t im a te ly  fu n n e le d  to  g lu ta m a te  b y  m e a n s  o f



t r a n s a m in a t io n  w i th  a -k e to g lu ta r a te .  G lu ta m a te  is  u n iq u e  in  th a t  i t  is  th e  

o n ly  a m in o  a c id  th a t  u n d e rg o e s  r a p id  o x id a tiv e  d e a m in a t io n , a  r e a c t io n  

c a ta ly z e d  b y  glu tam ate dehydrogenase  ( [G D H ] , s e e  F ig . 1 9 .1 1 ). 

T h e re fo re ,  th e  s e q u e n t ia l  a c t io n  o f  t r a n s a m in a t io n  ( re s u lt in g  in  th e  

t r a n s fe r  o f  a m in o  g ro u p s  f ro m  m o s t  a m in o  a c id s  to  a - k e to g lu ta r a te  to  

p ro d u c e  g lu ta m a te )  a n d  th e  o x id a t iv e  d e a m in a t io n  o f  th a t  g lu ta m a te  

( re g e n e ra tin g  a -k e to g lu ta r a te )  p ro v id e  a  p a th w a y  w h e re b y  th e  a m in o  

g ro u p s  o f  m o s t  a m in o  a c id s  c a n  b e  re le a s e d  a s  a m m o n ia . 

a. C o e n z y m e s : GDH , a  m i to c h o n d r ia l  e n z y m e , is  u n u s u a l  in  th a t  i t  c a n  

u s e  e i th e r  n ic o t in a m id e  a d e n in e  d in u c le o t id e  (N A D + ) o r  its  

p h o s p h o ry la te d  r e d u c e d  fo rm  (N A D P H )  a s  a  c o e n z y m e  (s e e  F ig . 

1 9 .1 1 ). N A D +  is  u s e d  p r im a r i ly  in  o x id a t iv e  d e a m in a t io n  ( th e  

s im u l ta n e o u s  lo s s  o f  a m m o n ia  c o u p le d  w i th  th e  o x id a t io n  o f  th e  

c a rb o n  s k e le to n , as  s h o w n  in  F ig . 1 9 .1 2 A ), w h e re a s  N A D P H  is  u s e d  in  

r e d u c t iv e  a m in a t io n  ( th e  s im u l ta n e o u s  g a in  o f  a m m o n ia  c o u p le d  w ith  

th e  r e d u c t io n  o f  th e  c a rb o n  s k e le to n , as  s h o w n  in  F ig . 1 9 .1 2 B ).
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F ig u re  1 9 .1 2  A , B . C o m b in e d  a c t io n s  o f  am inotransferase  a n d  glu tam ate  
dehydrogenase  r e a c tio n s .  [N o te : R e d u c t iv e  a m in a t io n  o c c u rs  o n ly  w h e n  

a m m o n ia  (N H 3) le v e l  is  h ig h .]  N A D (H )  = n ic o t in a m id e  a d e n in e  d in u c le o t id e ;

N A D P (H )  = n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te .

b . R e a c t io n  d ire c tio n : T h e  d ir e c t io n  o f  th e  r e a c t io n  d e p e n d s  o n  th e  

r e la t iv e  c o n c e n tra t io n s  o f  g lu ta m a te ,  a -k e to g lu ta r a te ,  a n d  a m m o n ia  

a n d  th e  r a t io  o f  o x id iz e d  to  r e d u c e d  c o e n z y m e s . F o r  e x a m p le , a f te r  

in g e s t io n  o f  a  m e a l  c o n ta in in g  p ro te in ,  g lu ta m a te  le v e ls  in  th e  l iv e r  a re  

e le v a te d , a n d  th e  r e a c t io n  p ro c e e d s  in  th e  d ir e c t io n  o f  a m in o  a c id  

d e g ra d a t io n  a n d  th e  fo rm a t io n  o f  a m m o n ia  (s e e  F ig . 1 9 .1 2  A ). H ig h  

a m m o n ia  le v e ls  a re  r e q u ire d  to  d r iv e  th e  r e a c t io n  to  g lu ta m a te  

s y n th e s is .

c. A llo s te r ic  re g u la to r s :  G u a n o s in e  t r ip h o s p h a te  is  a n  a l lo s te r ic  in h ib ito r  

o f  GDH , w h e re a s  a d e n o s in e  d ip h o s p h a te  is  a n  a c t iv a to r .  T h e re fo re ,  

w h e n  e n e rg y  le v e ls  a re  lo w  in  th e  c e ll, a m in o  a c id  d e g ra d a t io n  b y  

G D H  is  h ig h , f a c i l i ta t in g  e n e rg y  p r o d u c t io n  f ro m  th e  c a rb o n  s k e le to n s  

d e r iv e d  f ro m  a m in o  a c id s .

2. d -A m in o  a c id  o x id a se : D-A m in o  a c id s  ( s e e  p . 5) a re  s u p p lie d  b y  th e  d ie t  

b u t  a re  n o t  u s e d  in  th e  s y n th e s is  o f  m a m m a lia n  p ro te in s .  T h e y  a re , 

h o w e v e r ,  e f f ic ie n t ly  m e ta b o l iz e d  to  a - k e to  a c id s , a m m o n ia , a n d  

h y d ro g e n  p e ro x id e  in  th e  p e ro x is o m e s  o f  l iv e r  a n d  k id n e y  c e lls  b y  f la v in  

a d e n in e  d in u c le o t id e - d e p e n d e n t  D -am ino acid  oxidase (DAO). T h e  a -  

k e to  a c id s  c a n  e n te r  th e  g e n e ra l  p a th w a y s  o f  a m in o  a c id  m e ta b o l is m  a n d  

b e  r e a m in a te d  to  L- is o m e rs  o r  c a ta b o liz e d  fo r  e n e rg y . [N o te : D AO  
d e g ra d e s  D- s e r in e , th e  is o m e r ic  fo rm  o f  s e r in e  th a t  m o d u la te s  A -m e th y l-  

D- a s p a r ta te  (N M D A )- ty p e  g lu ta m a te  r e c e p to rs .  In c re a s e d  D A O  a c t iv i ty  

h a s  b e e n  l in k e d  to  in c r e a s e d  s u s c e p t ib i l i ty  to  s c h iz o p h re n ia .  D AO  a lso  

c o n v e r ts  g ly c in e  to  g ly o x y la te  ( s e e  p . 2 6 3 ) .]  L-Am ino acid  oxidases  a re  

fo u n d  in  s n a k e  v e n o m .

C. Ammonia transport to the liver
T w o  m e c h a n is m s  a re  a v a i la b le  in  h u m a n s  fo r  th e  t r a n s p o r t  o f  a m m o n ia  

f ro m  p e r ip h e ra l  t i s s u e s  to  th e  l iv e r  fo r  c o n v e r s io n  to  u re a . B o th  a re  

im p o r ta n t  in , b u t  n o t  e x c lu s iv e  to , s k e le ta l  m u s c le .  T h e  f i r s t  u s e s  glu tam ine



synthetase  to  c o m b in e  a m m o n ia  w ith  g lu ta m a te  to  fo rm  g lu ta m in e , a  

n o n to x ic  t r a n s p o r t  fo rm  o f  a m m o n ia  (F ig . 1 9 .1 3 ). T h e  g lu ta m in e  is  

t r a n s p o r te d  in  th e  b lo o d  to  th e  l iv e r  w h e re  i t  is  c le a v e d  b y  glu tam inase  to  

g lu ta m a te  a n d  a m m o n ia  ( s e e  p . 2 5 6 ) . T h e  g lu ta m a te  is  o x id a tiv e ly  

d e a m in a te d  to  a m m o n ia  a n d  a - k e to g lu ta r a te  b y  GDH . T h e  a m m o n ia  is  

c o n v e r te d  to  u re a . T h e  s e c o n d  tr a n s p o r t  m e c h a n is m  in v o lv e s  th e  fo rm a t io n  

o f  a la n in e  b y  th e  t r a n s a m in a t io n  o f  p y ru v a te  p ro d u c e d  f ro m  b o th  a e ro b ic  

g ly c o ly s is  a n d  m e ta b o l is m  o f  th e  s u c c in y l  c o e n z y m e  A  (C o A )  g e n e ra te d  b y  

th e  c a ta b o lis m  o f  th e  B C A A  is o le u c in e  a n d  v a l in e . A la n in e  is  t r a n s p o r te d  in  

th e  b lo o d  to  th e  l iv e r , w h e re  i t  is  t r a n s a m in a te d  b y  A L T  to  p y ru v a te .  T h e  

p y ru v a te  is  u s e d  to  s y n th e s iz e  g lu c o s e , w h ic h  c a n  e n te r  th e  b lo o d  a n d  b e  

u s e d  b y  m u s c le ,  a  p a th w a y  c a l le d  th e  g lu c o s e -a la n in e  c y c le . T h e  g lu ta m a te  

p ro d u c t  o f  A L T  c a n  b e  d e a m in a te d  b y  G D H , g e n e ra t in g  a m m o n ia . T h u s , 

b o th  a la n in e  a n d  g lu ta m in e  c a r ry  a m m o n ia  to  th e  liv e r .





F ig u re  1 9 .1 3  T ra n s p o r t  o f  a m m o n ia  (N H 3) f ro m  m u s c le  to  th e  l iv e r . A D P  = 

a d e n o s in e  d ip h o s p h a te ;  Pj = in o rg a n ic  p h o s p h a te ;  C o A  = c o e n z y m e  A .

V. UREA CYCLE__________________________
o

U re a  (H oN C N H  ) j s m a j o r  d is p o s a l  fo rm  o f  a m in o  g ro u p s  d e r iv e d  f ro m  

a m in o  a c id s  a n d  a c c o u n ts  fo r  ~ 9 0 %  o f  th e  n i t r o g e n -c o n ta in in g  c o m p o n e n ts  o f  

u r in e . O n e  n i t ro g e n  o f  th e  u r e a  m o le c u le  is  s u p p lie d  b y  f re e  a m m o n ia  a n d  th e  

o th e r  n i t r o g e n  b y  a s p a r ta te .  [N o te : G lu ta m a te  is  th e  im m e d ia te  p r e c u r s o r  o f  b o th  

a m m o n ia  ( th ro u g h  o x id a t iv e  d e a m in a t io n  b y  GDH ) a n d  a s p a r ta te  n i t ro g e n  

( th ro u g h  tr a n s a m in a t io n  o f  o x a lo a c e ta te  b y  A S T ) .]  T h e  c a rb o n  a n d  o x y g e n  o f  

u re a  a re  d e r iv e d  f ro m  C O 2 (a s  H C O 3- ). U re a  is  p ro d u c e d  b y  th e  l iv e r  a n d  th e n  is  

t r a n s p o r te d  in  th e  b lo o d  to  th e  k id n e y s  fo r  e x c re t io n  in  th e  u r in e .

A. Reactions
T h e  f i r s t  tw o  re a c t io n s  le a d in g  to  th e  s y n th e s is  o f  u r e a  o c c u r  in  th e  

m i to c h o n d r ia l  m a tr ix ,  w h e re a s  th e  r e m a in in g  c y c le  e n z y m e s  a re  lo c a te d  in  

th e  c y to s o l  (F ig . 1 9 .1 4 ). [N o te : G lu c o n e o g e n e s is  (s e e  p . 1 1 7 ) a n d  h e m e  

s y n th e s is  (s e e  p . 2 7 8 )  a lso  in v o lv e  b o th  th e  m i to c h o n d r ia l  m a tr ix  a n d  th e  

c y to so l .]
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F ig u re  1 9 .1 4  R e a c tio n s  o f  th e  u re a  c y c le . [N o te : A n  a n t ip o r te r  tr a n s p o r ts  

c i tru ll in e  a n d  o rn ith in e  a c ro s s  th e  in n e r  m i to c h o n d r ia l  m e m b ra n e .]  A D P  = 

a d e n o s in e  d ip h o s p h a te ;  A M P  = a d e n o s in e  m o n o p h o s p h a te ;  P P t =  p y ro p h o s p h a te ;  

P t =  in o rg a n ic  p h o s p h a te ;  N A D (H )  =  n ic o t in a m id e  a d e n in e  d in u c le o t id e ;  M D  = 

m alate dehydrogenase.



1. C a rb a m o y l  p h o s p h a te  fo rm a tio n :  F o rm a t io n  o f  c a rb a m o y l  p h o s p h a te  b y  

carbam oyl phosphate synthetase I  (CPS I) is  d r iv e n  b y  c le a v a g e  o f  tw o  

m o le c u le s  o f  A T P . A m m o n ia  in c o rp o ra te d  in to  c a rb a m o y l  p h o s p h a te  is  

p ro v id e d  p r im a r i ly  b y  th e  o x id a tiv e  d e a m in a t io n  o f  g lu ta m a te  b y  

m i to c h o n d r ia l  G D H  ( s e e  F ig . 1 9 .1 1 ). U lt im a te ly ,  th e  n i t r o g e n  a to m  

d e r iv e d  f ro m  th is  a m m o n ia  b e c o m e s  o n e  o f  th e  n i t ro g e n s  o f  u re a . CPS I  

r e q u ire s  N -a c e ty lg lu ta m a te  (N A G ) as  a  p o s i t iv e  a l lo s te r ic  a c t iv a to r  (se e  

F ig . 1 9 .1 4 ). [N o te : C arbam oyl ph osphate synthetase II  p a r t ic ip a te s  in  

th e  b io s y n th e s is  o f  p y r im id in e s  (s e e  p . 3 0 2 ) . I t  d o e s  n o t  r e q u ire  N A G , 

u s e s  g lu ta m in e  as  th e  n i t r o g e n  s o u rc e , a n d  o c c u rs  in  th e  c y to so l .]

2. C it ru l l in e  fo rm a tio n :  T h e  c a rb a m o y l  p o r t io n  o f  c a rb a m o y l  p h o s p h a te  is  

t r a n s fe r re d  to  o rn i th in e  b y  ornith ine transcarbam ylase (OTC) a s  th e  

p h o s p h a te  is  r e le a s e d  as  in o rg a n ic  p h o s p h a te .  T h e  r e a c t io n  p ro d u c t ,  

c i tru ll in e ,  is  t r a n s p o r te d  to  th e  c y to so l .  [N o te : O rn ith in e  a n d  c i tru ll in e  

m o v e  a c ro s s  th e  in n e r  m i to c h o n d r ia l  m e m b ra n e  v ia  a n  a n t ip o r te r .  T h e s e  

b a s ic  a m in o  a c id s  a re  n o t  in c o rp o ra te d  in to  c e l lu la r  p ro te in s  b e c a u s e  

th e re  a re  n o  c o d o n s  fo r  th e m  (s e e  p . 4 4 7 ) .]  O rn ith in e  is  r e g e n e ra te d  w ith  

e a c h  tu rn  o f  th e  u r e a  c y c le , m u c h  in  th e  s a m e  w a y  th a t  o x a lo a c e ta te  is  

r e g e n e ra te d  b y  th e  re a c t io n s  o f  th e  t r ic a rb o x y lic  a c id  (T C A ) c y c le  ( s e e  p . 

1 0 9 ).

3. A r g in in o s u c c in a te  fo rm a tio n :  A rgin inosuccinate synthetase  c o m b in e s  

c i tru ll in e  w i th  a s p a r ta te  to  fo rm  a rg in in o s u c c in a te .  T h e  a - a m in o  g ro u p  o f  

a s p a r ta te  p ro v id e s  th e  s e c o n d  n i t r o g e n  th a t  is  u l t im a te ly  in c o rp o ra te d  in to  

u re a . T h e  fo rm a t io n  o f  a rg in in o s u c c in a te  is  d r iv e n  b y  th e  c le a v a g e  o f  

A T P  to  a d e n o s in e  m o n o p h o s p h a te  a n d  p y ro p h o s p h a te .  T h is  is  th e  th ird  

a n d  f in a l  m o le c u le  o f  A T P  c o n s u m e d  in  th e  fo rm a t io n  o f  u re a .

4 . A rg in in o s u c c in a te  c le a v a g e : A rg in in o s u c c in a te  is  c le a v e d  b y

argininosuccinate lyase  to  y ie ld  a rg in in e  a n d  fu m a ra te .  T h e  a rg in in e  

s e rv e s  a s  th e  im m e d ia te  p r e c u r s o r  o f  u re a . T h e  fu m a ra te  is  h y d ra te d  to  

m a la te ,  p ro v id in g  a  l in k  w ith  s e v e ra l  m e ta b o l ic  p a th w a y s .  M a la te  c a n  b e  

o x id iz e d  b y  m alate dehydrogenase  to  o x a lo a c e ta te ,  w h ic h  c a n  b e  

t r a n s a m in a te d  to  a s p a r ta te  (s e e  F ig . 1 9 .8 ) a n d  e n te r  th e  u r e a  c y c le  (s e e  

F ig . 1 9 .1 4 ). A lte rn a t iv e ly ,  m a la te  c a n  b e  t r a n s p o r te d  in to  m i to c h o n d r ia  

v ia  th e  m a la te - a s p a r ta te  s h u tt le  (s e e  p . 8 0 ) , r e e n te r  th e  T C A  c y c le , a n d  

g e t  o x id iz e d  to  o x a lo a c e ta te ,  w h ic h  c a n  b e  u s e d  fo r  g lu c o n e o g e n e s is  (se e  

p . 1 2 0 ). [N o te : M a la te  o x id a t io n  g e n e ra te s  N A D H  fo r  o x id a tiv e  

p h o s p h o ry la t io n  (s e e  p . 7 7 ), th e re b y  r e d u c in g  th e  e n e rg y  c o s t  o f  th e  u re a  

c y c le .]



5. A rg in in e  c le a v a g e  to  o rn i th in e  a n d  u re a : A rginase-I  h y d ro ly z e s  a rg in in e  

to  o rn i th in e  a n d  u r e a  a n d  is  v ir tu a l ly  e x c lu s iv e  to  th e  l iv e r . T h e re fo re ,  

o n ly  th e  l iv e r  c a n  c le a v e  a rg in in e , th e re b y  s y n th e s iz in g  u re a , w h e re a s  

o th e r  t is s u e s ,  s u c h  as  th e  k id n e y , c a n  s y n th e s iz e  a rg in in e  f ro m  c i tru ll in e .  

[N o te : A rginase-II  in  k id n e y s  c o n tro ls  a rg in in e  a v a i la b i l i ty  fo r  n i t r ic  

o x id e  s y n th e s is  (s e e  p . 1 5 0 ).]

6. F a te  o f  u re a : U re a  d if fu s e s  f ro m  th e  l iv e r  a n d  is  t r a n s p o r te d  in  th e  b lo o d  

to  th e  k id n e y s , w h e re  i t  is  f i l te r e d  a n d  e x c re te d  in  th e  u r in e  (s e e  F ig . 

1 9 .1 9 ). A  p o r t io n  o f  th e  u re a  d if fu s e s  f ro m  th e  b lo o d  in to  th e  in te s t in e  

a n d  is  c le a v e d  to  C O 2 a n d  a m m o n ia  b y  b a c te r ia l  urease. T h e  a m m o n ia  is  

p a r t ly  lo s t  in  th e  fe c e s  a n d  is  p a r t ly  r e a b s o rb e d  in to  th e  b lo o d . In  p a t ie n ts  

w ith  k id n e y  fa i lu re ,  p la s m a  u re a  le v e ls  a re  e le v a te d , p ro m o tin g  a  g re a te r  

t r a n s fe r  o f  u r e a  f ro m  b lo o d  in to  th e  g u t. T h e  in te s t in a l  a c t io n  o f  urease  
o n  th is  u r e a  b e c o m e s  a  c l in ic a lly  im p o r ta n t  s o u rc e  o f  a m m o n ia , 

c o n tr ib u t in g  to  th e  h y p e ra m m o n e m ia  o f te n  s e e n  in  th e s e  p a t ie n ts .  O ra l  

a d m in is tr a t io n  o f  a n t ib io t ic s  r e d u c e s  th e  n u m b e r  o f  in te s t in a l  b a c te r ia  

re s p o n s ib le  fo r  th is  a m m o n ia  p ro d u c t io n .

B. Overall stoichiometry
Aspartate + NH3 + H C 0 3" + 3 ATP + H20
urea + fumarate + 2 ADP + AMP + 2 P. + PPj

B e c a u s e  fo u r  h ig h -e n e rg y  p h o s p h a te  b o n d s  a re  c o n s u m e d  in  th e  s y n th e s is  o f  

e a c h  m o le c u le  o f  u re a , th e  s y n th e s is  o f  u r e a  is  ir r e v e r s ib le ,  w ith  a  la rg e , n e g a t iv e  

A G  (s e e  p . 7 0 ). O n e  n i t r o g e n  o f  th e  u r e a  m o le c u le  is  s u p p lie d  b y  f re e  a m m o n ia  

a n d  th e  o th e r  n i t r o g e n  b y  a s p a r ta te .  G lu ta m a te  is  th e  im m e d ia te  p re c u r s o r  o f  

b o th  a m m o n ia  ( th ro u g h  o x id a t iv e  d e a m in a t io n  b y  GDH ) a n d  a s p a r ta te  n it ro g e n  

( th ro u g h  tr a n s a m in a t io n  o f  o x a lo a c e ta te  b y  A ST). In  e f fe c t,  b o th  n i t r o g e n  a to m s  

o f  u re a  a r is e  f ro m  g lu ta m a te ,  w h ic h , in  tu rn , g a th e rs  n i t r o g e n  f ro m  o th e r  a m in o  

a c id s  (F ig . 1 9 .1 5 ).
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F ig u re  1 9 .1 5  F lo w  o f  n i t r o g e n  f ro m  a m in o  a c id s  to  u re a . A m in o  g ro u p s  fo r  u re a  

s y n th e s is  a re  c o l le c te d  in  th e  fo rm  o f  a m m o n ia  (N H 3) a n d  a s p a r ta te .  N A D (H )  =

n ic o t in a m id e  a d e n in e  d in u c le o t id e ;  H C O 3-  = b ic a rb o n a te .

C. Regulation
N A G  is  a n  e s s e n t ia l  a c t iv a to r  fo r  CPS I, th e  r a te - l im it in g  s te p  in  th e  u re a  

c y c le . I t  in c re a s e s  th e  a f f in i ty  o f  CPS I  fo r  A T P . N A G  is  s y n th e s iz e d  f ro m  

a c e ty l  C o A  a n d  g lu ta m a te  b y  N -acetylglu tam ate synthase (NAGS), a s  

s h o w n  in  F ig u re  1 9 .1 6 , in  a  r e a c t io n  fo r  w h ic h  a rg in in e  is  a n  a c t iv a to r .  T h e  

c y c le  is  a lso  r e g u la te d  b y  s u b s t r a te  a v a i la b i l i ty  ( s h o r t- te rm  re g u la t io n )  a n d  

e n z y m e  in d u c t io n  ( lo n g  te rm ) .

F ig u re  1 9 .1 6  F o rm a t io n  a n d  d e g ra d a t io n  o f  N -a c e ty lg lu ta m a te ,  a n  a l lo s te r ic



a c t iv a to r  o f  carbam oyl phosphate synthetase I. C o A  = c o e n z y m e  A .

VI. AMMONIA METABOLISM

A m m o n ia  is  p ro d u c e d  b y  a l l  t i s s u e s  d u r in g  th e  m e ta b o l is m  o f  a  v a r ie ty  o f  

c o m p o u n d s , a n d  i t  is  d is p o s e d  o f  p r im a r i ly  b y  fo rm a t io n  o f  u re a  in  th e  liv e r . 

H o w e v e r ,  th e  b lo o d  a m m o n ia  le v e l  m u s t  b e  k e p t  v e ry  lo w , b e c a u s e  e v e n  s l ig h t ly  

e le v a te d  c o n c e n tra t io n s  (h y p e ra m m o n e m ia )  a re  to x ic  to  th e  c e n tra l  n e rv o u s  

s y s te m  (C N S ). T h e re fo re ,  a  m e c h a n is m  is  r e q u ire d  fo r  th e  t r a n s p o r t  o f  n i t ro g e n  

f ro m  th e  p e r ip h e ra l  t i s s u e s  to  th e  l iv e r  fo r  u l t im a te  d is p o s a l  as  u r e a  w h ile  

k e e p in g  c i r c u la t in g  le v e ls  o f  f re e  a m m o n ia  lo w .

A. Sources
A m in o  a c id s  a re  q u a n t i ta t iv e ly  th e  m o s t  im p o r ta n t  s o u rc e  o f  a m m o n ia  

b e c a u s e  m o s t  W e s te rn  d ie ts  a re  h ig h  in  p ro te in  a n d  p ro v id e  e x c e s s  a m in o  

a c id s , w h ic h  t r a v e l  to  th e  l iv e r  a n d  u n d e rg o  tr a n s d e a m in a t io n  ( th a t  is , th e  

l in k in g  o f  th e  am inotransferase  a n d  G D H  r e a c tio n s ) ,  p ro d u c in g  a m m o n ia . 

[N o te : T h e  l iv e r  c a ta b o liz e s  s t r a ig h t-c h a in  a m in o  a c id s , p r im a r ily .]  

H o w e v e r ,  s u b s ta n t ia l  a m o u n ts  o f  a m m o n ia  c a n  b e  o b ta in e d  f ro m  o th e r  

s o u rc e s .

1. G lu ta m in e :  A n  im p o r ta n t  s o u rc e  o f  p la s m a  g lu ta m in e  is  f ro m  th e  

c a ta b o lis m  o f  B C A A  in  s k e le ta l  m u s c le .  T h is  g lu ta m in e  is  ta k e n  u p  b y  

c e lls  o f  th e  in te s t in e , th e  liv e r , a n d  th e  k id n e y s . T h e  l iv e r  a n d  k id n e y s  

g e n e ra te  a m m o n ia  f ro m  g lu ta m in e  b y  th e  a c t io n s  o f  glu tam inase  (F ig . 

1 9 .1 7 ) a n d  GDH . In  th e  k id n e y s , m o s t  o f  th is  a m m o n ia  is  e x c re te d  in to  

th e  u r in e  a s  N H 4+, w h ic h  p ro v id e s  a n  im p o r ta n t  m e c h a n is m  fo r  

m a in ta in in g  th e  b o d y ’s a c id - b a s e  b a la n c e  th ro u g h  th e  e x c re t io n  o f  

p ro to n s . In  th e  l iv e r , th e  a m m o n ia  is  d e to x if ie d  to  u r e a  a n d  e x c re te d . 

[N o te : a - K e to g lu ta r a te ,  th e  s e c o n d  p ro d u c t  o f  GDH , is  a  g lu c o g e n ic  

p re c u r s o r  in  th e  l iv e r  a n d  k id n e y s .]  A m m o n ia  is  a lso  g e n e ra te d  b y  

in te s t in a l  glutam inase. E n te ro c y te s  o b ta in  g lu ta m in e  e i th e r  f ro m  th e  

b lo o d  o r  f ro m  d ig e s t io n  o f  d ie ta ry  p ro te in .  [N o te : In te s t in a l  g lu ta m in e  

m e ta b o l is m  a lso  p ro d u c e s  a la n in e , w h ic h  is  u s e d  b y  th e  l iv e r  fo r  

g lu c o n e o g e n e s is ,  a n d  c i tru ll in e ,  w h ic h  is  u s e d  b y  th e  k id n e y s  to  

s y n th e s iz e  a rg in in e .]
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F ig u re  1 9 .1 7  H y d ro ly s is  o f  g lu ta m in e  to  fo rm  a m m o n ia  (N H 3).
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2. I n te s t in a l  b a c te r ia :  A m m o n ia  is  fo rm e d  f ro m  u re a  b y  th e  a c t io n  o f  

b a c te r ia l  urease  in  th e  lu m e n  o f  th e  in te s t in e . T h is  a m m o n ia  is  a b s o rb e d  

f ro m  th e  in te s t in e  b y  w a y  o f  th e  p o r ta l  v e in , a n d  v ir tu a l ly  a l l  is  r e m o v e d  

b y  th e  l iv e r  v ia  c o n v e r s io n  to  u re a .

3. A m in e s : A m in e s  o b ta in e d  f ro m  th e  d ie t  a n d  m o n o a m in e s  th a t  s e rv e  as  

h o rm o n e s  o r  n e u ro tra n s m it te r s  g iv e  r is e  to  a m m o n ia  b y  th e  a c t io n  o f  

m onoam ine oxidase  ( s e e  p . 2 8 6 ) .

4 . P u r in e s  a n d  p y r im id in e s :  In  th e  c a ta b o lis m  o f  p u r in e s  a n d  p y r im id in e s ,  

a m in o  g ro u p s  a t ta c h e d  to  th e  r in g  a to m s  a re  r e le a s e d  as  a m m o n ia  (s e e  

F ig . 2 2 .1 5  o n  p . 3 0 0 ) .

B. Transport in the circulation
A lth o u g h  a m m o n ia  is  c o n s ta n t ly  p ro d u c e d  in  th e  t is s u e s ,  i t  is  p r e s e n t  a t  v e ry  

lo w  le v e ls  in  b lo o d . T h is  is  d u e  b o th  to  th e  r a p id  r e m o v a l  o f  b lo o d  a m m o n ia  

b y  th e  l iv e r  a n d  to  th e  f a c t  th a t  s e v e ra l  t is s u e s ,  p a r t ic u la r ly  m u s c le ,  re le a s e  

a m in o  a c id  n i t r o g e n  in  th e  fo rm  o f  g lu ta m in e  a n d  a la n in e , r a th e r  th a n  as  

f re e  a m m o n ia  ( s e e  F ig . 1 9 .1 3 ).

1. U re a : F o rm a t io n  o f  u r e a  in  th e  l iv e r  is  q u a n t i ta t iv e ly  th e  m o s t  im p o r ta n t  

d is p o s a l  ro u te  fo r  a m m o n ia . U re a  t r a v e ls  in  th e  b lo o d  f ro m  th e  l iv e r  to  

th e  k id n e y s , w h e re  i t  p a s s e s  in to  th e  g lo m e ru la r  f i l tra te .

2. G lu ta m in e :  T h is  a m id e  o f  g lu ta m a te  p ro v id e s  a  n o n to x ic  s to ra g e  a n d  

t r a n s p o r t  fo rm  o f  a m m o n ia  (F ig . 1 9 .1 8 ). T h e  A T P - re q u ir in g  fo rm a t io n  o f  

g lu ta m in e  f ro m  g lu ta m a te  a n d  a m m o n ia  b y  glu tam ine synthetase  o c c u rs  

p r im a r i ly  in  s k e le ta l  m u s c le  a n d  th e  l iv e r  b u t  is  a lso  im p o r ta n t  in  th e  

C N S , w h e re  i t  is  th e  m a jo r  m e c h a n is m  fo r  th e  re m o v a l  o f  a m m o n ia  in  th e  

b ra in .  G lu ta m in e  is  fo u n d  in  p la s m a  a t  c o n c e n tra t io n s  h ig h e r  th a n  o th e r  

a m in o  a c id s , a  f in d in g  c o n s is te n t  w ith  i ts  t r a n s p o r t  fu n c t io n . [N o te : T h e  

l iv e r  k e e p s  b lo o d  a m m o n ia  le v e ls  lo w  th ro u g h  glutam inase, GDH , a n d  

th e  u re a  c y c le  in  p e r ip o r ta l  (c lo s e  to  in f lo w  o f  b lo o d )  h e p a to c y te s  a n d  

th ro u g h  glu tam ine synthetase  a s  a n  a m m o n ia  s c a v e n g e r  in  th e  

p e r iv e n o u s  h e p a to c y te s .]  A m m o n ia  m e ta b o l is m  is  s u m m a r iz e d  in  F ig u re  

1 9 .1 9 .
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F ig u re  1 9 .1 9  A m m o n ia  (N H 3) m e ta b o l is m . U re a  c o n te n t  in  th e  u r in e  is  r e p o r te d  

as  u r in a ry  u re a  n i t ro g e n , o r  U U N . U re a  in  b lo o d  is  r e p o r te d  as  B U N  (b lo o d  u re a  

n it ro g e n ) .  [N o te : T h e  e n z y m e s  glu tam ate dehydrogenase, g lu tam ine synthetase, 
a n d  carbam oyl phosphate synthetase I  f ix  N H 3 in to  o rg a n ic  m o le c u le s .]

C. Hyperammonemia
T h e  c a p a c ity  o f  th e  h e p a t ic  u r e a  c y c le  e x c e e d s  th e  n o rm a l  ra te s  o f  a m m o n ia  

g e n e ra tio n , a n d  th e  le v e ls  o f  b lo o d  a m m o n ia  a re  n o rm a lly  lo w  ( 5 - 3 5  

|im o l/ l) .  H o w e v e r ,  w h e n  l iv e r  fu n c t io n  is  c o m p ro m is e d , d u e  e i th e r  to  

g e n e t ic  d e fe c ts  o f  th e  u re a  c y c le  o r  l iv e r  d is e a se , b lo o d  le v e ls  c a n  b e  > 1 ,0 0 0  

|im o l/ l .  S u c h  h y p e ra m m o n e m ia  is  a  m e d ic a l  e m e rg e n c y ,  b e c a u s e  a m m o n ia  

h a s  a  d ir e c t  n e u ro to x ic  e f f e c t  o n  th e  C N S . F o r  e x a m p le , e le v a te d  

c o n c e n tra t io n s  o f  a m m o n ia  in  th e  b lo o d  c a u s e  th e  s y m p to m s  o f  a m m o n ia  

in to x ic a tio n ,  w h ic h  in c lu d e  tre m o rs ,  s lu r r in g  o f  sp e e c h , s o m n o le n c e  

(d ro w s in e s s ) ,  v o m it in g ,  c e re b ra l  e d e m a , a n d  b lu r r in g  o f  v is io n .  A t  h ig h  

c o n c e n tra t io n s ,  a m m o n ia  c a n  c a u s e  c o m a  a n d  d e a th . T h e re  a re  tw o  m a jo r  

ty p e s  o f  h y p e ra m m o n e m ia .

1. A c q u ire d :  L iv e r  d is e a s e  is  a  c o m m o n  c a u s e  o f  a c q u ire d  

h y p e ra m m o n e m ia  in  a d u l ts  a n d  m a y  b e  d u e , fo r  e x a m p le , to  v i r a l  

h e p a t i t is  o r  to  h e p a to to x in s  s u c h  as  a lc o h o l. C ir rh o s is  o f  th e  l iv e r  m a y  

r e s u l t  in  fo rm a t io n  o f  c o l la te ra l  c i r c u la t io n  a ro u n d  th e  l iv e r . A s  a  re s u lt ,  

p o r ta l  b lo o d  is  s h u n te d  d ire c tly  in to  th e  s y s te m ic  c i r c u la t io n  a n d  d o e s  n o t  

h a v e  a c c e s s  to  th e  l iv e r . T h e re fo re ,  th e  c o n v e r s io n  o f  a m m o n ia  to  u r e a  is  

s e v e re ly  im p a ire d ,  le a d in g  to  e le v a te d  le v e ls  o f  a m m o n ia .

2. C o n g e n ita l :  G e n e t ic  d e f ic ie n c ie s  o f  e a c h  o f  th e  f iv e  e n z y m e s  o f  th e  u re a  

c y c le  ( a n d  o f  N A G S)  h a v e  b e e n  d e s c r ib e d , w i th  a n  o v e ra l l  in c id e n c e  o f  

~ 1 :2 5 ,0 0 0  liv e  b ir th s .  X - l in k e d  O TC  d e f ic ie n c y  is  th e  m o s t  c o m m o n  o f  

th e s e  d is o rd e rs ,  p r e d o m in a n t ly  a f f e c tin g  m a le s ,  a l th o u g h  fe m a le  c a r r ie rs  

m a y  b e c o m e  s y m p to m a tic .  A l l  o f  th e  o th e r  u r e a  c y c le  d is o rd e r s  fo l lo w  a n  

a u to s o m a l- re c e s s iv e  in h e r i ta n c e  p a t te rn . In  e a c h  c a se , th e  f a i lu re  to  

s y n th e s iz e  u r e a  le a d s  to  h y p e ra m m o n e m ia  d u r in g  th e  f i r s t  w e e k s  

fo llo w in g  b ir th .  [N o te : T h e  h y p e ra m m o n e m ia  s e e n  w i th  arginase  
d e f ic ie n c y  is  le s s  s e v e re  b e c a u s e  a rg in in e  c o n ta in s  tw o  w a s te  n it ro g e n s  

a n d  c a n  b e  e x c re te d  in  th e  u r in e .]  H is to r ic a lly ,  u r e a  c y c le  d e fe c ts  h a d  

h ig h  m o rb id i ty  (n e u ro lo g ic  m a n ife s ta t io n s )  a n d  m o r ta l i ty .  T re a tm e n t



in c lu d e d  r e s tr ic t io n  o f  d ie ta ry  p ro te in  in  th e  p r e s e n c e  o f  s u f f ic ie n t  

c a lo r ie s  to  p r e v e n t  p ro te in  c a ta b o lis m . A d m in is t r a t io n  o f  c o m p o u n d s  th a t  

b in d  c o v a le n tly  to  n o n e s s e n t ia l  a m in o  a c id s , p ro d u c in g  n it ro g e n -  

c o n ta in in g  m o le c u le s  th a t  a re  e x c re te d  in  th e  u r in e , h a s  im p ro v e d  

s u rv iv a l .  F o r  e x a m p le , p h e n y lb u ty ra te  g iv e n  o ra l ly  is  c o n v e r te d  to  

p h e n y la c e ta te .  T h is  c o n d e n s e s  w i th  g lu ta m in e  to  fo rm  

p h e n y la c e ty lg lu ta m in e ,  w h ic h  is  e x c re te d  (F ig . 1 9 .2 0 ).



Phenylbutyrate is a prodrug that is 
rapidly converted to phenylacetate, 
which combines with glutamine to 
form ohenvIacetvIalutamine.The

Amino acids

G l u t a m i n e *

G lu t a m i n e

G lu t a m i n

G l u t a m i n e  Glut̂ mjne J
synthetase ^

3 N H 3  3 
NH3



F ig u re  1 9 .2 0  T re a tm e n t  o f  p a t ie n ts  w i th  u r e a  c y c le  d e fe c ts  b y  a d m in is tr a t io n  o f  

p h e n y lb u ty ra te  to  a id  in  e x c re t io n  o f  a m m o n ia  (N H 3).



VII. CHAPTER SUMMARY

N itro g e n  e n te r s  th e  b o d y  in  a  v a r ie ty  o f  c o m p o u n d s  p r e s e n t  in  fo o d , th e  

m o s t  im p o r ta n t  b e in g  a m in o  a c id s  c o n ta in e d  in  d ie ta ry  p ro te in .  N itro g e n  

le a v e s  th e  b o d y  a s  u re a , a m m o n ia , a n d  o th e r  p ro d u c ts  d e r iv e d  f ro m  a m in o  

a c id  m e ta b o l is m  (F ig . 1 9 .2 1 ). F re e  a m in o  a c id s  in  th e  b o d y  a re  p ro d u c e d  b y  

h y d ro ly s is  o f  d ie ta ry  p ro te in  b y  proteases  a c t iv a te d  f ro m  th e ir  z y m o g e n  

fo rm  in  th e  s to m a c h  a n d  in te s t in e , d e g ra d a t io n  o f  t i s s u e  p ro te in s ,  a n d  d e  

n o v o  s y n th e s is .  T h is  a m in o  a c id  p o o l  is  c o n s u m e d  in  th e  s y n th e s is  o f  b o d y  

p ro te in ,  m e ta b o l iz e d  fo r  e n e rg y , o r  its  m e m b e rs  u s e d  a s  p re c u r s o r s  fo r  o th e r  

n i t r o g e n -c o n ta in in g  c o m p o u n d s . F re e  a m in o  a c id s  f ro m  d ig e s t io n  a re  ta k e n  

u p  b y  in te s t in a l  e n te ro c y te s  v ia  s o d iu m -d e p e n d e n t  s e c o n d a ry  a c t iv e  

t r a n s p o r t .  S m a ll  p e p t id e s  a re  ta k e n  u p  v ia  p ro to n - l in k e d  tra n s p o r t .  N o te  th a t  

b o d y  p ro te in  is  s im u l ta n e o u s ly  d e g ra d e d  a n d  r e s y n th e s iz e d ,  a  p ro c e s s  

k n o w n  a s  p ro te in  tu rn o v e r .  T h e  c o n c e n tra t io n  o f  a  c e l lu la r  p ro te in  m a y  b e  

d e te rm in e d  b y  r e g u la t io n  o f  its  s y n th e s is  o r  d e g ra d a tio n . T h e  A T P -  

d e p e n d e n t,  c y to s o l ic ,  s e le c tiv e  u b iq u i t in -p r o te a s o m e  a n d  A T P -  

in d e p e n d e n t,  r e la t iv e ly  n o n s e le c t iv e  ly s o s o m a l  acid  hydrolases  a re  th e  tw o  

m a jo r  e n z y m e  s y s te m s  th a t  a re  r e s p o n s ib le  fo r  d e g ra d in g  p ro te in s .  N itro g e n  

c a n n o t  b e  s to re d , a n d  a m in o  a c id s  in  e x c e s s  o f  th e  b io s y n th e t ic  n e e d s  o f  th e  

c e ll  a re  q u ic k ly  d e g ra d e d . T h e  f i r s t  p h a s e  o f  c a ta b o li s m  in v o lv e s  th e  

t r a n s fe r  o f  th e  a - a m in o  g ro u p s  th ro u g h  tr a n s a m in a t io n  b y  p y r id o x a l  

p h o s p h a te - d e p e n d e n t  am inotransferases (transam inases), f o l lo w e d  b y  

o x id a tiv e  d e a m in a t io n  o f  g lu ta m a te  b y  glu tam ate dehydrogenase, fo rm in g  

a m m o n ia  a n d  th e  c o r re s p o n d in g  a - k e to  a c id s . A  p o r t io n  o f  th e  f re e  

a m m o n ia  is  e x c re te d  in  th e  u r in e . S o m e  a m m o n ia  is  u s e d  in  c o n v e r t in g  

g lu ta m a te  to  g lu ta m in e  fo r  s a fe  t r a n s p o r t ,  b u t  m o s t  is  u s e d  in  th e  h e p a t ic  

s y n th e s is  o f  u re a , w h ic h  is  q u a n t i ta t iv e ly  th e  m o s t  im p o r ta n t  ro u te  fo r  

d is p o s in g  o f  n it ro g e n  f ro m  th e  b o d y . A la n in e  a lso  c a r r ie s  n i t r o g e n  to  th e  

l iv e r  fo r  d is p o s a l  a s  u re a . T h e  tw o  m a jo r  c a u s e s  o f  h y p e ra m m o n e m ia  (w ith  

its  n e u ro lo g ic  e f fe c ts )  a re  a c q u ire d  l iv e r  d is e a s e  a n d  c o n g e n i ta l  d e f ic ie n c ie s  

o f  u re a  c y c le  e n z y m e s  s u c h  a s  X - l in k e d  ornith ine transcarbam ylase.



F ig u re  1 9 .2 1  K e y  c o n c e p t  m a p  fo r  n i t r o g e n  m e ta b o l is m . G I =  g a s tro in te s t in a l;  

P E S T  =  p ro lin e , g lu ta m a te ,  s e r in e , th re o n in e ;  N H 3 =  a m m o n ia ;  C O 2 =  c a rb o n  

d io x id e .



Study Questions

Choose th e  O N E  b e s t  a n s w e r .

9 .1 . In  th is  t r a n s a m in a t io n  r e a c t io n  ( r ig h t) ,  w h ic h  o f  th e  fo llo w in g  a re  th e  

p ro d u c ts  X  a n d  Y ?

Oxaloacetate x

KJ
M

Glutamate Y

A . A la n in e ,  a -k e to g lu ta r a te

B . A s p a r ta te ,  a -k e to g lu ta r a te

C . G lu ta m a te ,  a la n in e

D . P y ru v a te ,  a s p a r ta te

C o r r e c t  a n s w e r  = B . T ra n s a m in a t io n  r e a c t io n s  a lw a y s  h a v e  a n  a m in o  a c id  a n d  

a n  a - k e to  a c id  a s  s u b s tra te s .  T h e  p ro d u c ts  o f  th e  r e a c t io n  a re  a lso  a n  a m in o  

a c id  ( c o r re s p o n d in g  to  th e  a - k e to  s u b s tra te )  a n d  a n  a - k e to  a c id  (c o r re s p o n d in g  

to  th e  a m in o  a c id  s u b s t ra te ) .  T h re e  a m in o  a c id  a - k e to  a c id  p a ir s  c o m m o n ly  

e n c o u n te re d  in  m e ta b o l is m  a re  a la n in e /p y ru v a te ,  a s p a r ta te /o x a lo a c e ta te ,  a n d  

g lu ta m a te /a -k e to g lu ta r a te .  In  th is  q u e s tio n , g lu ta m a te  is  d e a m in a te d  to  fo rm  a -  

k e to g lu ta ra te ,  a n d  o x a lo a c e ta te  is  a m in a te d  to  fo rm  a s p a r ta te .

9 .2 . W h ic h  o n e  o f  th e  fo llo w in g  s ta te m e n ts  a b o u t  a m in o  a c id s  a n d  th e ir

m e ta b o l is m  is  c o r re c t?

A . F re e  a m in o  a c id s  a re  ta k e n  in to  th e  e n te ro c y te s  b y  a  s in g le  p ro to n -  

l in k e d  t r a n s p o r t  sy s te m .



B . In  h e a l th y , w e l l - f e d  in d iv id u a ls ,  th e  in p u t  to  th e  a m in o  a c id  p o o l 

e x c e e d s  th e  o u tp u t.

C . T h e  l iv e r  u s e s  a m m o n ia  to  b u f f e r  p ro to n s .

D . M u s c le -d e r iv e d  g lu ta m in e  is  m e ta b o l iz e d  in  l iv e r  a n d  k id n e y  t is s u e  to  

a m m o n ia  + a  g lu c o n e o g e n ic  p re c u rs o r .

E . T h e  f i r s t  s te p  in  th e  c a ta b o lis m  o f  m o s t  a m in o  a c id s  is  th e ir  o x id a tiv e  

d e a m in a t io n .

F . T h e  to x ic  a m m o n ia  g e n e ra te d  f ro m  th e  a m id e  n i t r o g e n  o f  a m in o  a c id s  

is  t r a n s p o r te d  th ro u g h  b lo o d  as  a rg in in e .

C o r r e c t  a n s w e r  = D . G lu ta m in e , p ro d u c e d  b y  th e  c a ta b o lis m  o f  b r a n c h e d -c h a in  

a m in o  a c id s  in  m u s c le ,  is  d e a m in a te d  b y  g lu ta m in a s e  to  a m m o n ia  + g lu ta m a te .  

T h e  g lu ta m a te  is  d e a m in a te d  b y  g lu ta m a te  d e h y d ro g e n a s e  to  a m m o n ia  + a -  

k e to g lu ta ra te ,  w h ic h  c a n  b e  u s e d  fo r  g lu c o n e o g e n e s is .  F re e  a m in o  a c id s  a re  

ta k e n  in to  e n te ro c y te s  b y  s e v e ra l  d if f e r e n t  s o d iu m - l in k e d  t r a n s p o r t  s y s te m s . 

H e a lth y , w e ll - fe d  in d iv id u a ls  a re  in  n i t r o g e n  b a la n c e , in  w h ic h  n i t r o g e n  in p u t  

e q u a ls  o u tp u t. T h e  l iv e r  c o n v e r ts  a m m o n ia  to  u re a , a n d  th e  k id n e y s  u se  

a m m o n ia  to  b u f f e r  p ro to n s . A m in o  a c id  c a ta b o li s m  b e g in s  w i th  t r a n s a m in a t io n  

th a t  g e n e ra te s  g lu ta m a te .  T h e  g lu ta m a te  u n d e rg o e s  o x id a t iv e  d e a m in a t io n . 

T o x ic  a m m o n ia  is  t r a n s p o r te d  as  g lu ta m in e  a n d  a la n in e . A rg in in e  is  

s y n th e s iz e d  a n d  h y d ro ly z e d  in  th e  h e p a t ic  u r e a  c y c le .

F o r  Q u e s tio n s  1 9 .3 -1 9 .5 ,  u s e  th e  fo llo w in g  s c e n a r io .

A  fe m a le  n e o n a te  a p p e a re d  h e a l th y  u n t i l  a g e  ~ 2 4  h o u rs , w h e n  sh e  b e c a m e  

le th a rg ic .  A  s e p s is  w o rk u p  p ro v e d  n e g a t iv e . A t  5 6  h o u rs ,  s h e  s ta r te d  s h o w in g  

fo c a l  s e iz u re  a c t iv i ty .  T h e  p la s m a  a m m o n ia  le v e l  w a s  fo u n d  to  b e  8 8 7  |im o l/ l  

(n o rm a l 5 - 3 5  |im o l/ l) .  Q u a n ti ta t iv e  p la s m a  a m in o  a c id  le v e ls  r e v e a le d  a  m a rk e d  

e le v a tio n  o f  c i t ru l l in e  b u t  n o t  a rg in in o s u c c in a te .

9 .3 . W h ic h  o n e  o f  th e  fo l lo w in g  e n z y m ic  a c t iv i t ie s  is  m o s t  l ik e ly  to  b e  d e f ic ie n t  

in  th is  p a t ie n t?

A . A rg in a s e

B . A r g in in o s u c c in a te  ly a s e

C . A r g in in o s u c c in a te  s y n th e ta s e

D . C a rb a m o y l  p h o s p h a te  s y n th e ta s e  I

E . O rn ith in e  t r a n s c a rb a m y la s e



C o r re c t  a n s w e r  = C . G e n e tic  d e f ic ie n c ie s  o f  e a c h  o f  th e  f iv e  e n z y m e s  o f  th e  

u re a  c y c le , a s  w e l l  as  d e f ic ie n c ie s  in  N -a c e ty lg lu ta m a te  s y n th a s e , h a v e  b e e n  

d e s c r ib e d . T h e  a c c u m u la t io n  o f  c i tru ll in e  (b u t  n o t  a rg in in o s u c c in a te )  in  th e  

p la s m a  o f  th is  p a t ie n t  m e a n s  th a t  th e  e n z y m e  r e q u ire d  fo r  th e  c o n v e r s io n  o f  

c i tru ll in e  to  a rg in in o s u c c in a te  (a rg in in o s u c c in a te  s y n th e ta s e )  is  d e fe c tiv e , 

w h e re a s  th e  e n z y m e  th a t  c le a v e s  a rg in in o s u c c in a te  (a rg in in o s u c c in a te  ly a s e )  is  

fu n c t io n a l .

9 .4 . W h ic h  o n e  o f  th e  fo l lo w in g  w o u ld  a lso  b e  e le v a te d  in  th e  b lo o d  o f  th is

p a t ie n t?

A . A s p a ra g in e

B . G lu ta m in e

C . L y s in e

D . U re a

C o r r e c t  a n s w e r  = B . D e f ic ie n c ie s  o f  th e  e n z y m e s  o f  th e  u r e a  c y c le  r e s u l t  in  th e  

fa i lu re  to  s y n th e s iz e  u re a  a n d  le a d  to  h y p e ra m m o n e m ia  in  th e  f i r s t  f e w  w e e k s  

a f te r  b ir th .  G lu ta m in e  w i l l  a lso  b e  e le v a te d  b e c a u s e  i t  a c ts  a s  a  n o n to x ic  

s to ra g e  a n d  t r a n s p o r t  fo rm  o f  a m m o n ia . T h e re fo re ,  e le v a te d  g lu ta m in e  

a c c o m p a n ie s  h y p e ra m m o n e m ia .  A s p a ra g in e  a n d  ly s in e  d o  n o t  s e rv e  th is  

s e q u e s te r in g  ro le . U re a  w o u ld  b e  d e c re a s e d  b e c a u s e  o f  im p a ire d  a c t iv i ty  o f  th e  

u re a  c y c le . [N o te : A la n in e  w o u ld  a lso  b e  e le v a te d  in  th is  p a t ie n t .]

9 .5 . W h y  m ig h t  s u p p le m e n ta t io n  w ith  a rg in in e  b e  o f  b e n e f i t  to  th is  p a t ie n t?

T h e  a rg in in e  w i l l  b e  c le a v e d  b y  a rg in a s e  to  u re a  a n d  o rn ith in e . O rn i th in e  w il l  

b e  c o m b in e d  w ith  c a rb a m o y l  p h o s p h a te  b y  o rn i th in e  t r a n s c a rb a m y la s e  to  fo rm  

c i tru ll in e .  C itru ll in e ,  c o n ta in in g  o n e  w a s te  n i t ro g e n , w i l l  b e  e x c re te d .
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Point’ F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

A m in o  a c id  d e g ra d a t io n  in v o lv e s  r e m o v a l  o f  th e  a - a m in o  g ro u p , f o l lo w e d  b y  th e  

c a ta b o lis m  o f  th e  r e s u lt in g  a - k e to  a c id s  ( c a rb o n  s k e le to n s ) .  T h e s e  p a th w a y s  

c o n v e rg e  to  fo rm  s e v e n  in te rm e d ia te  p ro d u c ts :  o x a lo a c e ta te ,  p y ru v a te ,  a -  

k e to g lu ta ra te ,  fu m a ra te ,  s u c c in y l  c o e n z y m e  A  (C o A ), a c e ty l  C o A , a n d  

a c e to a c e ta te .  T h e  p ro d u c ts  d ire c tly  e n te r  th e  p a th w a y s  o f  in te rm e d ia ry  

m e ta b o l is m , r e s u l t in g  e i th e r  in  th e  s y n th e s is  o f  g lu c o s e , k e to n e  b o d ie s ,  o r  l ip id s  

o r  in  th e  p r o d u c t io n  o f  e n e rg y  th ro u g h  th e ir  o x id a t io n  to  c a rb o n  d io x id e  (C O 2) 

b y  th e  t r ic a rb o x y lic  a c id  (T C A ) c y c le . F ig u re  2 0 .1  p ro v id e s  a n  o v e rv ie w  o f  th e s e  

p a th w a y s , w i th  a  m o re  d e ta i le d  s u m m a ry  p r e s e n te d  in  F ig u re  2 0 .1 5  (s e e  p . 2 6 9 ). 

N o n e s s e n t ia l  a m in o  a c id s  (F ig . 2 0 .2 ) c a n  b e  s y n th e s iz e d  in  s u f f ic ie n t  a m o u n ts  

f ro m  th e  in te rm e d ia te s  o f  m e ta b o l is m  o r, a s  in  th e  c a s e  o f  c y s te in e  a n d  ty ro s in e , 

f ro m  e s s e n t ia l  a m in o  a c id s . In  c o n tra s t ,  b e c a u s e  th e  e s s e n t ia l  a m in o  a c id s  c a n n o t  

b e  s y n th e s iz e d  (o r  s y n th e s iz e d  in  s u f f ic ie n t  a m o u n ts )  b y  h u m a n s , th e y  m u s t  b e  

o b ta in e d  f ro m  th e  d ie t  in  o rd e r  fo r  n o rm a l  p ro te in  s y n th e s is  to  o c c u r . G e n e tic  

d e fe c ts  in  th e  p a th w a y s  o f  a m in o  a c id  m e ta b o l is m  c a n  c a u s e  s e r io u s  d is e a se .





F ig u re  2 0 .1  A m in o  a c id  m e ta b o l is m  s h o w n  a s  a  p a r t  o f  th e  e s s e n t ia l  p a th w a y s  o f  

e n e rg y  m e ta b o l is m . (S e e  F ig . 8 .2 , p . 9 2 , fo r  a  m o re  d e ta i le d  m a p  o f  m e ta b o l is m .)  

C o A  = c o e n z y m e  A ; C O 2 = c a rb o n  d io x id e .
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F ig u re  2 0 .2  C la s s if ic a t io n  o f  a m in o  a c id s . [N o te : S o m e  a m in o  a c id s  c a n  b e c o m e  

c o n d i t io n a l ly  e s s e n tia l .  F o r  e x a m p le , s u p p le m e n ta t io n  w ith  g lu ta m in e  a n d  

a rg in in e  h a s  b e e n  s h o w n  to  im p ro v e  o u tc o m e s  in  p a t ie n ts  w i th  tr a u m a ,



p o s to p e ra t iv e  in fe c tio n s ,  a n d  im m u n o s u p p re s s io n .]

II. GLUCOGENIC AND KETOGENIC 
AMINO ACIDS

A m in o  a c id s  c a n  b e  c la s s i f ie d  a s  g lu c o g e n ic ,  k e to g e n ic ,  o r  b o th , b a s e d  o n  w h ic h  

o f  th e  s e v e n  in te rm e d ia te s  a re  p ro d u c e d  d u r in g  th e ir  c a ta b o li s m  (s e e  F ig . 2 0 .2 ).

A. Glucogenic amino acids
A m in o  a c id s  w h o s e  c a ta b o lis m  y ie ld s  p y ru v a te  o r  o n e  o f  th e  in te rm e d ia te s  

o f  th e  T C A  c y c le  a re  te rm e d  g lu c o g e n ic .  B e c a u s e  th e s e  in te rm e d ia te s  a re  

s u b s t ra te s  fo r  g lu c o n e o g e n e s is  ( s e e  p . 1 1 8 ), th e y  c a n  g iv e  r is e  to  th e  n e t  

s y n th e s is  o f  g lu c o s e  in  th e  l iv e r  a n d  k id n e y .

Color-coding 
used in this 
chapter:

• blue caps te x t  = names of seven products of amino acid 
metabolism

• Red text = names of glucogenic amino acids
• Brown text = names of glucogenic and ketogenic amino acids
• Green text = names of ketogenic amino acids
• Cyan text = one-carbon compounds

B. Ketogenic amino acids
A m in o  a c id s  w h o s e  c a ta b o lis m  y ie ld s  e i th e r  a c e to a c e ta te  o r  o n e  o f  its  

p re c u r s o r s  ( a c e ty l  C o A  o r  a c e to a c e ty l  C o A )  a re  te rm e d  k e to g e n ic  (s e e  F ig . 

2 0 .2 ). A c e to a c e ta te  is  o n e  o f  th e  k e to n e  b o d ie s ,  w h ic h  a lso  in c lu d e  3- 

h y d ro x y b u ty ra te  a n d  a c e to n e  (se e  p . 1 9 5 ). L e u c in e  a n d  ly s in e  a re  th e  o n ly  

e x c lu s iv e ly  k e to g e n ic  a m in o  a c id s  fo u n d  in  p ro te in s .  T h e ir  c a rb o n  s k e le to n s  

a re  n o t  s u b s t ra te s  fo r  g lu c o n e o g e n e s is  a n d , th e re fo re ,  c a n n o t  g iv e  r is e  to  th e  

n e t  s y n th e s is  o f  g lu c o se .

III. AMINO ACID CARBON SKELETON



CATABOLISM

T h e  p a th w a y s  b y  w h ic h  a m in o  a c id s  a re  c a ta b o liz e d  a re  c o n v e n ie n t ly  o rg a n iz e d  

a c c o rd in g  to  w h ic h  o n e  (o r  m o re )  o f  th e  s e v e n  in te rm e d ia te s  l i s te d  a b o v e  is  

p ro d u c e d  f ro m  a  p a r t ic u la r  a m in o  a c id .

A. Amino acids that form oxaloacetate
A s p a ra g in e  is  h y d ro ly z e d  b y  asparaginase, l ib e ra t in g  a m m o n ia  a n d  

a s p a r ta te  (F ig . 2 0 .3 ). A s p a r ta te  lo s e s  its  a m in o  g ro u p  b y  t r a n s a m in a t io n  to  

fo rm  o x a lo a c e ta te  ( s e e  F ig . 2 0 .3 ). [N o te : S o m e  ra p id ly  d iv id in g  le u k e m ic  

c e lls  a re  u n a b le  to  s y n th e s iz e  s u f f ic ie n t  a s p a ra g in e  to  s u p p o r t  th e ir  g ro w th . 

T h is  m a k e s  a s p a ra g in e  a n  e s s e n t ia l  a m in o  a c id  fo r  th e s e  c e lls ,  w h ic h , 

th e re fo re ,  r e q u ire  a s p a ra g in e  f ro m  th e  b lo o d . Asparaginase, w h ic h  

h y d ro ly z e s  a s p a ra g in e  to  a s p a r ta te ,  c a n  b e  a d m in is te re d  s y s te m ic a l ly  to  

t r e a t  le u k e m ia . A sparaginase  lo w e rs  th e  le v e l  o f  a s p a ra g in e  in  th e  p la sm a , 

th e re b y  d e p r iv in g  c a n c e r  c e lls  o f  a  r e q u i re d  n u tr ie n t .]



r

CONHo

C H 2

H C N H 3+

C O O "

Asparagine

C H 2

H C N H 3+

C O O "

Aspartate

Aminotransferase
PLP

a-Ketoglutarate  

Glutamate

C O O "

C H 2

c=o
C O O "

OXALOACETATE



F ig u re  2 0 .3  M e ta b o lis m  o f  a s p a ra g in e  a n d  a s p a r ta te .  P L P  =  p y r id o x a l  p h o s p h a te ;  

N H 3 =  a m m o n ia .

B. Amino acids that form a-ketoglutarate via glutamate
1. G lu ta m in e : T h is  a m in o  a c id  is  h y d ro ly z e d  to  g lu ta m a te  a n d  a m m o n ia  b y  

th e  e n z y m e  glu tam inase  ( s e e  p . 2 5 6 ) . G lu ta m a te  is  c o n v e r te d  to  a -  

k e to g lu ta ra te  b y  tr a n s a m in a t io n  o r  th ro u g h  o x id a tiv e  d e a m in a t io n  b y  

glu tam ate dehydrogenase  ( s e e  p . 2 5 2 ) .

2. P ro lin e : T h is  a m in o  a c id  is  o x id iz e d  to  g lu ta m a te .  G lu ta m a te  is  

t r a n s a m in a te d  o r o x id a t iv e ly  d e a m in a te d  to  fo rm  a -k e to g lu ta ra te .

3. A rg in in e :  T h is  a m in o  a c id  is  h y d ro ly z e d  b y  arginase  to  p ro d u c e  

o rn ith in e  (a n d  u re a ) .  [N o te : T h e  r e a c t io n  o c c u rs  p r im a r i ly  in  th e  l iv e r  a s  

p a r t  o f  th e  u r e a  c y c le  ( s e e  p . 2 5 5 ) .]  O rn ith in e  is  s u b s e q u e n tly  c o n v e r te d  

to  a -k e to g lu ta r a te ,  w ith  g lu ta m a te  s e m ia ld e h y d e  a s  a n  in te rm e d ia te .

4 . H is tid in e : T h is  a m in o  a c id  is  o x id a tiv e ly  d e a m in a te d  b y  histidase  to  

u ro c a n ic  a c id , w h ic h  s u b s e q u e n tly  fo rm s  N -fo rm im in o g lu ta m a te  

( [F IG lu ] ,  F ig . 2 0 .4 ). F IG lu  d o n a te s  its  fo rm im in o  g ro u p  to  

te tr a h y d ro fo la te  (T H F ) , le a v in g  g lu ta m a te ,  w h ic h  is  d e g ra d e d  as  

d e s c r ib e d  a b o v e . [N o te : I n d iv id u a ls  d e f ic ie n t  in  fo lic  a c id  e x c re te  

in c re a s e d  a m o u n ts  o f  F IG lu  in  th e  u r in e , p a r t ic u la r ly  a f te r  in g e s t io n  o f  a  

la rg e  d o s e  o f  h is t id in e . T h e  F IG lu  e x c re tio n  te s t  h a s  b e e n  u s e d  in  

d ia g n o s in g  a  d e f ic ie n c y  o f  fo lic  a c id . S e e  p . 2 6 7  fo r  a  d is c u s s io n  o f  fo lic  

a c id , T H F , a n d  o n e -c a rb o n  m e ta b o l is m .]

F ig u re  2 0 .4  D e g ra d a t io n  o f  h is t id in e . N H 3 = a m m o n ia .

C. Amino acids that form pyruvate
1. A la n in e :  T h is  a m in o  a c id  lo s e s  its  a m in o  g ro u p  b y  t r a n s a m in a t io n  to



fo rm  p y ru v a te  (F ig . 2 0 .5 ). [N o te : T ry p to p h a n  c a ta b o li s m  p ro d u c e s  

a la n in e  a n d , th e re fo re ,  p y ru v a te  ( s e e  F ig . 2 0 .1 0  o n  p . 2 6 5 ) .]

F ig u re  2 0 .5  T ra n s a m in a t io n  o f  a la n in e  to  p y ru v a te .  P L P  = p y r id o x a l  p h o s p h a te .

2. S e r in e : T h is  a m in o  a c id  c a n  b e  c o n v e r te d  to  g ly c in e  a s  T H F  b e c o m e s  

N 5,N 10-m e th y le n e te t r a h y d ro fo la te  ( N 5,N 10-M T H F ) , as  s h o w n  in  F ig u re  

2 0 .6 A . S e r in e  c a n  a lso  b e  c o n v e r te d  to  p y ru v a te  ( s e e  F ig . 2 0 .6 B ).



F ig u re  2 0 .6  A . In te rc o n v e r s io n  o f  s e r in e  a n d  g ly c in e  a n d  o x id a t io n  o f  g ly c in e . B . 

D e h y d ra t io n  o f  s e r in e  to  p y ru v a te .  P L P  = p y r id o x a l  p h o s p h a te ;  N H 3 = a m m o n ia .

3. G ly c in e : T h is  a m in o  a c id  c a n  b e  c o n v e r te d  to  s e r in e  b y  th e  r e v e r s ib le  

a d d i t io n  o f  a  m e th y le n e  g ro u p  f ro m  N 5,N 10-M T H F  (s e e  F ig . 2 0 .6 A ) o r  

o x id iz e d  to  C O 2 a n d  a m m o n ia  b y  th e  g ly c in e  c le a v a g e  s y s te m . [N o te : 

G ly c in e  c a n  b e  d e a m in a te d  to  g ly o x y la te  (b y  a  d-am ino acid  oxidase; s e e  

p . 2 5 3 ) , w h ic h  c a n  b e  o x id iz e d  to  o x a la te  o r  t r a n s a m in a te d  to  g ly c in e . 

D e f ic ie n c y  o f  th e  transam inase  in  l iv e r  p e ro x is o m e s  c a u s e s  

o v e rp ro d u c t io n  o f  o x a la te ,  th e  fo rm a t io n  o f  o x a la te  s to n e s , a n d  k id n e y  

d a m a g e  (p r im a ry  o x a lu r ia  ty p e  1 ).]

4 . C y s te in e : T h is  s u lfu r -c o n ta in in g  a m in o  a c id  u n d e rg o e s  d e s u lfu r iz a t io n  to  

y ie ld  p y ru v a te .  [N o te : T h e  s u lfa te  r e le a s e d  c a n  b e  u s e d  to  s y n th e s iz e  3 '-  

p h o s p h o a d e n o s in e -5 '- p h o s p h o s u lf a te  (P A P S ) , a n  a c t iv a te d  s u lfa te  d o n o r  

to  a  v a r ie ty  o f  a c c e p to rs .]  C y s te in e  c a n  a lso  b e  o x id iz e d  to  i ts  d is u lf id e



d e r iv a tiv e , c y s tin e .

5. T h re o n in e :  T h is  a m in o  a c id  is  c o n v e r te d  to  p y ru v a te  in  m o s t  o rg a n is m s  

b u t  is  a  m in o r  p a th w a y  (a t  b e s t)  in  h u m a n s .

D. Amino acids that form fumarate
1. P h e n y la la n in e  a n d  ty ro s in e : H y d ro x y la t io n  o f  p h e n y la la n in e  p ro d u c e s  

ty ro s in e  (F ig . 2 0 .7 ). T h is  i r r e v e r s ib le  re a c tio n , c a ta ly z e d  b y  

te t r a h y d ro b io p te r in - r e q u ir in g  phenyla lan ine hydroxylase (PAH),
in i t ia te s  th e  c a ta b o lis m  o f  p h e n y la la n in e .  T h u s , p h e n y la la n in e  

m e ta b o l is m  a n d  ty ro s in e  m e ta b o l is m  m e rg e , le a d in g  u l t im a te ly  to  

fu m a ra te  a n d  a c e to a c e ta te  fo rm a tio n . T h e re fo re ,  p h e n y la la n in e  a n d  

ty ro s in e  a re  b o th  g lu c o g e n ic  a n d  k e to g e n ic .

F ig u re  2 0 .7  D e g ra d a t io n  o f  p h e n y la la n in e .

2. In h e r i te d  d e f ic ie n c ie s :  In h e r i te d  d e f ic ie n c ie s  in  th e  e n z y m e s  o f



p h e n y la la n in e  a n d  ty ro s in e  m e ta b o l is m  le a d  to  th e  d is e a s e s  

p h e n y lk e to n u r ia  (P K U ) (s e e  p . 2 7 0 ) , ty ro s in e m ia  (s e e  p . 2 7 4 ) , a n d  

a lk a p to n u r ia  ( s e e  p . 2 7 4 )  a s  w e l l  as  th e  c o n d i t io n  o f  a lb in is m  (s e e  p . 

2 7 3 ) .

E. Amino acids that form succinyl CoA: Methionine
M e th io n in e  is  o n e  o f  fo u r  a m in o  a c id s  th a t  fo rm  s u c c in y l  C o A . T h is  su lfu r -  

c o n ta in in g  a m in o  a c id  d e s e rv e s  s p e c ia l  a t te n t io n  b e c a u s e  i t  is  c o n v e r te d  to  

S -a d e n o s y lm e th io n in e  (S A M ), th e  m a jo r  m e th y l  g ro u p  d o n o r  in  o n e -c a rb o n  

m e ta b o l is m  (F ig . 2 0 .8 ). M e th io n in e  is  a lso  th e  s o u rc e  o f  h o m o c y s te in e  

(H c y ) , a  m e ta b o l i te  a s s o c ia te d  w ith  a th e ro s c le ro t ic  v a s c u la r  d is e a s e  a n d  

th ro m b o s is  ( s e e  p . 2 6 5 ).



Methionine synthase

Tetrahydrofolate

ß-synthase

y-Cystathionase

M e th y lc o b a la m in
(M e th y l-B 12)

Methionine

ATP
Methionine
adenosyl-
transferase + PP

Adenosine -  g +

HCNH

COO

S-Adenosylmethionine (SAM)

Methyl acceptors

Methyltransferases

K Methylated
products

Adenosine - s

HCNH

COO

S-Adenosylhomocysteine (SAH)

There are two major disposal pathways 
for homocysteine. Conversion to 
methionine requires folate and vitamin 
B12-derived coenzymes and is a 
remethylation process. The formation 
of cysteine requires vitamin B6 
(pyridoxine) and is a transsulfuration 
process—the sulfur of methionine 
becomes the sulfur of cysteine.

SAH rhydrolase

Adenosine

HCNHo

COO

Homocysteine
-Serine

Cystathionine

c h 2- s - c h 2

HCNHo

HCNH COO

COO

Cystathionine

№ a-Ketobutyrate + NH3

Cysteine

COO

H -C -N H o

CH3
Methionine

CH3

N -M e tn y Ite t ra h  Iro f o la te

F ig u re  2 0 .8  D e g ra d a t io n  a n d  re s y n th e s is  o f  m e th io n in e . [N o te : T h e  r e s y n th e s is  

o f  m e th io n in e  f ro m  h o m o c y s te in e  is  th e  o n ly  r e a c t io n  in  w h ic h  te tr a h y d ro fo la te  

b o th  c a r r ie s  a n d  d o n a te s  a  m e th y l  ( - C H 3) g ro u p . In  a l l  o th e r  re a c tio n s ,  S A M  is 

th e  m e th y l  g ro u p  c a r r ie r  a n d  d o n o r .]  P P t =  p y ro p h o s p h a te ;  P t =  in o rg a n ic  

p h o s p h a te ;  N H 3 =  a m m o n ia .



1. S -A d e n o s y lm e th io n in e  s y n th e s is :  M e th io n in e  c o n d e n s e s  w ith  A T P , 

fo rm in g  S A M , a  h ig h -e n e rg y  c o m p o u n d  th a t  is  u n u s u a l  in  th a t  i t  c o n ta in s  

n o  p h o s p h a te .  T h e  fo rm a t io n  o f  S A M  is  d r iv e n  b y  h y d ro ly s is  o f  a l l  th re e  

p h o s p h a te  b o n d s  in  A T P  (s e e  F ig . 2 0 .8 ).

2. A c tiv a te d  m e th y l  g ro u p : T h e  m e th y l  g ro u p  a t ta c h e d  to  th e  s u lfu r  in  S A M  

is  a c t iv a te d  a n d  c a n  b e  tr a n s f e r r e d  b y  m ethyltransferases  to  a  v a r ie ty  o f  

a c c e p to rs  s u c h  as  n o re p in e p h r in e  in  th e  s y n th e s is  o f  e p in e p h r in e . T h e  

m e th y l  g ro u p  is  u s u a l ly  t r a n s f e r r e d  to  n i t r o g e n  o r  o x y g e n  a to m s  (as  w ith  

e p in e p h r in e  s y n th e s is  a n d  d e g ra d a tio n , r e s p e c t iv e ly ;  s e e  p . 2 8 6 )  a n d  

s o m e t im e s  to  c a rb o n  a to m s  (a s  w i th  c y to s in e ) .  T h e  r e a c t io n  p ro d u c t ,  S -  

a d e n o s y lh o m o c y s te in e  (S A H ), is  a  s im p le  th io e th e r ,  a n a lo g o u s  to  

m e th io n in e . T h e  re s u lt in g  lo s s  o f  f re e  e n e rg y  m a k e s  m e th y l  tr a n s fe r  

e s s e n tia l ly  i r r e v e rs ib le .

3. S -A d e n o s y lh o m o c y s te in e  h y d ro ly s is :  A f te r  d o n a t io n  o f  th e  m e th y l  g ro u p , 

S A H  is  h y d ro ly z e d  to  H c y  a n d  a d e n o s in e . H c y  h a s  tw o  fa te s . I f  th e re  is  a  

d e f ic ie n c y  o f  m e th io n in e ,  H c y  m a y  b e  r e m e th y la te d  to  m e th io n in e  (se e  

F ig . 2 0 .8 ). I f  m e th io n in e  s to re s  a re  a d e q u a te ,  H c y  m a y  e n te r  th e  

t r a n s s u lfu r a t io n  p a th w a y , w h e re  i t  is  c o n v e r te d  to  c y s te in e .

a. M e th io n in e  re s y n th e s is :  H c y  a c c e p ts  a  m e th y l  g ro u p  f ro m  N 5- 

m e th y l te tr a h y d ro fo la te  (N 5-m e th y l-T H F )  in  a  r e a c t io n  r e q u ir in g  

m e th y lc o b a la m in ,  a  c o e n z y m e  d e r iv e d  f ro m  v i ta m in  B 12 (s e e  p . 3 7 9 ). 

[N o te : T h e  m e th y l  g ro u p  is  t r a n s f e r r e d  b y  m ethionine synthase  f ro m  

th e  B 12 d e r iv a t iv e  to  H c y , r e g e n e ra t in g  m e th io n in e .  C o b a la m in  is

r e m e th y la te d  f ro m  N 5-m e th y l-T H F .]

b . C y s te in e  s y n th e s is :  H c y  c o n d e n s e s  w ith  s e r in e , fo rm in g  c y s ta th io n in e , 

w h ic h  is  h y d ro ly z e d  to  a - k e to b u ty r a te  a n d  c y s te in e  (s e e  F ig . 2 0 .8 ). 

T h is  v i ta m in  B 6- r e q u i r in g  s e q u e n c e  h a s  th e  n e t  e f f e c t  o f  c o n v e r t in g  

s e r in e  to  c y s te in e  a n d  H c y  to  a -k e to b u ty ra te ,  w h ic h  is  o x id a tiv e ly  

d e c a rb o x y la te d  to  fo rm  p ro p io n y l  C o A . P ro p io n y l  C o A  is  c o n v e r te d  to  

s u c c in y l  C o A  (s e e  F ig . 1 6 .2 0  o n  p . 1 9 5 ). B e c a u s e  H c y  is  s y n th e s iz e d  

f ro m  th e  e s s e n t ia l  a m in o  a c id  m e th io n in e ,  c y s te in e  is  n o t  a n  e s s e n t ia l  

a m in o  a c id  a s  lo n g  a s  s u f f ic ie n t  m e th io n in e  is  a v a i la b le .

4 . R e la t io n s h ip  o f  h o m o c y s te in e  to  v a s c u la r  d is e a se : E le v a t io n s  in  p la s m a  

H c y  le v e ls  p ro m o te  o x id a tiv e  d a m a g e , in f la m m a tio n ,  a n d  e n d o th e l ia l  

d y s fu n c t io n  a n d  a re  a n  in d e p e n d e n t  r is k  fa c to r  fo r  o c c lu s iv e  v a s c u la r  

d is e a s e s  s u c h  as  c a rd io v a s c u la r  d is e a s e  (C V D ) a n d  s tro k e  (F ig . 2 0 .9 ). 

M ild  e le v a tio n s  (h y p e rh o m o c y s te in e m ia )  a re  s e e n  in  ~ 7 %  o f  th e



p o p u la tio n . E p id e m io lo g ic  s tu d ie s  h a v e  s h o w n  th a t  p la s m a  H c y  le v e ls  a re  

in v e r s e ly  r e la te d  to  p la s m a  le v e ls  o f  fo la te , B 12, a n d  B 6, th e  th re e  

v i ta m in s  in v o lv e d  in  th e  c o n v e r s io n  o f  H c y  to  m e th io n in e  a n d  c y s te in e . 

S u p p le m e n ta t io n  w i th  th e s e  v i ta m in s  h a s  b e e n  s h o w n  to  r e d u c e  

c i r c u la t in g  le v e ls  o f  H c y . H o w e v e r ,  in  p a t ie n ts  w ith  e s ta b l is h e d  C V D , 

v i ta m in  th e ra p y  d o e s  n o t  d e c re a s e  c a rd io v a s c u la r  e v e n ts  o r  d e a th . T h is  

r a is e s  th e  q u e s t io n  a s  to  w h e th e r  H c y  is  a  c a u s e  o f  th e  v a s c u la r  d a m a g e  

o r  m e re ly  a  m a rk e r  o f  s u c h  d a m a g e . [N o te : L a rg e  e le v a tio n s  in  p la s m a  

H c y  as  a  r e s u l t  o f  r a re  d e f ic ie n c ie s  in  cystathionine fi-synthase  o f  th e  

t r a n s s u lfu r a t io n  p a th w a y  a re  s e e n  in  p a t ie n ts  w i th  c la s s ic  h o m o c y s t in u r ia  

( re s u lt in g  f ro m  s e v e re  h y p e rh o m o c y s te in e m ia  [> 1 0 0  |im o l/ l] ,  s e e  p . 

2 7 3 ) .]  D e f ic ie n c ie s  in  th e  r e m e th y la t io n  r e a c t io n  a lso  r e s u l t  in  a  r is e  in  

H c y .



F ig u re  2 0 .9  A s s o c ia t io n  b e tw e e n  c a rd io v a s c u la r  d is e a s e  m o r ta l i ty  a n d  to ta l  

p la s m a  h o m o c y s te in e .

E le v a te d  h o m o c y s te in e  a n d  d e c re a s e d  fo lic  a c id  le v e ls  in  p r e g n a n t  w o m e n  

a re  a s s o c ia te d  w i th  in c re a s e d  in c id e n c e  o f  n e u ra l  tu b e  d e fe c ts  ( im p ro p e r  

c lo su re ,  a s  in  s p in a  b if id a )  in  th e  fe tu s . P e r ic o n c e p tu a l  s u p p le m e n ta t io n  

w ith  fo la te  re d u c e s  th e  r is k  o f  s u c h  d e fe c ts .



F. Other amino acids that form succinyl CoA
D e g ra d a t io n  o f  v a l in e , is o le u c in e , a n d  th re o n in e  a lso  r e s u lts  in  th e  

p ro d u c t io n  o f  s u c c in y l  C o A , a  T C A  c y c le  in te rm e d ia te  a n d  g lu c o n e o g e n ic  

c o m p o u n d . [N o te : I t  is  m e ta b o l iz e d  to  p y ru v a te .]

1. V a lin e  a n d  is o le u c in e :  T h e s e  a m in o  a c id s  a re  b r a n c h e d -c h a in  a m in o  

a c id s  (B C A A ) th a t  g e n e ra te  p ro p io n y l  C o A , w h ic h  is  c o n v e r te d  to  

m e th y lm a lo n y l  C o A  a n d  th e n  s u c c in y l  C o A  b y  b io t in -  a n d  v i ta m in  B 12-  

re q u ir in g  r e a c tio n s .

2. T h re o n in e :  T h is  a m in o  a c id  is  d e h y d ra te d  to  a -k e to b u ty ra te ,  w h ic h  is  

c o n v e r te d  to  p ro p io n y l  C o A  a n d  th e n  to  s u c c in y l  C o A . P ro p io n y l  C o A , 

th e n , is  g e n e ra te d  b y  th e  c a ta b o lis m  o f  th e  a m in o  a c id s  m e th io n in e , 

v a l in e , is o le u c in e ,  a n d  th re o n in e . [N o te : P ro p io n y l  C o A  a lso  is  g e n e ra te d  

b y  th e  o x id a t io n  o f  o d d -n u m b e re d  fa t ty  a c id s  (s e e  p . 1 9 3 ).]

G. Amino acids that form acetyl CoA or acetoacetyl CoA
T ry p to p h a n , le u c in e , is o le u c in e , a n d  ly s in e  fo rm  a c e ty l  C o A  o r  a c e to a c e ty l  

C o A  d ire c tly ,  w i th o u t  p y ru v a te  s e rv in g  a s  a n  in te rm e d ia te .  A s  n o te d  e a r l ie r ,  

p h e n y la la n in e  a n d  ty ro s in e  a lso  g iv e  r is e  to  a c e to a c e ta te  d u r in g  th e ir  

c a ta b o lis m  (s e e  F ig . 2 0 .7 ). T h e re fo re ,  th e re  a re  a  to ta l  o f  s ix  p a r t ly  o r  

w h o lly  k e to g e n ic  a m in o  a c id s .

1. T ry p to p h a n : T h is  a m in o  a c id  is  b o th  g lu c o g e n ic  a n d  k e to g e n ic ,  b e c a u s e  

its  c a ta b o lis m  y ie ld s  a la n in e  a n d  a c e to a c e ty l  C o A  (F ig . 2 0 .1 0 ). [N o te : 

Q u in o lin a te  f ro m  t r y p to p h a n  c a ta b o lis m  is  u s e d  in  th e  s y n th e s is  o f  

n ic o t in a m id e  a d e n in e  d in u c le o t id e  ( [N A D ], s e e  p . 3 8 3 ) .]



(a b b re v ia te d ) .  C o A  = c o e n z y m e  A ; P R P P  = p h o s p h o r ib o s y l  p y ro p h o s p h a te ;  

N A D (H )  = n ic o t in a m id e  a d e n in e  d in u c le o t id e .

2. L e u c in e : T h is  a m in o  a c id  is  e x c lu s iv e ly  k e to g e n ic ,  b e c a u s e  its  c a ta b o lis m  

y ie ld s  a c e ty l  C o A  a n d  a c e to a c e ta te  (F ig . 2 0 .1 1 ). T h e  f i r s t  tw o  re a c tio n s  

in  th e  c a ta b o lis m  o f  le u c in e  a n d  th e  o th e r  B C A A , is o le u c in e  a n d  v a lin e , 

a re  c a ta ly z e d  b y  e n z y m e s  th a t  u s e  a l l  th re e  B C A A  (o r  th e ir  d e r iv a tiv e s )  

as  s u b s t ra te s  ( s e e  H . b e lo w ) .
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F ig u re  2 0 .1 1  D e g ra d a t io n  o f  le u c in e , v a l in e , a n d  is o le u c in e . [N o te : fi- 
M ethylcrotonyl CoA carboxylase  is  o n e  o f  fo u r  b io t in - r e q u i r in g  carboxylases 

d is c u s s e d  in  th is  b o o k . T h e  o th e r  th re e  a re  pyruvate carboxylase, acetyl CoA  
carboxylase, a n d  propion yl CoA carboxylase.] T P P  = th ia m in e  p y ro p h o s p h a te ;  

F A D  = f la v in  a d e n in e  d in u c le o t id e ;  C o A  = c o e n z y m e  A ; N A D  = n ic o t in a m id e  

a d e n in e  d in u c le o t id e ;  H M G  = h y d ro x y m e th y lg lu ta ra te .

3. I s o le u c in e : T h is  a m in o  a c id  is  b o th  k e to g e n ic  a n d  g lu c o g e n ic ,  b e c a u s e  its  

m e ta b o l is m  y ie ld s  a c e ty l  C o A  a n d  p ro p io n y l  C o A .

4 . L y s in e : T h is  a m in o  a c id  is  e x c lu s iv e ly  k e to g e n ic  a n d  is  u n u s u a l  in  th a t  

n e i th e r  o f  i ts  a m in o  g ro u p s  u n d e rg o e s  t r a n s a m in a t io n  a s  th e  f i r s t  s te p  in  

c a ta b o lis m . L y s in e  is  u l t im a te ly  c o n v e r te d  to  a c e to a c e ty l  C o A .

H. Branched-chain amino acid degradation
T h e  B C A A  is o le u c in e , le u c in e , a n d  v a l in e  a re  e s s e n t ia l  a m in o  a c id s . In  

c o n t r a s t  to  o th e r  a m in o  a c id s , th e y  a re  c a ta b o liz e d  p r im a r i ly  b y  th e  

p e r ip h e ra l  t i s s u e s  (p a r t ic u la r ly  m u s c le ) ,  r a th e r  th a n  b y  th e  l iv e r . B e c a u s e  

th e s e  th re e  a m in o  a c id s  h a v e  a  s im ila r  ro u te  o f  d e g ra d a tio n , i t  is  c o n v e n ie n t  

to  d e s c r ib e  th e m  a s  a  g ro u p  (se e  F ig . 2 0 .1 1 ).

1. T ra n s a m in a t io n :  T ra n s fe r  o f  th e  a m in o  g ro u p s  o f  a l l  th re e  B C A A  to  a -  

k e to g lu ta ra te  is  c a ta ly z e d  b y  a  s in g le , v i ta m in  B 6- r e q u i r in g  e n z y m e ,

branched-chain am ino acid  am inotransferase, th a t  is  e x p re s s e d  

p r im a r i ly  in  s k e le ta l  m u s c le .

2. O x id a t iv e  d e c a rb o x y la t io n :  R e m o v a l  o f  th e  c a rb o x y l  g ro u p  o f  th e  a - k e to  

a c id s  d e r iv e d  f ro m  le u c in e , v a l in e , a n d  is o le u c in e  is  c a ta ly z e d  b y  a  s in g le  

m u l t ie n z y m e  c o m p le x , branched-chain a-keto  acid  dehydrogenase  
(BCKD) com plex. T h is  c o m p le x  u s e s  th ia m in e  p y ro p h o s p h a te ,  l ip o ic  

a c id , o x id iz e d  f la v in  a d e n in e  d in u c le o t id e  (F A D ), N A D + , a n d  C o A  a s  its  

c o e n z y m e s  a n d  p ro d u c e s  N A D H . [N o te : T h is  r e a c t io n  is  s im ila r  to  th e  

c o n v e r s io n  o f  p y ru v a te  to  a c e ty l  C o A  b y  th e  pyruvate dehydrogenase  
(PDH) com plex  ( s e e  p . 1 0 9 ) a n d  a - k e to g lu ta r a te  to  s u c c in y l  C o A  b y  th e  

a-ketoglu tarate dehydrogenase com plex  ( s e e  p . 1 1 2 ). T h e  dihydrolipoyl 
dehydrogenase (Enzym e 3, o r  E3) c o m p o n e n t  is  id e n t ic a l  in  a l l  th re e  

c o m p le x e s .]



3. D e h y d ro g e n a t io n s :  O x id a t io n  o f  th e  p ro d u c ts  fo rm e d  in  th e  BC KD  
r e a c t io n  p ro d u c e s  a - p - u n s a tu r a te d  a c y l  C o A  d e r iv a t iv e s  a n d  F A D H 2. 

T h e s e  re a c t io n s  a re  a n a lo g o u s  to  th e  F A D - lin k e d  d e h y d ro g e n a t io n  in  th e  

p -o x id a t io n  o f  fa t ty  a c id s  (s e e  p . 1 9 2 ). [N o te : D e f ic ie n c y  in  th e  

dehydrogenase  s p e c if ic  fo r  is o v a le ry l  C o A  c a u s e s  n e u ro lo g ic  p ro b le m s  

a n d  is  a s s o c ia te d  w ith  a  “ s w e a ty  f e e t” o d o r  in  b o d y  f lu id s .]

4 . E n d  p ro d u c ts :  T h e  c a ta b o lis m  o f  is o le u c in e  u l t im a te ly  y ie ld s  a c e ty l  C o A  

a n d  s u c c in y l  C o A , r e n d e r in g  i t  b o th  k e to g e n ic  a n d  g lu c o g e n ic .  V a lin e  

y ie ld s  s u c c in y l  C o A  a n d  is  g lu c o g e n ic .  L e u c in e  is  k e to g e n ic ,  b e in g  

m e ta b o l iz e d  to  a c e to a c e ta te  a n d  a c e ty l  C o A . In  a d d i tio n , N A D H  a n d  

F A D H 2 a re  p ro d u c e d  in  th e  d e c a rb o x y la t io n  a n d  d e h y d ro g e n a t io n  

re a c tio n s ,  r e s p e c t iv e ly . [N o te : B C A A  c a ta b o lis m  a lso  r e s u l ts  in  

g lu ta m in e  a n d  a la n in e  b e in g  s y n th e s iz e d  a n d  s e n t  o u t  in to  th e  b lo o d  f ro m  

m u s c le  (s e e  p . 2 5 3 ) .]

IV. FOLIC ACID AND AMINO ACID 
METABOLISM

S o m e  s y n th e t ic  p a th w a y s  r e q u ire  th e  a d d i t io n  o f  s in g le -c a rb o n  g ro u p s  th a t  e x is t  

in  a  v a r ie ty  o f  o x id a t io n  s ta te s ,  in c lu d in g  fo rm y l,  m e th e n y l ,  m e th y le n e ,  a n d  

m e th y l.  T h e s e  s in g le -c a rb o n  g ro u p s  c a n  b e  t r a n s f e r r e d  f ro m  c a r r ie r  c o m p o u n d s  

s u c h  a s  T H F  a n d  S A M  to  s p e c if ic  s tru c tu re s  th a t  a re  b e in g  s y n th e s iz e d  o r  

m o d if ie d . T h e  “ o n e -c a rb o n  p o o l” r e fe r s  to  th e  s in g le -c a rb o n  u n its  a t ta c h e d  to  

th is  g ro u p  o f  c a r r ie rs .  [N o te : C O 2, c o m in g  f ro m  b ic a rb o n a te  (H C O 3-), is  c a r r ie d  

b y  th e  v i ta m in  b io t in  (s e e  p . 3 8 5 ) , w h ic h  is  a  p ro s th e t ic  g ro u p  fo r  m o s t  

c a rb o x y la t io n  re a c t io n s  b u t  is  n o t  c o n s id e re d  a  m e m b e r  o f  th e  o n e -c a rb o n  p o o l. 

D e fe c ts  in  th e  a b i l i ty  to  a d d  o r  r e m o v e  b io t in  f ro m  carboxylases  r e s u l t  in  

m u l t ip le  carboxylase  d e f ic ie n c y . T re a tm e n t  is  s u p p le m e n ta t io n  w i th  b io t in .]

A. Folic acid and one-carbon metabolism
T h e  a c t iv e  fo rm  o f  fo lic  a c id , T H F , is  p ro d u c e d  f ro m  fo la te  b y  

dihydrofolate reductase  in  a  tw o -s te p  r e a c t io n  r e q u ir in g  tw o  n ic o t in a m id e  

a d e n in e  d in u c le o t id e  p h o s p h a te  (N A D P H ) . T h e  o n e -c a rb o n  u n i t  c a r r ie d  b y



T H F  is  b o u n d  to  N 5 o r  N 10 o r  to  b o th  N 5 a n d  N 10. F ig u re  2 0 .1 2  s h o w s  th e  

s tru c tu re s  o f  th e  v a r io u s  m e m b e rs  o f  th e  T H F  fa m ily  a n d  th e ir  

in te rc o n v e r s io n s  a n d  in d ic a te s  th e  s o u rc e s  o f  th e  o n e -c a rb o n  u n its  a n d  th e  

s y n th e t ic  r e a c t io n s  in  w h ic h  th e  s p e c if ic  m e m b e rs  p a r t ic ip a te .  [N o te : F o la te  

d e f ic ie n c y  p re s e n ts  a s  a  m e g a lo b la s t ic  a n e m ia  b e c a u s e  o f  d e c re a s e d  

a v a i la b i l i ty  o f  th e  p u r in e s  a n d  o f  th e  th y m id in e  m o n o p h o s p h a te  n e e d e d  fo r  

D N A  s y n th e s is  (s e e  p . 3 0 3 ) .]





F ig u re  2 0 .1 2  S u m m a ry  o f  th e  in te rc o n v e r s io n s  a n d  u s e s  o f  T H F . [N o te : N 5,N 10- 

M e th e n y l-T H F  a lso  a r is e s  f ro m  N 5-fo rm im in o -T H F  (s e e  F ig . 2 0 .4 ).] N A D P (H )  

= n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te ;  N A D (H )  = n ic o t in a m id e  

a d e n in e  d in u c le o t id e ;  T M P  = th y m id in e  m o n o p h o s p h a te ;  d U M P  = d e o x y u r id in e  

m o n o p h o s p h a te ;  M TH F R  = N 5,N 10-m ethyIene-TH F reductase.

V. BIOSYNTHESIS OF NONESSENTIAL 
AMINO ACIDS

N o n e s s e n t ia l  a m in o  a c id s  a re  s y n th e s iz e d  f ro m  in te rm e d ia te s  o f  m e ta b o l is m  o r, 

as  in  th e  c a s e  o f  ty ro s in e  a n d  c y s te in e , f ro m  th e  e s s e n t ia l  a m in o  a c id s  

p h e n y la la n in e  a n d  m e th io n in e ,  r e s p e c t iv e ly . T h e  s y n th e t ic  r e a c t io n s  fo r  th e  

n o n e s s e n t ia l  a m in o  a c id s  a re  d e s c r ib e d  b e lo w  a n d  a re  s u m m a r iz e d  in  F ig u re  

2 0 .1 5 . [N o te : S o m e  a m in o  a c id s  fo u n d  in  p ro te in s ,  s u c h  a s  h y d ro x y p ro l in e  a n d  

h y d ro x y ly s in e  (s e e  p . 4 5 ) , a re  p ro d u c e d  b y  p o s t t r a n s la t io n a l  m o d if ic a t io n  (a f te r  

in c o rp o ra t io n  in to  a  p ro te in )  o f  th e ir  p r e c u r s o r  (p a re n t)  a m in o  a c id s .]

A. Synthesis from a-keto acids
A la n in e , a s p a r ta te ,  a n d  g lu ta m a te  a re  s y n th e s iz e d  b y  t r a n s fe r  o f  a n  a m in o  

g ro u p  to  th e  a - k e to  a c id s  p y ru v a te ,  o x a lo a c e ta te ,  a n d  a -k e to g lu ta ra te ,  

r e s p e c t iv e ly . T h e s e  t r a n s a m in a t io n  r e a c t io n s  (F ig . 2 0 .1 3 ; a lso  s e e  p . 2 5 0 )  

a re  th e  m o s t  d ir e c t  o f  th e  b io s y n th e t ic  p a th w a y s .  G lu ta m a te  is  u n u s u a l  in  

th a t  i t  c a n  a lso  b e  s y n th e s iz e d  b y  r e v e r s a l  o f  o x id a t iv e  d e a m in a t io n , 

c a ta ly z e d  b y  glu tam ate dehydrogenase, w h e n  a m m o n ia  le v e ls  a re  h ig h  (se e  

p . 2 5 2 ) .
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F ig u re  2 0 .1 3  F o rm a t io n  o f  a la n in e , a s p a r ta te ,  a n d  g lu ta m a te  f ro m  th e  

c o r re s p o n d in g  a - k e to  a c id s  b y  tra n s a m in a t io n .  P L P  = p y r id o x a l  p h o s p h a te .

B. Synthesis by amidation
1. G lu ta m in e : T h is  a m in o  a c id , w h ic h  c o n ta in s  a n  a m id e  l in k a g e  w ith  

a m m o n ia  a t  th e  Y -ca rb o x y l, is  fo rm e d  f ro m  g lu ta m a te  b y  glu tam ine  
synthetase  ( s e e  F ig . 1 9 .1 8 , p . 2 5 6 ) . T h e  r e a c t io n  is  d r iv e n  b y  th e  

h y d ro ly s is  o f  A T P . In  a d d i t io n  to  p ro d u c in g  g lu ta m in e  fo r  p ro te in  

s y n th e s is ,  th e  r e a c t io n  a lso  s e rv e s  as  a  m a jo r  m e c h a n is m  fo r  th e  t r a n s p o r t



o f  a m m o n ia  in  a  n o n to x ic  fo rm . (S e e  p . 2 5 6  fo r  a  d is c u s s io n  o f  a m m o n ia  

m e ta b o l is m .)

2. A s p a ra g in e :  T h is  a m in o  a c id , w h ic h  c o n ta in s  a n  a m id e  l in k a g e  w ith  

a m m o n ia  a t  th e  p -c a rb o x y l ,  is  fo rm e d  f ro m  a s p a r ta te  b y  asparagine  
synthetase, u s in g  g lu ta m in e  as  th e  a m id e  d o n o r . L ik e  th e  s y n th e s is  o f  

g lu ta m in e , th e  r e a c t io n  r e q u ire s  A T P  a n d  h a s  a n  e q u i l ib r iu m  fa r  in  th e  

d ir e c t io n  o f  a m id e  s y n th e s is .

C. Proline
G lu ta m a te  v ia  g lu ta m a te  s e m ia ld e h y d e  is  c o n v e r te d  to  p ro l in e  b y  

c y c l iz a t io n  a n d  r e d u c t io n  re a c tio n s .  [N o te : T h e  s e m ia ld e h y d e  c a n  a lso  b e  

t r a n s a m in a te d  to  o rn ith in e .]

D. Serine, glycine, and cysteineThe pathways of 
synthesis for these amino acids are interconnected.

1. S e r in e : T h is  a m in o  a c id  a r is e s  f ro m  3 -p h o s p h o g ly c e ra te ,  a  g ly c o ly tic  

in te rm e d ia te  ( s e e  F ig . 8 .1 8 , p . 1 0 1 ), w h ic h  is  f i r s t  o x id iz e d  to  3- 

p h o s p h o p y ru v a te  a n d  th e n  t r a n s a m in a te d  to  3 -p h o s p h o s e r in e .  S e r in e  is  

fo rm e d  b y  h y d ro ly s is  o f  th e  p h o s p h a te  e s te r . S e r in e  c a n  a lso  b e  fo rm e d  

f ro m  g ly c in e  th ro u g h  t r a n s fe r  o f  a  h y d ro x y m e th y l  g ro u p  b y  serine  

hydroxym ethyltransferase  u s in g  N 5,N 10-M T H F  a s  th e  o n e -c a rb o n  d o n o r  

( s e e  F ig . 2 0 .6 A ). [N o te : S e le n o c y s te in e  (S e c ) , th e  2 1 s t  g e n e t ic a lly  

e n c o d e d  a m in o  a c id , is  s y n th e s iz e d  f ro m  s e r in e  a n d  s e le n iu m  (s e e  p . 

4 0 7 ) , w h ile  s e r in e  is  a t ta c h e d  to  t r a n s fe r  R N A . S e c  is  fo u n d  in  ~ 2 5  

h u m a n  p ro te in s  in c lu d in g  glu tath ione peroxidase  ( s e e  p . 1 4 8 ) a n d  

thioredoxin reductase  ( s e e  p . 2 9 7 ) .]

2. G ly c in e : T h is  a m in o  a c id  is  s y n th e s iz e d  f ro m  s e r in e  b y  r e m o v a l  o f  a  

h y d ro x y m e th y l  g ro u p , a lso  b y  serine hydroxym ethyltransferase  ( s e e  F ig . 

2 0 .6 A ). T H F  is  th e  o n e -c a rb o n  a c c e p to r .

3. C y s te in e : T h is  a m in o  a c id  is  s y n th e s iz e d  b y  tw o  c o n s e c u t iv e  r e a c t io n s  in  

w h ic h  H c y  c o m b in e s  w i th  s e r in e , fo rm in g  c y s ta th io n in e ,  w h ic h , in  tu rn , 

is  h y d ro ly z e d  to  a -k e to b u ty ra te  a n d  c y s te in e  ( s e e  F ig . 2 0 .8 ). [N o te : H c y  

is  d e r iv e d  f ro m  m e th io n in e ,  a s  d e s c r ib e d  o n  p . 2 6 4 . B e c a u s e  m e th io n in e  

is  a n  e s s e n t ia l  a m in o  a c id , c y s te in e  s y n th e s is  r e q u ire s  a d e q u a te  d ie ta ry



in ta k e  o f  m e th io n in e .]

E. Tyrosine
T y ro s in e  is  fo rm e d  f ro m  p h e n y la la n in e  b y  P A H  ( s e e  p . 2 6 3 ) . T h e  r e a c t io n  

r e q u ire s  m o le c u la r  o x y g e n  a n d  th e  c o e n z y m e  te tr a h y d ro b io p te r in  (B H 4), 

w h ic h  is  s y n th e s iz e d  f ro m  g u a n o s in e  tr ip h o s p h a te .  O n e  a to m  o f  m o le c u la r  

o x y g e n  b e c o m e s  th e  h y d ro x y l  g ro u p  o f  ty ro s in e , a n d  th e  o th e r  a to m  is  

r e d u c e d  to  w a te r .  D u r in g  th e  re a c tio n ,  B H 4 is  o x id iz e d  to  d ih y d ro b io p te r in  

(B H 2). B H 4 is  r e g e n e ra te d  f ro m  B H 2 b y  N A D H -re q u ir in g  dihydropteridine

reductase. T y ro s in e , l ik e  c y s te in e , is  fo rm e d  f ro m  a n  e s s e n t ia l  a m in o  a c id  

a n d  is , th e re fo re ,  n o n e s s e n t ia l  o n ly  in  th e  p r e s e n c e  o f  a d e q u a te  d ie ta ry  

p h e n y la la n in e .

VI. AMINO ACID METABOLISM 
DISORDERS

T h e s e  s in g le  g e n e  d is o rd e rs ,  a  s u b s e t  o f  th e  in b o rn  e r ro rs  o f  m e ta b o l is m , a re  

c a u s e d  b y  m u ta t io n s  th a t  g e n e ra lly  r e s u l t  in  a b n o rm a l  p ro te in s ,  m o s t  o f te n  

e n z y m e s . T h e  in h e r i te d  d e fe c ts  m a y  b e  e x p re s s e d  as  a  to ta l  lo s s  o f  e n z y m e  

a c t iv i ty  o r, m o re  f re q u e n tly ,  a s  a  p a r t ia l  d e f ic ie n c y  in  c a ta ly t ic  a c t iv i ty .  W ith o u t  

t r e a tm e n t,  th e  a m in o  a c id  d is o rd e r s  a lm o s t  in v a r ia b ly  r e s u l t  in  in te l le c tu a l  

d is a b i l i ty  o r  o th e r  d e v e lo p m e n ta l  a b n o rm a li t ie s  as  a  c o n s e q u e n c e  o f  h a rm fu l  

a c c u m u la t io n  o f  m e ta b o l i te s .  A l th o u g h  > 5 0  o f  th e s e  d is o rd e r s  h a v e  b e e n  

d e s c r ib e d , m a n y  a re  ra re , o c c u r r in g  in  < 1  p e r  2 5 0 ,0 0 0  in  m o s t  p o p u la t io n s  (F ig . 

2 0 .1 4 ). C o lle c t iv e ly , h o w e v e r ,  th e y  c o n s t i tu te  a  v e ry  s ig n if ic a n t  p o r t io n  o f  

p e d ia tr ic  g e n e t ic  d is e a s e s  (F ig . 2 0 .1 5 ).
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F ig u re  2 0 .1 4  In c id e n c e  o f  in h e r i te d  d is e a s e s  o f  a m in o  a c id  m e ta b o l is m . [N o te  

C y s t in u r ia  is  th e  m o s t  c o m m o n  in b o rn  e r ro r  o f  a m in o  a c id  t r a n s p o r t .]
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TYROSINEMIA TYPE I

•  The disease is due to a 
deficiency in fumaryl- 
acetoacetate hydrolase.

•  Fumarylacetoacetate 
and its metabolites, 
particularly succinyl- 
acetone, accumulate 
in the urine.

•  Characteristic cabbage
like odor occurs.

•  Liver failure and renal 
tubular acidosis result.

•  Treatment includes 
dietary restriction of 
phenylalanine and 
tyrosine and substrate 
reduction therapy.

X ,
Fum arylacetoacetate -L -> -FUM ARATE

n \
Acetoacetate Succinate

a-KETO G LUTRA TE :

SU C C IN Y L COA

; G lu ta m a te

G lu ta m in e

METHYLMALONIC ACIDEMIA

> The disease is due to a deficiency in 
methylmalonyl CoA mutase or 
adenosylcobalamin.

> Elevated levels of methylmalonic acid 
(methylmalonate) occur in the blood.

> Metabolic acidosis and developmental 
problems occur.

Purines
S '
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M ethylm alonyl CoA

Isobutyryl CoA

M ethylm alonyl sem ialdehyde

I*. Acetyl CoA

Î
a-M ethylbutyryl CoA
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t
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P ro lin e

• Urocanate

H is t id in e

HISTIDINEMIA

» The disease is due to a 
deficiency in histidase.

Elevated levels of histidine I H istam ine | 
occur in blood and urine.

It is a benign condition 
in most individuals.

CYSTATHIONINURIA

i Accumulation of cystathionine 
and its metabolites is due to a 
rare deficiency in cystathionase.

> It is a benign condition.

Cystathionine

V a lin e Is o le u c in e Serine HOMOCYSTINURIA

MAPLE SYRUP URINE DISEASE

•  The disease is due to a deficiency in branched- 
chain a-keto acid dehydrogenase.

•  Levels of branched-chain a-amino acids and their 
a-keto analogs are elevated in plasma and urine.

•  Neurologic problems are common. The disease 
has a high mortality rate.

•  Treatment includes a restricted dietary intake of 
the branched-chain amino acids.

Homocysteine

Î
S-Adenosyl homocysteine

Î
S-Adenosylmethionine

Î
M e th io n in e

•  The classic form is due to a deficiency 
in cystathionine synthase.

•  Accumulation of homocysteine 
occurs in the urine.

•  Methionine and homocysteine are 
elevated in the blood. Cysteine is low.

•  Skeletal abnormalities, increased risk 
of clotting, lens dislocation, and 
intellectual disability occur.

F ig u re  2 0 .1 5  S u m m a ry  o f  th e  m e ta b o l is m  o f  a m in o  a c id s  in  h u m a n s . G e n e tic a l ly  

d e te rm in e d  e n z y m e  d e f ic ie n c ie s  a re  s u m m a r iz e d  in  w h ite  b o x e s . N itro g e n -  

c o n ta in in g  c o m p o u n d s  d e r iv e d  f ro m  a m in o  a c id s  a re  s h o w n  in  s m a ll ,  y e l lo w



b o x e s . C la s s if ic a t io n  o f  a m in o  a c id s  is  c o lo r  c o d e d : R e d  = g lu c o g e n ic ;  b ro w n  = 

g lu c o g e n ic  a n d  k e to g e n ic ;  g re e n  = k e to g e n ic .  C o m p o u n d s  in  blue all caps a re  

th e  s e v e n  m e ta b o l i te s  to  w h ic h  a l l  a m in o  a c id  m e ta b o l is m  c o n v e rg e s .  C o A  = 

c o e n z y m e  A ; N A D (H )  = n ic o t in a m id e  a d e n in e  d in u c le o t id e .

A. Phenylketonuria
P K U  is  th e  m o s t  c o m m o n  c l in ic a lly  e n c o u n te re d  in b o rn  e r ro r  o f  a m in o  a c id  

m e ta b o l is m  ( in c id e n c e  1 :1 5 ,0 0 0 ) . I t  is  c a u s e d  b y  a  d e f ic ie n c y  o f  P A H  (F ig . 

2 0 .1 6 ). B io c h e m ic a l ly ,  P K U  is  c h a ra c te r iz e d  b y  h y p e rp h e n y la la n in e m ia .  

P h e n y la la n in e  is  p r e s e n t  in  h ig h  c o n c e n tra t io n s  ( te n  t im e s  n o rm a l)  n o t  o n ly  

in  p la s m a  b u t  a lso  in  u r in e  a n d  b o d y  t is s u e s .  T y ro s in e , w h ic h  n o rm a lly  is  

fo rm e d  f ro m  p h e n y la la n in e  b y  P A H , is  d e f ic ie n t .  T re a tm e n t  in c lu d e s  

d ie ta ry  r e s tr ic t io n  o f  p h e n y la la n in e  a n d  s u p p le m e n ta t io n  w i th  ty ro s in e . 

[N o te : H y p e rp h e n y la la n in e m ia  m a y  a lso  b e  c a u s e d  b y  r a re  d e f ic ie n c ie s  in  

a n y  o f  th e  s e v e ra l  e n z y m e s  r e q u ire d  to  s y n th e s iz e  B H 4 o r  in  

dihydropteridine reductase, w h ic h  r e g e n e ra te s  B H 4 f ro m  B H 2 (F ig . 2 0 .1 7 ). 

S u c h  d e f ic ie n c ie s  in d ir e c t ly  r a is e  p h e n y la la n in e  c o n c e n tra t io n s ,  b e c a u s e  

P A H  r e q u ire s  B H 4 as  a  c o e n z y m e . B H 4 is  a lso  r e q u ire d  fo r  tyrosine  

hydroxylase  a n d  tryptophan hydroxylase, w h ic h  c a ta ly z e  re a c t io n s  le a d in g  

to  th e  s y n th e s is  o f  n e u ro tra n s m it te r s ,  s u c h  a s  s e ro to n in  a n d  th e  

c a te c h o la m in e s .  S im p ly  r e s tr ic t in g  d ie ta ry  p h e n y la la n in e  d o e s  n o t  r e v e r s e  

th e  c e n tra l  n e rv o u s  s y s te m  e f fe c ts  d u e  to  d e f ic ie n c ie s  in  n e u ro tra n s m it te r s .  

S u p p le m e n ta t io n  w i th  B H 4 a n d  r e p la c e m e n t  th e ra p y  w ith  l-3 ,4 -  

d ih y d ro x y p h e n y la la n in e  a n d  5 -h y d ro x y try p to p h a n  (p ro d u c ts  o f  th e  a f fe c te d  

tyrosine h ydroxylase-  a n d  tryptophan h ydroxylase-cata lyzed  r e a c tio n s )  

im p ro v e s  th e  c l in ic a l  o u tc o m e  in  th e s e  v a r ia n t  fo rm s  o f  

h y p e rp h e n y la la n in e m ia ,  a l th o u g h  th e  r e s p o n s e  is  u n p re d ic ta b le .]



F ig u re  2 0 .1 6  A  d e f ic ie n c y  in  phenyla lanine hydroxylase  re s u lts  in  th e  d is e a s e  

p h e n y lk e to n u r ia  (P K U ).
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A deficiency in dihydropterid ine reductase  or any of the enzymes of BH4 synthesis leads to 
hyperphenylalaninemia and decreased synthesis of catecholamines and serotonin.

F ig u re  2 0 .1 7  B io s y n th e t ic  r e a c t io n s  in v o lv in g  a m in o  a c id s  a n d  

te tr a h y d ro b io p te r in .  [N o te : A ro m a t ic  a m in o  a c id  hydroxylases  u s e  B H 4 a n d  n o t

P L P  (p y r id o x a l  p h o s p h a te ) .]  N A D (H )  = n ic o t in a m id e  a d e n in e  d in u c le o t id e ;  G T P  

= g u a n o s in e  tr ip h o s p h a te ;  D O P A  = L-3 ,4 -d ih y d ro x y p h e n y la la n in e ;  O 2 = o x y g e n .

S c re e n in g  o f  n e w b o rn s  fo r  a  n u m b e r  o f  tr e a ta b le  d is o rd e rs ,  in c lu d in g  

in b o rn  e r ro rs  o f  a m in o  a c id  m e ta b o l is m , is  d o n e  b y  ta n d e m  m a s s  

s p e c tro m e try  o f  b lo o d  o b ta in e d  f ro m  a  h e e l  p r ic k . B y  la w , a ll  s ta te s  m u s t  

s c re e n  fo r  > 2 0  d is o rd e rs ,  w ith  s o m e  s c re e n in g  fo r  > 5 0 . A ll  s ta te s  s c re e n  fo r  

P K U .

1. A d d it io n a l  c h a ra c te r is t ic s :  A s  th e  n a m e  su g g e s ts ,  P K U  is  a lso  

c h a ra c te r iz e d  b y  e le v a te d  le v e ls  o f  a  p h e n y lk e to n e  in  th e  u r in e .

a. E le v a te d  p h e n y la la n in e  m e ta b o l i te s :  P h e n y lp y ru v a te  (a  p h e n y lk e to n e ) ,  

p h e n y la c e ta te ,  a n d  p h e n y l la c ta te ,  w h ic h  a re  n o t  n o rm a lly  p ro d u c e d  in  

s ig n if ic a n t  a m o u n ts  in  th e  p re s e n c e  o f  fu n c t io n a l  PAH , a re  e le v a te d  in  

P K U  (F ig . 2 0 .1 8 ). T h e s e  m e ta b o l i te s  g iv e  u r in e  a  c h a ra c te r is t ic  m u s ty  

( “ m o u s y ” ) o d o r .
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F ig u re  2 0 .1 8  P a th w a y s  o f  p h e n y la la n in e  m e ta b o l is m  in  n o rm a l  in d iv id u a ls  a n d  

in  p a t ie n ts  w ith  p h e n y lk e to n u r ia .

b . C e n tra l  n e rv o u s  s y s te m  e ffe c ts : S e v e re  in te l le c tu a l  d is a b i li ty ,  

d e v e lo p m e n ta l  d e la y , m ic ro c e p h a ly ,  a n d  s e iz u re s  a re  c h a ra c te r is t ic  

f in d in g s  in  u n tr e a te d  P K U . T h e  a f fe c te d  in d iv id u a l  ty p ic a l ly  s h o w s  

s y m p to m s  o f  in te l le c tu a l  d is a b i l i ty  b y  a g e  1 y e a r  a n d  ra re ly  a c h ie v e s  

a n  in te l l ig e n c e  q u o tie n t  ( IQ )  > 5 0  (F ig . 2 0 .1 9 ). [N o te : T h e s e  c l in ic a l  

m a n ife s ta t io n s  a re  n o w  ra re ly  s e e n  as  a  r e s u l t  o f  n e w b o rn  s c re e n in g  

p ro g ra m s , w h ic h  a l lo w  e a r ly  d ia g n o s is  a n d  tre a tm e n t.]

F ig u re  2 0 .1 9  T y p ic a l  in te l le c tu a l  a b i l i ty  in  u n tre a te d  p a t ie n ts  o f  d if f e r e n t  a g e s  

w ith  p h e n y lk e to n u r ia .  IQ  = in te l l ig e n c e  q u o tie n t.



c. H y p o p ig m e n ta t io n :  P a tie n ts  w ith  u n tr e a te d  P K U  m a y  s h o w  a  

d e f ic ie n c y  o f  p ig m e n ta t io n  ( fa ir  h a ir ,  l ig h t  s k in  c o lo r , a n d  b lu e  e y e s ) . 

T h e  h y d ro x y la t io n  o f  ty ro s in e  b y  c o p p e r - re q u ir in g  tyrosinase, w h ic h  is  

th e  f i r s t  s te p  in  th e  fo rm a t io n  o f  th e  p ig m e n t  m e la n in , is  d e c re a s e d  in  

P K U  b e c a u s e  ty ro s in e  is  d e c re a s e d .

2. N e w b o rn  s c re e n in g  a n d  d ia g n o s is :  E a r ly  d ia g n o s is  o f  P K U  is  im p o r ta n t  

b e c a u s e  th e  d is e a s e  is  tr e a ta b le  b y  d ie ta ry  m e a n s . B e c a u s e  o f  th e  la c k  o f  

n e o n a ta l  s y m p to m s , la b o ra to ry  te s t in g  fo r  e le v a te d  b lo o d  le v e ls  o f  

p h e n y la la n in e  is  m a n d a to ry  fo r  d e te c tio n . H o w e v e r ,  th e  in f a n t  w i th  P K U  

f re q u e n t ly  h a s  n o rm a l  b lo o d  le v e ls  o f  p h e n y la la n in e  a t  b i r th  b e c a u s e  th e  

m o th e r  c le a r s  in c re a s e d  b lo o d  p h e n y la la n in e  in  h e r  a f f e c te d  fe tu s  th ro u g h  

th e  p la c e n ta .  N o rm a l  le v e ls  o f  p h e n y la la n in e  m a y  p e r s is t  u n t i l  th e  

n e w b o rn  is  e x p o s e d  to  2 4 - 4 8  h o u rs  o f  p ro te in  fe e d in g . T h u s , s c re e n in g  

te s ts  a re  ty p ic a l ly  d o n e  a f te r  th is  t im e  to  a v o id  fa ls e  n e g a t iv e s .  F o r  

n e w b o rn s  w i th  a  p o s i t iv e  s c re e n in g  te s t ,  d ia g n o s is  is  c o n f i rm e d  th ro u g h  

q u a n t i ta t iv e  d e te rm in a t io n  o f  p h e n y la la n in e  le v e ls .

3. P re n a ta l  d ia g n o s is :  C la s s ic  P K U  is  c a u s e d  b y  a n y  o f  1 0 0  o r  m o re  

d if f e re n t  m u ta t io n s  in  th e  g e n e  th a t  e n c o d e s  PAH . T h e  f r e q u e n c y  o f  a n y  

g iv e n  m u ta t io n  v a r ie s  a m o n g  p o p u la tio n s ,  a n d  th e  d is e a s e  is  o f te n  d o u b ly  

h e te ro z y g o u s  ( th a t  is , th e  P A H  g e n e  h a s  a  d if f e r e n t  m u ta t io n  in  e a c h  

a l le le ) . D e s p i te  th is  c o m p le x i ty ,  p re n a ta l  d ia g n o s is  is  p o s s ib le  (s e e  p . 

4 9 3 ) .

4 . T re a tm e n t:  B e c a u s e  m o s t  n a tu r a l  p ro te in  c o n ta in s  p h e n y la la n in e ,  an  

e s s e n t ia l  a m in o  a c id , i t  is  im p o s s ib le  to  s a t is fy  th e  b o d y ’s p ro te in  

r e q u i re m e n t  w i th o u t  e x c e e d in g  th e  p h e n y la la n in e  l im i t  w h e n  in g e s t in g  a  

n o rm a l  d ie t. T h e re fo re ,  in  P K U , b lo o d  p h e n y la la n in e  le v e l  is  m a in ta in e d  

c lo se  to  th e  n o rm a l  r a n g e  b y  fe e d in g  s y n th e t ic  a m in o  a c id  p re p a ra t io n s  

f re e  o f  p h e n y la la n in e ,  s u p p le m e n te d  w ith  s o m e  n a tu ra l  fo o d s  ( s u c h  as  

f ru its ,  v e g e ta b le s ,  a n d  c e r ta in  c e re a ls )  s e le c te d  fo r  th e ir  lo w  

p h e n y la la n in e  c o n te n t.  T h e  a m o u n t  is  a d ju s te d  a c c o rd in g  to  th e  to le ra n c e  

o f  th e  in d iv id u a l  as  m e a s u re d  b y  b lo o d  p h e n y la la n in e  le v e ls .  T h e  e a r l ie r  

t r e a tm e n t  is  s ta r te d , th e  m o re  c o m p le te ly  n e u ro lo g ic  d a m a g e  c a n  b e  

p re v e n te d . In d iv id u a ls  w h o  a re  a p p ro p r ia te ly  tr e a te d  c a n  h a v e  n o rm a l  

in te l l ig e n c e . [N o te : T re a tm e n t  m u s t  b e g in  d u r in g  th e  f i r s t  7 - 1 0  d a y s  o f  

l i f e  to  p r e v e n t  c o g n i t iv e  im p a irm e n t .]  B e c a u s e  p h e n y la la n in e  is  a n  

e s s e n t ia l  a m in o  a c id , o v e rz e a lo u s  t r e a tm e n t  th a t  r e s u lts  in  b lo o d  

p h e n y la la n in e  le v e ls  b e lo w  n o rm a l  is  a v o id e d . In  p a t ie n ts  w ith  P K U , 

ty ro s in e  c a n n o t  b e  s y n th e s iz e d  f ro m  p h e n y la la n in e ,  a n d , th e re fo re ,  i t



b e c o m e s  a n  e s s e n t ia l  a m in o  a c id  a n d  m u s t  b e  s u p p lie d  in  th e  d ie t. 

D is c o n tin u a n c e  o f  th e  p h e n y la la n in e - r e s tr ic te d  d ie t  in  e a r ly  c h i ld h o o d  is  

a s s o c ia te d  w i th  p o o r  p e r fo rm a n c e  o n  IQ  te s ts .  A d u l t  P K U  p a t ie n ts  s h o w  

d e te r io ra t io n  o f  IQ  s c o re s  a f te r  d is c o n t in u a t io n  o f  th e  d ie t  (F ig . 2 0 .2 0 ). 

T h e re fo re ,  l i f e lo n g  r e s tr ic t io n  o f  d ie ta ry  p h e n y la la n in e  is  r e c o m m e n d e d . 

[N o te : I n d iv id u a ls  w ith  P K U  a re  a d v is e d  to  a v o id  a s p a r ta m e , a n  a r t i f ic ia l  

s w e e te n e r  th a t  c o n ta in s  p h e n y la la n in e .]

F ig u re  2 0 .2 0  C h a n g e s  in  in te l l ig e n c e  q u o tie n t  ( IQ )  s c o re s  a f te r  d is c o n t in u a t io n  

o f  lo w -p h e n y la la n in e  d ie t  in  p a t ie n ts  w i th  p h e n y lk e to n u r ia .



5. M a te rn a l  p h e n y lk e to n u r ia :  I f  w o m e n  w ith  P K U  w h o  a re  n o t  o n  a  lo w -  

p h e n y la la n in e  d ie t  b e c o m e  p re g n a n t ,  th e  o f f s p r in g  c a n  b e  a f f e c te d  w ith  

m a te rn a l  P K U  s y n d ro m e . H ig h  b lo o d  p h e n y la la n in e  in  th e  m o th e r  h a s  a  

te ra to g e n ic  e f fe c t,  c a u s in g  m ic ro c e p h a ly  a n d  c o n g e n i ta l  h e a r t  

a b n o rm a li t ie s  in  th e  fe tu s . B e c a u s e  th e s e  d e v e lo p m e n ta l  r e s p o n s e s  to  

h ig h  p h e n y la la n in e  o c c u r  d u r in g  th e  f i r s t  m o n th s  o f  p re g n a n c y ,  d ie ta ry  

c o n tro l  o f  b lo o d  p h e n y la la n in e  m u s t  b e g in  p r io r  to  c o n c e p tio n  a n d  b e  

m a in ta in e d  th r o u g h o u t  th e  p re g n a n c y .

B. Maple syrup urine disease
M a p le  s y ru p  u r in e  d is e a s e  (M S U D )  is  a  r a re  (1 :1 8 5 ,0 0 0 ) ,  a u to s o m a l-  

r e c e s s iv e  d is o rd e r  in  w h ic h  th e re  is  a  p a r t ia l  o r  c o m p le te  d e f ic ie n c y  in  

BCKD , th e  m i to c h o n d r ia l  e n z y m e  c o m p le x  th a t  o x id a t iv e ly  d e c a rb o x y la te s  

le u c in e , is o le u c in e , a n d  v a l in e  (s e e  F ig . 2 0 .1 1 ). T h e s e  B C A A  a n d  th e ir  

c o r re s p o n d in g  a - k e to  a c id s  a c c u m u la te  in  th e  b lo o d , c a u s in g  a  to x ic  e f f e c t  

th a t  in te r f e re s  w i th  b r a in  fu n c t io n s .  T h e  d is e a s e  is  c h a ra c te r iz e d  b y  fe e d in g  

p ro b le m s , v o m itin g , k e to a c id o s is ,  c h a n g e s  in  m u s c le  to n e , n e u ro lo g ic  

p ro b le m s  th a t  c a n  r e s u l t  in  c o m a  (p r im a r ily  b e c a u s e  o f  th e  r is e  in  le u c in e ) ,  

a n d  a  c h a ra c te r is t ic  m a p le  s y r u p - l ik e  o d o r  o f  th e  u r in e  b e c a u s e  o f  th e  r is e  

in  is o le u c in e . I f  u n tre a te d , th e  d is e a s e  is  fa ta l. I f  t r e a tm e n t  is  d e la y e d , 

in te l le c tu a l  d is a b i l i ty  re s u lts .

1. C la s s if ic a t io n :  M S U D  in c lu d e s  a  c la s s ic  ty p e  a n d  s e v e ra l  v a r ia n t  fo rm s . 

T h e  c la s s ic ,  n e o n a ta l -o n s e t  fo rm  is  th e  m o s t  c o m m o n  ty p e  o f  M S U D . 

L e u k o c y te s  o r  c u l tu re d  s k in  f ib ro b la s ts  f ro m  th e s e  p a t ie n ts  s h o w  l i t t le  o r  

n o  B C K D  a c t iv i ty .  In fa n ts  w i th  c la s s ic  M S U D  s h o w  s y m p to m s  w ith in  

th e  f i r s t  s e v e ra l  d a y s  o f  life . I f  n o t  d ia g n o s e d  a n d  tre a te d , c la s s ic  M S U D  

is  le th a l  in  th e  f i r s t  w e e k s  o f  life . P a tie n ts  w ith  in te rm e d ia te  fo rm s  h a v e  a  

h ig h e r  le v e l  o f  e n z y m e  a c t iv i ty  (u p  to  3 0 %  o f  n o rm a l) .  T h e  s y m p to m s  

a re  m ild e r  a n d  s h o w  a n  o n s e t  f ro m  in fa n c y  to  a d o le s c e n c e . P a tie n ts  w ith  

th e  r a re  th ia m in e -d e p e n d e n t  v a r ia n t  o f  M S U D  re s p o n d  to  la rg e  d o s e s  o f  

th is  v i ta m in .

2. S c re e n in g  a n d  d ia g n o s is :  A s  w ith  P K U , p re n a ta l  d ia g n o s is  a n d  n e w b o rn  

s c re e n in g  a re  a v a i la b le ,  a n d  m o s t  a f f e c te d  in d iv id u a ls  a re  c o m p o u n d  

h e te ro z y g o te s .

3. T re a tm e n t:  M S U D  is  tr e a te d  w i th  a  s y n th e t ic  f o rm u la  th a t  is  f re e  o f  

B C A A , s u p p le m e n te d  w i th  l im i te d  a m o u n ts  o f  le u c in e , is o le u c in e , a n d



v a l in e  to  a l lo w  fo r  n o rm a l  g ro w th  a n d  d e v e lo p m e n t  w i th o u t  p ro d u c in g  

to x ic  le v e ls . [N o te : E le v a te d  le u c in e  is  th e  c a u s e  o f  th e  n e u ro lo g ic  

d a m a g e  in  M S U D , a n d  its  le v e l  is  c a re fu lly  m o n i to re d .]  E a r ly  d ia g n o s is  

a n d  l i f e lo n g  d ie ta ry  t r e a tm e n t  a re  e s s e n t ia l  i f  th e  c h i ld  w i th  M S U D  is  to  

d e v e lo p  n o rm a lly .  [N o te : B C A A  a re  a n  im p o r ta n t  e n e rg y  s o u rc e  in  t im e s  

o f  m e ta b o l ic  n e e d , a n d  in d iv id u a ls  w i th  M S U D  a re  a t  r i s k  o f  

d e c o m p e n s a t io n  d u r in g  p e r io d s  o f  in c re a s e d  p ro te in  c a ta b o lis m .]

C. Albinism
A lb in is m  re fe r s  to  a  g ro u p  o f  c o n d i t io n s  in  w h ic h  a  d e f e c t  in  ty ro s in e  

m e ta b o l is m  re s u lts  in  a  d e f ic ie n c y  in  th e  p r o d u c t io n  o f  m e la n in . T h e s e  

d e fe c ts  r e s u l t  in  th e  p a r t ia l  o r  fu ll  a b s e n c e  o f  p ig m e n t  f ro m  th e  sk in , h a ir , 

a n d  e y e s . A lb in is m  a p p e a rs  in  d if f e r e n t  fo rm s , a n d  i t  m a y  b e  in h e r i te d  b y  

o n e  o f  s e v e ra l  m o d e s : a u to s o m a l re c e s s iv e  (p r im a ry  m o d e ) ,  a u to s o m a l 

d o m in a n t,  o r  X  l in k e d . T o ta l  a b s e n c e  o f  p ig m e n t  f ro m  th e  h a ir ,  e y e s , a n d  

s k in  (F ig . 2 0 .2 1 ), tyrosinase-negative  o c u lo c u ta n e o u s  a lb in is m  ( ty p e  1 

a lb in is m ) , re s u lts  f ro m  a n  a b s e n t  o r  d e fe c t iv e  c o p p e r - re q u ir in g  tyrosinase. 
I t  is  th e  m o s t  s e v e re  fo rm  o f  th e  c o n d it io n . In  a d d i t io n  to  h y p o p ig m e n ta t io n ,  

a f f e c te d  in d iv id u a ls  h a v e  v is io n  d e fe c ts  a n d  p h o to p h o b ia  ( s u n l ig h t  h u r ts  

th e ir  e y e s ) . T h e y  a re  a t  in c re a s e d  r is k  fo r  s k in  c a n c e r .



F ig u re  2 0 .2 1  P a t ie n t  w ith  o c u lo c u ta n e o u s  a lb in is m , s h o w in g  w h ite  e y e b ro w s  a n d  

la s h e s  a n d  e y e s  th a t  a p p e a r  r e d  in  c o lo r .

D. Homocystinuria
T h e  h o m o c y s t in u r ia s  a re  a  g ro u p  o f  d is o rd e r s  in v o lv in g  d e fe c ts  in  th e  

m e ta b o l is m  o f  H c y . T h e s e  a u to s o m a l- re c e s s iv e  d is e a s e s  a re  c h a ra c te r iz e d  

b y  h ig h  u r in a ry  le v e ls  o f  H c y , h ig h  p la s m a  le v e ls  o f  H c y  a n d  m e th io n in e , 

a n d  lo w  p la s m a  le v e ls  o f  c y s te in e . T h e  m o s t  c o m m o n  c a u s e  o f  

h o m o c y s t in u r ia  is  a  d e f e c t  in  th e  e n z y m e  cystathionine fi-synthase , w h ic h  

c o n v e r ts  H c y  to  c y s ta th io n in e  (F ig . 2 0 .2 2 ). I n d iv id u a ls  h o m o z y g o u s  fo r  

cystathionine fi-synthase  d e f ic ie n c y  e x h ib i t  d is lo c a t io n  o f  th e  le n s  (e c to p ia  

le n tis ) ,  s k e le ta l  a n o m a lie s  ( lo n g  l im b s  a n d  f in g e rs ) ,  in te l le c tu a l  d is a b i li ty ,  

a n d  a n  in c re a s e d  r is k  fo r  d e v e lo p in g  th ro m b i (b lo o d  c lo ts ) .  T h ro m b o s is  is  

th e  m a jo r  c a u s e  o f  e a r ly  d e a th  in  th e s e  in d iv id u a ls .  T re a tm e n t  in c lu d e s  

r e s tr ic t io n  o f  m e th io n in e  a n d  s u p p le m e n ta t io n  w ith  v i ta m in  B 12 a n d  fo la te . 

A d d it io n a l ly ,  s o m e  p a t ie n ts  a re  r e s p o n s iv e  to  o ra l  a d m in is tr a t io n  o f  

p y r id o x in e  (v ita m in  B 6), w h ic h  is  c o n v e r te d  to  p y r id o x a l  p h o s p h a te ,  th e  

c o e n z y m e  o f  cystathionine fi-synthase. T h e s e  p a t ie n ts  u s u a lly  h a v e  a



m ild e r  a n d  la te r  o n s e t  o f  c l in ic a l  s y m p to m s  c o m p a re d  w ith  B 6- 

n o n re s p o n s iv e  p a t ie n ts .  [N o te : D e f ic ie n c ie s  in  m e th y lc o b a la m in  (s e e  F ig . 

2 0 .8 ) o r  N 5,N 10-M TH F reductase ([M THFR]; s e e  F ig . 2 0 .1 2 ) a lso  r e s u l t  in  

e le v a te d  H c y .]

C H 2

C H 2

H C N H 3+

C O O -

Homocysteine

C H 2 - S - C H 2 

C H 2 H C N H 3+ 

H C N H 3+ C O O -  

COO-
Cystathionine

S H

Cystathionine
ß-synthase

PLP

L-Serine

F ig u re  2 0 .2 2  E n z y m e  d e f ic ie n c y  in  h o m o c y s t in u r ia .  P L P  = p y r id o x a l  p h o s p h a te .



E. Alkaptonuria
A lk a p to n u r ia  is  a  r a re  o rg a n ic  a c id u r ia  in v o lv in g  a  d e f ic ie n c y  in  

hom ogentisic acid  oxidase, r e s u l t in g  in  th e  a c c u m u la t io n  o f  h o m o g e n tis ic  

a c id  (H A ), a n  in te rm e d ia te  in  th e  d e g ra d a t iv e  p a th w a y  o f  ty ro s in e  (s e e  F ig . 

2 0 .1 5  o n  p . 2 6 9 ) . T h e  c o n d i t io n  h a s  th re e  c h a ra c te r is t ic  s y m p to m s : 

h o m o g e n tis ic  a c id u r ia  ( th e  u r in e  c o n ta in s  e le v a te d  le v e ls  o f  H A , w h ic h  is  

o x id iz e d  to  a  d a rk  p ig m e n t  o n  s ta n d in g , as  s h o w n  in  F ig . 2 0 .2 3 A ), e a r ly  

o n s e t  o f  a r th r i t is  in  th e  la rg e  jo in ts ,  a n d  d e p o s i t io n  o f  b la c k  p ig m e n t  

(o c h ro n o s is )  in  c a r t i la g e  a n d  c o l la g e n o u s  t i s s u e  (s e e  F ig . 2 0 .2 3 B ). D a rk  

s ta in in g  o f  d ia p e rs  c a n  in d ic a te  th e  d is e a s e  in  in fa n ts ,  b u t  u s u a lly  n o  

s y m p to m s  a re  p r e s e n t  u n t i l  a b o u t  a g e  4 0  y e a rs .  T re a tm e n t  in c lu d e s  d ie ta ry  

r e s tr ic t io n  o f  p h e n y la la n in e  a n d  ty ro s in e  to  r e d u c e  H A  le v e ls .  A lth o u g h  

a lk a p to n u r ia  is  n o t  l i f e  th re a te n in g ,  th e  a s s o c ia te d  a r th r i t i s  m a y  b e  s e v e re ly  

c r ip p lin g . [N o te : D e f ic ie n c ie s  in  fum arylacetoacetate hydrolase, th e  

te rm in a l  e n z y m e  o f  ty ro s in e  m e ta b o l is m , r e s u l t  in  ty ro s in e m ia  ty p e  I (s e e  

F ig . 2 0 .1 5 ) a n d  a  c h a ra c te r is t ic  c a b b a g e - l ik e  o d o r  to  u r in e .]



Urine from a patient 
with alkaptonuria

■ i l

The specimen on the left, 
which has been standing 
for 15 minutes, shows 
some darkening at the 
surface, due to the 
oxidation of homogentisic 
acid.

After 2 hours, the 
urine is entirely black.

□ Vertebrae from a patient 
with alkaptonuria

Dense, black pigment is 
deposited on the intervertebral 
disks of the vertebrae.



F ig u re  2 0 .2 3  S p e c im e n s  f ro m  a  p a t ie n t  w i th  a lk a p to n u r ia .  A . U r in e . B . 

V e r te b ra e .



VII. CHAPTER SUMMARY

A m in o  a c id s  w h o s e  c a ta b o lis m  y ie ld s  p y ru v a te  o r  a n  in te rm e d ia te  o f  th e  

t r ic a rb o x y lic  a c id  c y c le  a re  te rm e d  g lu c o g e n ic  (F ig . 2 0 .2 4 ). T h e y  c a n  g iv e  

r is e  to  th e  n e t  f o rm a t io n  o f  g lu c o s e  in  th e  l iv e r  a n d  k id n e y s . T h e  s o le ly  

g lu c o g e n ic  a m in o  a c id s  a re  g lu ta m in e , g lu ta m a te ,  p ro lin e , a rg in in e , 

h is t id in e , a la n in e , s e r in e , g ly c in e , c y s te in e , m e th io n in e ,  v a l in e , th re o n in e , 

a s p a r ta te ,  a n d  a s p a ra g in e . A m in o  a c id s  w h o s e  c a ta b o lis m  y ie ld s  e i th e r  

a c e to a c e ta te  o r  o n e  o f  its  p re c u r s o r s ,  a c e ty l  c o e n z y m e  A  (C o A )  o r  

a c e to a c e ty l  C o A , a re  te rm e d  k e to g e n ic .  L e u c in e  a n d  ly s in e  a re  so le ly  

k e to g e n ic .  T y ro s in e , p h e n y la la n in e ,  try p to p h a n ,  a n d  is o le u c in e  a re  b o th  

k e to g e n ic  a n d  g lu c o g e n ic .  N o n e s s e n t ia l  a m in o  a c id s  c a n  b e  s y n th e s iz e d  

f ro m  m e ta b o l ic  in te rm e d ia te s  o r  f ro m  th e  c a rb o n  s k e le to n s  o f  e s s e n t ia l  

a m in o  a c id s . E s s e n t ia l  a m in o  a c id s  n e e d  to  b e  o b ta in e d  f ro m  th e  d ie t. T h e y  

in c lu d e  h is t id in e , m e th io n in e , th re o n in e ,  v a l in e , is o le u c in e , p h e n y la la n in e ,  

t ry p to p h a n , le u c in e , a n d  ly s in e . P h e n y lk e to n u r ia  (P K U ) is  c a u s e d  b y  a  

d e f ic ie n c y  o f  phenyla lan ine hydroxylase (PAH), w h ic h  c o n v e r ts  

p h e n y la la n in e  to  ty ro s in e . H y p e rp h e n y la la n in e m ia  m a y  a lso  b e  c a u s e d  b y  

d e f ic ie n c ie s  in  th e  e n z y m e s  th a t  s y n th e s iz e  o r  r e g e n e ra te  th e  c o e n z y m e  fo r  

P A H , te t r a h y d ro b io p te r in .  U n tr e a te d  in d iv id u a ls  w i th  P K U  s u f fe r  f ro m  

s e v e re  in te l le c tu a l  d is a b i l i ty ,  d e v e lo p m e n ta l  d e la y , m ic ro c e p h a ly ,  s e iz u re s ,  

a n d  a  c h a ra c te r is t ic  m u s ty  (m o u s y )  s m e l l  o f  th e  u r in e . T re a tm e n t  in v o lv e s  

c o n tro l l in g  d ie ta ry  p h e n y la la n in e .  T y ro s in e  b e c o m e s  a n  e s s e n t ia l  d ie ta ry  

c o m p o n e n t  fo r  p e o p le  w ith  P K U . M a p le  s y ru p  u r in e  d is e a s e  (M S U D )  is  

c a u s e d  b y  a  p a r t ia l  o r  c o m p le te  d e f ic ie n c y  in  branched-chain a-keto acid  
dehydrogenase, th e  e n z y m e  th a t  d e c a rb o x y la te s  th e  b r a n c h e d -c h a in  a m in o  

a c id s  (B C A A ) le u c in e , is o le u c in e , a n d  v a l in e . S y m p to m s  in c lu d e  fe e d in g  

p ro b le m s , v o m itin g , k e to a c id o s is ,  c h a n g e s  in  m u s c le  to n e , a n d  a  

c h a ra c te r is t ic  s w e e t  s m e l l  o f  th e  u r in e . I f  u n tr e a te d ,  th e  d is e a s e  le a d s  to  

n e u ro lo g ic  p ro b le m s  th a t  r e s u l t  in  d e a th . T re a tm e n t  in v o lv e s  c o n tro ll in g  

B C A A  in ta k e . O th e r  im p o r ta n t  g e n e t ic  d is e a s e s  a s s o c ia te d  w ith  a m in o  a c id  

m e ta b o l is m  in c lu d e  a lb in is m , h o m o c y s t in u r ia ,  m e th y lm a lo n ic  a c id e m ia , 

a lk a p to n u r ia ,  h is t id in e m ia ,  ty ro s in e m ia ,  a n d  c y s ta th io n in u r ia .



F ig u re  2 0 .2 4  K e y  c o n c e p t  m a p  fo r  a m in o  a c id  m e ta b o l is m . C o A  =  c o e n z y m e  A .

Study Questions



Choose the ONE best answer.

o r  Q u e s tio n s  2 0 .1 -2 0 .3 ,  m a tc h  th e  d e f ic ie n t  e n z y m e  w ith  th e  a s s o c ia te d  c l in ic a l  

s ig n  o r  la b o ra to ry  f in d in g  in  u r in e .

A. Black pigmentation 
of cartilage

B. Sweaty feet-like 
odor of fluids

C. Cystine crystals in 
urine

D. White hair, red eye 
color

E. Increased branched- 
chain amino acids

F. Increased 
homocysteine

G. Increased methionine

H. Increased 
phenylalanine

0 .1 . C y s ta th io n in e  p -s y n th a s e  

0 .2 . H o m o g e n t is ic  a c id  o x id a s e  

0 .3 . T y ro s in a s e

C o r r e c t  a n s w e rs  = F , A , D . A  d e f ic ie n c y  in  c y s ta th io n in e  p - s y n th a s e  o f  

m e th io n in e  d e g ra d a t io n  r e s u lts  in  a  r is e  in  h o m o c y s te in e .  A  d e f ic ie n c y  in  

h o m o g e n tis ic  a c id  o x id a s e  o f  ty ro s in e  d e g ra d a t io n  r e s u lts  in  a  r is e  in  

h o m o g e n tis ic  a c id , w h ic h  fo rm s  a  b la c k  p ig m e n t  th a t  is  d e p o s i te d  in  

c o n n e c t iv e  t i s s u e  (o c h ro n o s is ) .  A  d e f ic ie n c y  in  ty ro s in a s e  r e s u lts  in  d e c re a s e d  

fo rm a t io n  o f  m e la n in  f ro m  ty ro s in e  in  th e  sk in , h a ir ,  a n d  e y e s . A  s w e a ty  fe e t 

l ik e  o d o r  is  c h a ra c te r is t ic  o f  is o v a le ry l  c o e n z y m e  A  d e h y d ro g e n a s e  d e f ic ie n c y . 

C y s tin e  c ry s ta ls  in  u r in e  a re  s e e n  w ith  c y s tin u r ia ,  a  d e f e c t  in  in te s t in a l  a n d  

r e n a l  c y s tin e  a b s o rp tio n . In c re a s e d  b r a n c h e d -c h a in  a m in o  a c id s  a re  s e e n  in  

m a p le  s y ru p  u r in e  d is e a se , in c r e a s e d  m e th io n in e  is  s e e n  in  d e fe c ts  in  

h o m o c y s te in e  m e ta b o l is m , a n d  in c re a s e d  p h e n y la la n in e  is  s e e n  in  

p h e n y lk e to n u r ia .

0 .4 . A  1 -w e e k -o ld  in fa n t, w h o  w a s  b o rn  a t  h o m e  in  a  ru ra l ,  m e d ic a l ly -  

u n d e r s e rv e d  a re a , h a s  u n d e te c te d  c la s s ic  p h e n y lk e to n u r ia .  W h ic h  s ta te m e n t  

a b o u t  th is  b a b y  a n d /o r  h e r  t r e a tm e n t  is  c o r re c t?

A . A  d ie t  d e v o id  o f  p h e n y la la n in e  s h o u ld  b e  in i t ia te d  im m e d ia te ly .

B . D ie ta ry  t r e a tm e n t  w i l l  b e  d is c o n t in u e d  in  a d u l th o o d .

C . S u p p le m e n ta t io n  w i th  v i ta m in  B 6 is  re q u ire d .

D . T y ro s in e  is  a n  e s s e n t ia l  a m in o  a c id .



C o r re c t  a n s w e r  = D . In  p a t ie n ts  w i th  p h e n y lk e to n u r ia ,  ty ro s in e  c a n n o t  b e  

s y n th e s iz e d  f ro m  p h e n y la la n in e  a n d , h e n c e , b e c o m e s  e s s e n t ia l  a n d  m u s t  b e  

s u p p lie d  in  th e  d ie t. P h e n y la la n in e  in  th e  d ie t  m u s t  b e  c o n tro l le d  b u t  c a n n o t  b e  

e l im in a te d  e n t ire ly  b e c a u s e  i t  is  a n  e s s e n t ia l  a m in o  a c id . D ie ta ry  t r e a tm e n t  

m u s t  b e g in  d u r in g  th e  f i r s t  7 - 1 0  d a y s  o f  l i f e  to  p r e v e n t  in te l le c tu a l  d is a b i li ty ,  

a n d  l i f e lo n g  r e s tr ic t io n  o f  p h e n y la la n in e  is  r e c o m m e n d e d  to  p r e v e n t  c o g n i t iv e  

d e c l in e . A d d it io n a l ly ,  e le v a te d  le v e ls  o f  p h e n y la la n in e  a re  te ra to g e n ic  to  a  

d e v e lo p in g  fe tu s .

0 .5 . W h ic h  o n e  o f  th e  fo l lo w in g  s ta te m e n ts  c o n c e rn in g  a m in o  a c id s  is  c o r re c t?

A . A la n in e  is  k e to g e n ic .

B . A m in o  a c id s  th a t  a re  c a ta b o liz e d  to  a c e ty l  c o e n z y m e  A  a re  g lu c o g e n ic .

C . B ra n c h e d -c h a in  a m in o  a c id s  a re  c a ta b o liz e d  p r im a r i ly  in  th e  liv e r .

D . C y s te in e  is  e s s e n t ia l  fo r  in d iv id u a ls  c o n s u m in g  a  d ie t  s e v e re ly  l im i te d  

in  m e th io n in e .

C o r r e c t  a n s w e r  = D . M e th io n in e  is  th e  p r e c u r s o r  o f  c y s te in e , w h ic h  b e c o m e s  

e s s e n t ia l  i f  m e th io n in e  is  s e v e re ly  r e s tr ic te d . A la n in e  is  a  k e y  g lu c o g e n ic  

a m in o  a c id . A c e ty l  c o e n z y m e  A  (C o A )  c a n n o t  b e  u s e d  fo r  th e  n e t  s y n th e s is  o f  

g lu c o se . A m in o  a c id s  c a ta b o liz e d  to  a c e ty l  C o A  a re  k e to g e n ic .  B ra n c h e d -c h a in  

a m in o  a c id s  a re  c a ta b o liz e d  p r im a r i ly  in  s k e le ta l  m u s c le .

0 .6 . In  a n  in d iv id u a l  w ith  th e  d ih y d ro l ip o y l  d e h y d ro g e n a s e  (E 3 ) -d e f ic ie n t  fo rm  

o f  m a p le  s y ru p  u r in e  d is e a se , w h y  w o u ld  la c tic  a c id o s is  b e  a n  e x p e c te d  

f in d in g ?

T h e  th re e  a - k e to  a c id  d e h y d ro g e n a s e  c o m p le x e s  (p y ru v a te  d e h y d ro g e n a s e  

[P D H ], a - k e to g lu ta r a te  d e h y d ro g e n a s e ,  a n d  b r a n c h e d -c h a in  a - k e to  a c id  

d e h y d ro g e n a s e  [B C K D ])  h a v e  d ih y d ro l ip o y l  d e h y d ro g e n a s e  (E n z y m e  3, o r  E 3 )  

in  c o m m o n . In  E 3 -d e f ic ie n t  m a p le  s y ru p  u r in e  d is e a s e , in  a d d i t io n  to  th e  

b r a n c h e d -c h a in  a m in o  a c id s  a n d  th e ir  a - k e to  a c id  d e r iv a t iv e s  a c c u m u la t in g  as  a  

r e s u l t  o f  d e c re a s e d  a c t iv i ty  o f  B C K D , la c ta te  w i l l  a lso  b e  in c re a s e d  b e c a u s e  o f  

d e c re a s e d  a c t iv i ty  o f  P D H .

0 .7 . In  c o n t r a s t  to  th e  v i ta m in  B 6- d e r iv e d  p y r id o x a l  p h o s p h a te  r e q u ire d  in  m o s t  

e n z y m ic  re a c t io n s  in v o lv in g  a m in o  a c id s , w h a t  c o e n z y m e  is  r e q u ire d  b y



the aromatic amino acid hydroxylases?

T e tra h y d ro b io p te r in ,  m a d e  f ro m  g u a n o s in e  t r ip h o s p h a te ,  is  th e  re q u ire d  

c o e n z y m e .
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to

Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

In  a d d i t io n  to  s e rv in g  a s  b u i ld in g  b lo c k s  fo r  p ro te in s ,  a m in o  a c id s  a re  p re c u r s o r s  

o f  m a n y  n i t r o g e n -c o n ta in in g  c o m p o u n d s  th a t  h a v e  im p o r ta n t  p h y s io lo g ic  

fu n c t io n s  (F ig . 2 1 .1 ). T h e s e  m o le c u le s  in c lu d e  p o rp h y r in s ,  n e u ro tra n s m it te r s ,  

h o rm o n e s , p u r in e s ,  a n d  p y r im id in e s .  [N o te : S e e  p . 1 51  fo r  th e  s y n th e s is  o f  n i t r ic  

o x id e  f ro m  a rg in in e .]
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Figure 21.1 Amino acids as precursors of nitrogen-containing compounds.

II. PORPHYRIN METABOLISM

P o rp h y r in s  a re  c y c l ic  c o m p o u n d s  th a t  r e a d i ly  b in d  m e ta l  io n s , u s u a lly  fe r ro u s  

(F e 2+) o r  fe r r ic  (F e 3+) iro n . T h e  m o s t  p r e v a le n t  m e ta l lo p o rp h y r in  in  h u m a n s  is  

h e m e , w h ic h  c o n s is ts  o f  o n e  F e 2+ c o o rd in a te d  in  th e  c e n te r  o f  th e  te tr a p y r ro le  

r in g  o f  p ro to p o rp h y r in  IX  (s e e  p . 2 7 9 ) . H e m e  is  th e  p ro s th e t ic  g ro u p  fo r  

h e m o g lo b in  (H b ), m y o g lo b in , th e  c y to c h ro m e s , th e  cytochrom e P450 (CYP) 
m onooxygenase  s y s te m , catalase, n itric oxide synthase, a n d  peroxidase. T h e s e  

h e m e p ro te in s  a re  r a p id ly  s y n th e s iz e d  a n d  d e g ra d e d . F o r  e x a m p le , 6 - 7  g o f  H b  is  

s y n th e s iz e d  e a c h  d a y  to  re p la c e  h e m e  lo s t  th ro u g h  th e  n o rm a l tu rn o v e r  o f  

e ry th ro c y te s .  T h e  s y n th e s is  a n d  d e g ra d a t io n  o f  th e  a s s o c ia te d  p o rp h y r in s  a n d  

r e c y c l in g  o f  th e  iro n  a re  c o o rd in a te d  w i th  th e  tu rn o v e r  o f  h e m e p ro te in s .

A. Structure
P o rp h y r in s  a re  c y c l ic  p la n a r  m o le c u le s  fo rm e d  b y  th e  l in k a g e  o f  fo u r  

p y r ro le  r in g s  th ro u g h  m e th e n y l  b r id g e s  (F ig . 2 1 .2 ). T h re e  s tru c tu ra l  f e a tu re s  

o f  th e s e  m o le c u le s  a re  r e le v a n t  to  u n d e r s ta n d in g  th e ir  m e d ic a l  s ig n if ic a n c e .

Porphyrins contain four pyrrole rings (A, B, C, 
and D) joined through methenyl bridges.

A and P are reversed in ring D
of uroporphyrin compared
with uroporphyrin I. Only type

Porphyrins contain side chains (asymmetric) porphyrins
attached to each of the four are physiologically important
pyrrole rings. In type I in humans
porphyrins, the side chains are
arranged symmetrically, that is
for uroporphyrin I, A (acetate)
alternates with P (propionate)
around the tetrapyrrole ring.

UroporphyrinUroporphyrin I

F ig u re  2 1 .2  S tru c tu re s  o f  u r o p o rp h y r in  I a n d  u r o p o rp h y r in  III.

1. S id e  c h a in s : D if f e r e n t  p o rp h y r in s  v a ry  in  th e  n a tu re  o f  th e  s id e  c h a in s  

a t ta c h e d  to  e a c h  o f  th e  fo u r  p y r ro le  r in g s . U ro p o rp h y r in  c o n ta in s  a c e ta te  

( - C H 2- C O O - )  a n d  p ro p io n a te  ( - C H 2- C H 2- C O O - )  s id e  c h a in s ;

c o p ro p o rp h y r in  c o n ta in s  m e th y l  ( - C H 3) a n d  p ro p io n a te  g ro u p s ; a n d



p r o to p o rp h y r in  IX  (a n d  h e m e  b , th e  m o s t  c o m m o n  h e m e )  c o n ta in s  v in y l  

( - C H = C H 2), m e th y l,  a n d  p ro p io n a te  g ro u p s . [N o te : T h e  m e th y l  a n d  

v in y l  g ro u p s  a re  p ro d u c e d  b y  d e c a rb o x y la t io n  o f  a c e ta te  a n d  p ro p io n a te  

s id e  c h a in s , r e s p e c t iv e ly .]

2. S id e  c h a in  d is tr ib u tio n :  T h e  s id e  c h a in s  o f  p o rp h y r in s  c a n  b e  o rd e re d  

a ro u n d  th e  te tr a p y r ro le  n u c le u s  in  fo u r  d if f e r e n t  w a y s , d e s ig n a te d  b y  

R o m a n  n u m e ra ls  I to  IV . O n ly  ty p e  I II  p o rp h y r in s ,  w h ic h  c o n ta in  an  

a s y m m e tr ic  s u b s t i tu t io n  o n  r in g  D  (s e e  F ig . 2 1 .2 ), a re  p h y s io lo g ic a l ly  

im p o r ta n t  in  h u m a n s . [N o te : P ro to p o rp h y r in  IX  is  a  m e m b e r  o f  th e  ty p e  

III  s e r ie s .]

3. P o rp h y r in o g e n s :  T h e s e  p o rp h y r in  p re c u r s o r s  ( fo r  e x a m p le ,

u ro p o rp h y r in o g e n )  e x is t  in  a  c h e m ic a l ly  re d u c e d , c o lo r le s s  fo rm  a n d  

s e rv e  a s  in te rm e d ia te s  b e tw e e n  p o rp h o b il in o g e n  (P B G ) a n d  th e  o x id iz e d , 

c o lo re d  p ro to p o rp h y r in s  in  h e m e  b io s y n th e s is .

B. Heme biosynthesis
T h e  m a jo r  s ite s  o f  h e m e  b io s y n th e s is  a re  th e  l iv e r , w h ic h  s y n th e s iz e s  a  

n u m b e r  o f  h e m e  p ro te in s  (p a r t ic u la r ly  th e  CYP  p ro te in s ) ,  a n d  th e  

e ry th ro c y te -p ro d u c in g  c e lls  o f  th e  b o n e  m a r ro w , w h ic h  a re  a c t iv e  in  H b  

s y n th e s is .  In  th e  l iv e r , th e  ra te  o f  h e m e  s y n th e s is  is  h ig h ly  v a r ia b le ,  

r e s p o n d in g  to  a l te ra t io n s  in  th e  c e l lu la r  h e m e  p o o l  c a u s e d  b y  f lu c tu a t in g  

d e m a n d s  fo r  h e m e p ro te in s .  In  c o n tra s t ,  h e m e  s y n th e s is  in  e ry th ro id  c e l ls  is  

r e la t iv e ly  c o n s ta n t  a n d  is  m a tc h e d  to  th e  r a te  o f  g lo b in  s y n th e s is .  [N o te : 

O v e r  8 5 %  o f  a l l  h e m e  s y n th e s is  o c c u rs  in  e ry th ro id  t is s u e . M a tu re  re d  

b lo o d  c e l ls  (R B C ) la c k  m ito c h o n d r ia  a n d  a re  u n a b le  to  s y n th e s iz e  h e m e .]  

T h e  in i t ia l  r e a c t io n  a n d  th e  la s t  th re e  s te p s  in  th e  fo rm a t io n  o f  p o rp h y r in s  

o c c u r  in  m ito c h o n d r ia ,  w h e re a s  th e  in te rm e d ia te  s te p s  o f  th e  b io s y n th e t ic  

p a th w a y  o c c u r  in  th e  c y to so l .  [N o te : F ig . 2 1 .8  s u m m a r iz e s  h e m e  s y n th e s is .]

1. 6 -A m in o le v u lin ic  a c id  fo rm a tio n :  A l l  th e  c a rb o n  a n d  n i t r o g e n  a to m s  o f  

th e  p o rp h y r in  m o le c u le  a re  p ro v id e d  b y  g ly c in e  (a  n o n e s s e n t ia l  a m in o  

a c id )  a n d  s u c c in y l  c o e n z y m e  A  (a  t r ic a rb o x y lic  a c id  c y c le  in te rm e d ia te )  

th a t  c o n d e n s e  to  fo rm  6 -a m in o le v u lin ic  a c id  (A L A ) in  a  r e a c t io n  

c a ta ly z e d  b y  A L A  synthase  ( [A L A S ], F ig . 2 1 .3 ). T h is  r e a c t io n  r e q u ire s  

p y r id o x a l  p h o s p h a te  ( [P L P ]  s e e  p . 3 8 2 )  a s  a  c o e n z y m e  a n d  is  th e  

c o m m it te d  a n d  r a te - l im it in g  s te p  in  p o rp h y r in  b io s y n th e s is .  [N o te : T h e re  

a re  tw o  A LA S  i s o fo rm s , e a c h  p ro d u c e d  b y  d if f e r e n t  g e n e s  a n d  c o n tro lle d



b y  d if f e re n t  m e c h a n is m s .  ALAS1  is  fo u n d  in  a l l  t is s u e s ,  w h e re a s  A L A S2  
is  e ry th ro id  s p e c if ic .  L o s s -o f - fu n c t io n  m u ta t io n s  in  A L A S2  r e s u l t  in  X - 

l in k e d  s id e ro b la s t ic  a n e m ia  a n d  i ro n  o v e r lo a d .]
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F ig u re  2 1 .3  P a th w a y  o f  p o rp h y r in  s y n th e s is :  F o rm a t io n  o f  p o rp h o b il in o g e n .

[N o te : A L A S2  is  r e g u la te d  b y  iro n .]  A L A S  = S-am inolevulinic acid  synthase;
C o A  = c o e n z y m e  A ; C O 2 = c a rb o n  d io x id e ; P L P  = p y r id o x a l  p h o s p h a te .

(C o n tin u e d  in  F ig s . 2 1 .4  a n d  2 1 .5 .)

a. H e m e  (h e m in )  e f fe c ts :  W h e n  p o rp h y r in  p r o d u c t io n  e x c e e d s  th e  

a v a i la b i l i ty  o f  th e  a p o p ro te in s  th a t  r e q u i re  it, h e m e  a c c u m u la te s  a n d  is  

c o n v e r te d  to  h e m in  b y  th e  o x id a t io n  o f  F e 2+ to  F e 3+. H e m in  d e c re a s e s  

th e  a m o u n t  (a n d , th u s , th e  a c t iv i ty )  o f  ALA S1  b y  r e p re s s in g  

tr a n s c r ip t io n  o f  its  g e n e , in c re a s in g  d e g ra d a t io n  o f  its  m e s s e n g e r  R N A , 

a n d  d e c re a s in g  im p o r t  o f  th e  e n z y m e  in to  m ito c h o n d r ia .  [N o te : In  

e ry th ro id  c e lls ,  A L A S2  is  c o n tro l le d  b y  th e  a v a i la b i l i ty  o f  in t r a c e l lu la r  

iro n  ( s e e  p . 4 7 5 ) .]

b . D ru g  e ffe c ts :  A d m in is t r a t io n  o f  a n y  o f  a  la rg e  n u m b e r  o f  d ru g s  re s u lts  

in  a  s ig n if ic a n t  in c re a s e  in  h e p a t ic  ALA S1  a c t iv i ty .  T h e s e  d ru g s  a re  

m e ta b o l iz e d  b y  th e  m icrosom al CYP m onooxygenase  s y s te m , a  

h e m e p ro te in  oxidase  s y s te m  fo u n d  in  th e  l iv e r  ( s e e  p . 1 4 9 ). In  

r e s p o n s e  to  th e s e  d ru g s , th e  s y n th e s is  o f  CYP  p ro te in s  in c re a s e s ,  

le a d in g  to  a n  e n h a n c e d  c o n s u m p tio n  o f  h e m e , a  c o m p o n e n t  o f  th e se  

p ro te in s .  T h is , in  tu rn , c a u s e s  a  d e c re a s e  in  th e  c o n c e n tra t io n  o f  h e m e  

in  l iv e r  c e lls .  T h e  lo w e r  in t r a c e l lu la r  h e m e  c o n c e n tra t io n  le a d s  to  a n  

in c re a s e  in  th e  s y n th e s is  o f  ALA S1  a n d  p ro m p ts  a  c o r re s p o n d in g  

in c re a s e  in  th e  s y n th e s is  o f  A L A .

2. P o rp h o b il in o g e n  fo rm a tio n :  T h e  c y to s o l ic  c o n d e n s a t io n  o f  tw o  A L A  to  

fo rm  P B G  b y  z in c -c o n ta in in g  A L A  dehydratase (PBG synthase) is  

e x tre m e ly  s e n s it iv e  to  in h ib i t io n  b y  h e a v y  m e ta l  io n s  ( fo r  e x a m p le , le a d )  

th a t  r e p la c e  th e  z in c  (s e e  F ig . 2 1 .3 ). T h is  in h ib i t io n  is , in  p a r t , 

r e s p o n s ib le  fo r  th e  e le v a t io n  in  A L A  a n d  th e  a n e m ia  s e e n  in  le a d  

p o is o n in g .

3. U r o p o rp h y r in o g e n  fo rm a tio n :  T h e  c o n d e n s a t io n  o f  fo u r  P B G  p ro d u c e s  

th e  l in e a r  te tr a p y r ro le  h y d ro x y m e th y lb i la n e ,  w h ic h  is  c y c l iz e d  a n d  

is o m e r iz e d  b y  uroporphyrinogen III  synthase  to  p ro d u c e  th e  

a s y m m e tr ic  u ro p o rp h y r in o g e n  III . T h is  c y c l ic  te tr a p y r ro le  u n d e rg o e s  

d e c a rb o x y la t io n  o f  its  a c e ta te  g ro u p s  b y  uroporphyrinogen III  
decarboxylase (UROD), g e n e ra t in g  c o p r o p o rp h y r in o g e n  I II  (F ig . 2 1 .4 ). 

T h e  r e a c t io n s  o c c u r  in  th e  c y to so l .



Porphobilinogen

Hydroxymethyl- 
bilane synthase

4 NH3

Hydroxymethylbilane

(Four molecules 
condense)

Uroporphyrinogen III 
synthase

o o c - ch2- ch2

"OOC-CH

(Ring closure and 
isomerization)

> ch2- ch2- coct

OOC-CH
'OOC-CH2-CH2

CHo-COO"
CH2-CH2-COO"

Uroporphyrinogen

Uroporphyrinogen III 
decarboxylase (Decarboxylation)

V 4 C 0 2

OOC-CH2-C H 2 /^ / ■CH;

CH3 V n N-
/  H H

H ,

CH3 ' \  T
N"y

o o c - ch^ ch^ X)H2
CH<

Coproporphyrinogen

Coproporphyrinogen III 
oxidase (mitochondrial 

enzyme)

(Decarboxylation,
oxidation)

V 2C 02

CH=CHc

o o c - ch2- ch2
CH3

CH2-CH2-COO~ 

Protoporphyrinogen IX

Protoporphyrinogen
oxidase

H2C = CH

(Oxidation) 

CH3

CH=CHo

3\
OOC-CH2-CH2 CH2-CH2-COO“

Protoporphyrin IX



F ig u re  2 1 .4  P a th w a y  o f  p o rp h y r in  s y n th e s is :  f o rm a t io n  o f  p r o to p o rp h y r in  IX . 

(C o n tin u e d  f ro m  F ig . 2 1 .3 .) T h e  p re f ix e s  -u ro  (u r in e )  a n d  -c o p ro  ( fe c e s )  r e f le c t  

in i t ia l  s i te s  o f  d is c o v e ry . [N o te : D e f ic ie n c y  in  uroporphyrinogen III  synthase  
p re v e n ts  is o m e r iz a t io n ,  r e s u l t in g  in  p r o d u c t io n  o f  ty p e  I p o rp h y r in s .]

4 . H e m e  fo rm a tio n : C o p ro p o rp h y r in o g e n  III  e n te r s  th e  m ito c h o n d r io n ,  a n d  

tw o  p ro p io n a te  s id e  c h a in s  a re  d e c a rb o x y la te d  b y  coproporphyrinogen  
III  oxidase  to  v in y l  g ro u p s  g e n e ra t in g  p ro to p o rp h y r in o g e n  IX , w h ic h  is  

o x id iz e d  to  p r o to p o rp h y r in  IX . T h e  in t ro d u c t io n  o f  iro n  (a s  F e 2+) in to  

p r o to p o rp h y r in  IX  p ro d u c e s  h e m e . T h is  s te p  c a n  o c c u r  s p o n ta n e o u s ly , 

b u t  th e  ra te  is  e n h a n c e d  b y  ferrochelatase, a n  e n z y m e  th a t,  l ik e  A L A  
dehydratase, is  in h ib i te d  b y  le a d  (F ig . 2 1 .5 ).



F ig u re  2 1 .5  P a th w a y  o f  p o rp h y r in  s y n th e s is :  f o rm a t io n  o f  h e m e  b . (C o n tin u e d  

f ro m  F ig s . 2 1 .3  a n d  2 1 .4 .) F e 2+ = fe r ro u s  iro n .



C. Porphyrias
P o rp h y r ia s  a re  ra re , in h e r i te d  (o r  s o m e t im e s  a c q u ire d )  d e fe c ts  in  h e m e  

s y n th e s is ,  r e s u l t in g  in  th e  a c c u m u la t io n  a n d  in c r e a s e d  e x c re t io n  o f  

p o rp h y r in s  o r  p o rp h y r in  p re c u r s o r s  ( s e e  F ig . 2 1 .8 ). [N o te : In h e r i te d  

p o rp h y r ia s  a re  a u to s o m in a l -d o m in a n t  (A D )  o r  a u to s o m a l- re c e s s iv e  (A R ) 

d is o rd e rs .]  E a c h  p o rp h y r ia  r e s u lts  in  th e  a c c u m u la t io n  o f  a  u n iq u e  p a t te rn  o f  

in te rm e d ia te s  c a u s e d  b y  th e  d e f ic ie n c y  o f  a n  e n z y m e  in  th e  h e m e  s y n th e t ic  

p a th w a y . [N o te : P o rp h y r ia ,  d e r iv e d  f ro m  th e  G re e k  fo r  p u rp le ,  r e fe r s  to  th e  

r e d -b lu e  c o lo r  c a u s e d  b y  p ig m e n t- l ik e  p o rp h y r in s  in  th e  u r in e  o f  s o m e  

p a t ie n ts  w i th  d e fe c ts  in  h e m e  s y n th e s is .]

1. C lin ic a l  m a n ife s ta t io n s :  T h e  p o rp h y r ia s  a re  c la s s i f ie d  a s  e ry th ro p o ie t ic  o r  

h e p a t ic ,  d e p e n d in g  o n  w h e th e r  th e  e n z y m e  d e f ic ie n c y  o c c u rs  in  th e  

e ry th ro p o ie t ic  c e l ls  o f  th e  b o n e  m a r ro w  o r  in  th e  l iv e r . H e p a tic  

p o rp h y r ia s  c a n  b e  fu r th e r  c la s s i f ie d  a s  c h ro n ic  o r  a c u te . In  g e n e ra l,  

in d iv id u a ls  w ith  a n  e n z y m e  d e fe c t  p r io r  to  th e  s y n th e s is  o f  th e  

te tr a p y r ro le s  m a n if e s t  a b d o m in a l  a n d  n e u ro p s y c h ia tr ic  s ig n s , w h e re a s  

th o s e  w ith  e n z y m e  d e fe c ts  le a d in g  to  th e  a c c u m u la t io n  o f  te tr a p y r ro le  

in te rm e d ia te s  s h o w  p h o to s e n s i t iv i ty  ( th a t  is , th e ir  s k in  i tc h e s  a n d  b u rn s  

[p ru r itu s ]  w h e n  e x p o s e d  to  s u n lig h t) .  [N o te : P h o to s e n s i t iv i ty  is  a  r e s u l t  o f  

th e  o x id a t io n  o f  c o lo r le s s  p o rp h y r in o g e n s  to  c o lo re d  p o rp h y r in s ,  w h ic h  

a re  p h o to s e n s i t iz in g  m o le c u le s  th o u g h t  to  p a r t ic ip a te  in  th e  fo rm a t io n  o f  

s u p e ro x id e  r a d ic a ls  f ro m  o x y g e n . T h e s e  ra d ic a ls  c a n  o x id a t iv e ly  d a m a g e  

m e m b ra n e s  a n d  c a u s e  th e  r e le a s e  o f  d e s tru c t iv e  e n z y m e s  f ro m  

ly s o s o m e s .]

a. C h ro n ic  h e p a t ic  p o rp h y r ia :  P o rp h y r ia  c u ta n e a  ta rd a , th e  m o s t  c o m m o n  

p o rp h y r ia ,  is  a  c h ro n ic  d is e a s e  o f  th e  l iv e r . T h e  d is e a s e  is  a s s o c ia te d  

w ith  s e v e re  d e f ic ie n c y  o f  UROD, b u t  c l in ic a l  e x p re s s io n  o f  th e  

d e f ic ie n c y  is  in f lu e n c e d  b y  v a r io u s  fa c to rs ,  s u c h  as  h e p a t ic  iro n  

o v e r lo a d , e x p o s u re  to  s u n lig h t ,  a lc o h o l  in g e s t io n , e s tro g e n  th e ra p y , 

a n d  th e  p r e s e n c e  o f  h e p a t i t is  B  o r  C  o r  H IV  in fe c tio n s .  [N o te : 

M u ta t io n s  to  UROD  a re  fo u n d  in  o n ly  2 0 %  o f  a f f e c te d  in d iv id u a ls .  

I n h e r i ta n c e  is  A D .]  C lin ic a l  o n s e t  is  ty p ic a l ly  d u r in g  th e  fo u r th  o r  f if th  

d e c a d e  o f  life . P o rp h y r in  a c c u m u la t io n  le a d s  to  c u ta n e o u s  s y m p to m s  

(F ig . 2 1 .6 ) as  w e l l  a s  u r in e  th a t  is  r e d  to  b ro w n  in  n a tu r a l  l ig h t  (F ig . 

2 1 .7 ) a n d  p in k  to  r e d  in  f lu o re s c e n t  lig h t.



F ig u re  2 1 .6  S k in  e ru p t io n s  in  a  p a t ie n t  w ith  p o rp h y r ia  c u ta n e a  ta rd a .



F ig u re  2 1 .7  U r in e  f ro m  a  p a t ie n t  w i th  p o rp h y r ia  c u ta n e a  ta rd a  ( r ig h t)  a n d  f ro m  a  

p a t ie n t  w ith  n o rm a l  p o rp h y r in  e x c re t io n  ( le f t) .

b . A c u te  h e p a t ic  p o rp h y r ia s :  A c u te  h e p a t ic  p o rp h y r ia s  (A L A  

dehydratase-deficiency  p o rp h y r ia ,  a c u te  in te rm i t te n t  p o rp h y r ia ,  

h e re d i ta ry  c o p ro p o rp h y r ia ,  a n d  v a r ie g a te  p o rp h y r ia )  a re  c h a ra c te r iz e d  

b y  a c u te  a t ta c k s  o f  g a s tro in te s t in a l  (G I) , n e u ro p s y c h ia tr ic ,  a n d  m o to r  

s y m p to m s  th a t  m a y  b e  a c c o m p a n ie d  b y  p h o to s e n s i t iv i ty  (F ig . 2 1 .8 ). 

P o rp h y r ia s  le a d in g  to  a c c u m u la t io n  o f  A L A  a n d  P B G , s u c h  as  a c u te  

in te rm i t te n t  p o rp h y r ia ,  c a u s e  a b d o m in a l  p a in  a n d  n e u ro p s y c h ia tr ic  

d is tu rb a n c e s ,  r a n g in g  f ro m  a n x ie ty  to  d e l ir iu m . S y m p to m s  o f  th e  a c u te  

h e p a t ic  p o rp h y r ia s  a re  o f te n  p r e c ip i ta te d  b y  u s e  o f  d ru g s , s u c h  as  

b a rb i tu ra te s  a n d  e th a n o l,  w h ic h  in d u c e  th e  s y n th e s is  o f  th e  h e m e -  

c o n ta in in g  CYP  m ic ro s o m a l d r u g -o x id a t io n  sy s te m . T h is  fu r th e r  

d e c re a s e s  th e  a m o u n t  o f  a v a i la b le  h e m e , w h ic h , in  tu rn , p ro m o te s  

in c re a s e d  s y n th e s is  o f  A LA S1.



F ig u re  2 1 .8  S u m m a ry  o f  h e m e  s y n th e s is .  1A ls o  r e f e r r e d  to  a s  porphobilinogen  

synthase. 2A ls o  r e f e r r e d  to  a s  porphobilinogen  deam inase. [N o te : S y m p to m a tic  

d e f ic ie n c ie s  in  A L A  synthase-1 (ALAS1) a re  u n k n o w n . D e f ic ie n c ie s  in  X - l in k e d  

A LA S2  r e s u l t  in  a n  a n e m ia .]  A L A  =  5 -a m in o le v u lin ic  a c id ; A D  =  a u to s o m a l 

d o m in a n t;  A R  =  a u to s o m a l r e c e s s iv e ;  F e  =  iro n .



c. E ry th ro p o ie t ic  p o rp h y r ia s :  T h e  c h ro n ic  e ry th ro p o ie t ic  p o rp h y r ia s  

(c o n g e n i ta l  e ry th ro p o ie t ic  p o rp h y r ia  a n d  e ry th ro p o ie tic  

p ro to p o rp h y r ia )  c a u s e  p h o to s e n s i t iv i ty  c h a ra c te r iz e d  b y  s k in  r a s h e s  

a n d  b l is te r s  th a t  a p p e a r  in  e a r ly  c h i ld h o o d  (s e e  F ig . 2 1 .8 ).

2. In c re a s e d  5 -a m in o le v u lin ic  a c id  s y n th a s e  a c tiv ity :  O n e  c o m m o n  fe a tu re  

o f  th e  h e p a t ic  p o rp h y r ia s  is  d e c re a s e d  s y n th e s is  o f  h e m e . In  th e  liv e r , 

h e m e  n o rm a lly  fu n c t io n s  a s  a  r e p re s s o r  o f  th e  ALA S1  g e n e . T h e re fo re ,  

th e  a b s e n c e  o f  th is  e n d  p ro d u c t  r e s u l ts  in  a n  in c re a s e  in  th e  s y n th e s is  o f  

ALA S1  ( d e re p re s s io n ) .  T h is  c a u s e s  a n  in c r e a s e d  s y n th e s is  o f  

in te rm e d ia te s  th a t  o c c u r  p r io r  to  th e  g e n e t ic  b lo c k . T h e  a c c u m u la t io n  o f  

th e s e  to x ic  in te rm e d ia te s  is  th e  m a jo r  p a th o p h y s io lo g y  o f  th e  p o rp h y r ia s .

3. T re a tm e n t:  D u r in g  a c u te  p o rp h y r ia  a t ta c k s ,  p a t ie n ts  r e q u ire  m e d ic a l  

s u p p o r t,  p a r t ic u la r ly  t r e a tm e n t  fo r  p a in  a n d  v o m it in g .  T h e  s e v e r i ty  o f  

a c u te  s y m p to m s  o f  th e  p o rp h y r ia s  c a n  b e  d im in is h e d  b y  in t r a v e n o u s  

in je c t io n  o f  h e m in  a n d  g lu c o s e , w h ic h  d e c re a s e s  th e  s y n th e s is  o f  ALA S1. 
P ro te c t io n  f ro m  s u n lig h t ,  in g e s t io n  o f  p -c a ro te n e  (p ro v i ta m in  A ; s e e  p . 

3 8 6 )  th a t  s c a v e n g e s  f re e  ra d ic a ls ,  a n d  p h le b o to m y  ( re m o v e s  p o rp h y r in s )  

a re  h e lp fu l  in  p o rp h y r ia s  w ith  p h o to s e n s i t iv i ty .

D. Heme degradation
A f te r  ~ 1 2 0  d a y s  in  th e  c irc u la t io n , R B C  a re  ta k e n  u p  a n d  d e g ra d e d  b y  th e  

m o n o n u c le a r  p h a g o c y te  s y s te m  (M P S ) , p a r t ic u la r ly  in  th e  l iv e r  a n d  s p le e n  

(F ig . 2 1 .9 ). A p p ro x im a te ly  8 5 %  o f  h e m e  d e s t in e d  fo r  d e g ra d a t io n  c o m e s  

f ro m  s e n e s c e n t  R B C . T h e  r e m a in d e r  is  f ro m  th e  d e g ra d a t io n  o f  

h e m e p ro te in s  o th e r  th a n  H b .



BLOOD Bilirubin-albumin 
complex

BILE



F ig u re  2 1 .9  F o rm a t io n  o f  b i l i r u b in  f ro m  h e m e  a n d  its  c o n v e r s io n  to  b i l i r u b in  

d ig lu c u ro n id e .  U D P  = u r id in e  d ip h o s p h a te ;  F e  = iro n ; C O  = c a rb o n  m o n o x id e ;  

N A D P (H )  = n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te .

1. B il i ru b in  fo rm a tio n :  T h e  f i r s t  s te p  in  th e  d e g ra d a t io n  o f  h e m e  is  

c a ta ly z e d  b y  m ic ro s o m a l  hem e oxygenase  in  m a c ro p h a g e s  o f  th e  M P S . 

In  th e  p re s e n c e  o f  n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te  a n d  

o x y g e n , th e  e n z y m e  c a ta ly z e s  th re e  s u c c e s s iv e  o x y g e n a t io n s  th a t  r e s u l t  in  

o p e n in g  o f  th e  p o rp h y r in  r in g  ( c o n v e r t in g  c y c l ic  h e m e  to  l in e a r  

b il iv e rd in ) ,  p r o d u c t io n  o f  c a rb o n  m o n o x id e  (C O ), a n d  r e le a s e  o f  F e 2 3+ 

(s e e  F ig . 2 1 .9 ). [N o te : T h e  C O  h a s  b io lo g ic  fu n c t io n , a c t in g  as  a  

s ig n a l in g  m o le c u le  a n d  a n t i- in f la m m a to ry .  I ro n  is  d is c u s s e d  in  C h a p te r  

2 9 .] B il iv e rd in , a  g re e n  p ig m e n t,  is  r e d u c e d , fo rm in g  th e  r e d -o ra n g e  

b il iru b in . B il i ru b in  a n d  its  d e r iv a t iv e s  a re  c o l le c t iv e ly  te rm e d  b i le  

p ig m e n ts .  [N o te : T h e  c h a n g in g  c o lo rs  o f  a  b ru is e  r e f le c t  th e  v a ry in g  

p a t te rn  o f  in te rm e d ia te s  th a t  o c c u rs  d u r in g  h e m e  d e g ra d a tio n .]

B il iru b in , u n iq u e  to  m a m m a ls ,  a p p e a rs  to  fu n c t io n  a t  lo w  le v e ls  as  a n  

a n t io x id a n t.  In  th is  ro le , i t  is  o x id iz e d  to  b il iv e rd in ,  w h ic h  is  th e n  re d u c e d  

b y  biliverdin reductase, r e g e n e ra t in g  b il iru b in .

2. B il i ru b in  u p ta k e  b y  th e  liv e r : B e c a u s e  b i l i r u b in  is  o n ly  s l ig h t ly  s o lu b le  in  

p la sm a , i t  is  t r a n s p o r te d  th ro u g h  b lo o d  to  th e  l iv e r  b y  b in d in g  

n o n c o v a le n t ly  to  a lb u m in . [N o te : C e r ta in  a n io n ic  d ru g s , s u c h  as  

s a l ic y la te s  a n d  s u lfo n a m id e s , c a n  d is p la c e  b i l i r u b in  f ro m  a lb u m in , 

p e rm it t in g  b i l i r u b in  to  e n te r  th e  c e n tra l  n e rv o u s  s y s te m  (C N S ). T h is  

c a u s e s  th e  p o te n t ia l  fo r  n e u ra l  d a m a g e  in  in fa n ts  (s e e  p . 2 8 5 ) .]  B il iru b in  

d is s o c ia te s  f ro m  th e  c a r r ie r  a lb u m in  m o le c u le ,  e n te r s  a  h e p a to c y te  v ia  

fa c i l i ta te d  d if fu s io n , a n d  b in d s  to  in t r a c e l lu la r  p ro te in s ,  p a r t ic u la r ly  th e  

p ro te in  l ig a n d in .

3. B il iru b in  d ig lu c u ro n id e  fo rm a tio n :  In  th e  h e p a to c y te ,  b i l i r u b in  s o lu b il i ty  

is  in c re a s e d  b y  th e  s e q u e n t ia l  a d d i t io n  o f  tw o  m o le c u le s  o f  g lu c u ro n ic  

a c id  in  a  p ro c e s s  c a l le d  c o n ju g a tio n . T h e  re a c t io n s  a re  c a ta ly z e d  b y  

m ic ro s o m a l bilirubin U D P-glucuronosyltransferase (bilirubin UGT) 
u s in g  u r id in e  d ip h o s p h a te  (U D P )-g lu c u ro n ic  a c id  as  th e  g lu c u ro n a te  

d o n o r . T h e  b i l i r u b in  d ig lu c u ro n id e  p ro d u c t  is  r e fe r re d  to  a s  c o n ju g a te d



b il i r u b in  (C B ). [N o te : V a ry in g  d e g re e s  o f  d e f ic ie n c y  o f  bilirubin U GT  

r e s u l t  in  C r ig le r -N a jja r  I a n d  II  a n d  G ilb e r t  s y n d ro m e , w i th  C r ig le r -  

N a jja r  I b e in g  th e  m o s t  s e v e re .]

4 . B il i ru b in  s e c re t io n  in to  b ile : C B  is  a c t iv e ly  tr a n s p o r te d  a g a in s t  a  

c o n c e n tra t io n  g r a d ie n t  in to  th e  b i le  c a n a l ic u l i  a n d  th e n  in to  th e  b ile .  T h is  

e n e rg y -d e p e n d e n t,  r a te - l im it in g  s te p  is  s u s c e p t ib le  to  im p a irm e n t  in  l iv e r  

d is e a se . [N o te : A  ra re  d e f ic ie n c y  in  th e  p ro te in  r e q u ire d  fo r  t r a n s p o r t  o f  

C B  o u t  o f  th e  l iv e r  r e s u lts  in  D u b in - J o h n s o n  s y n d ro m e .]  U n c o n ju g a te d  

b i l i r u b in  (U C B )  is  n o rm a lly  n o t  s e c re te d  in to  b ile .

5. U ro b il in  fo rm a t io n  in  th e  in te s tin e : C B  is  h y d ro ly z e d  a n d  r e d u c e d  b y  g u t 

b a c te r ia  to  y ie ld  u ro b il in o g e n ,  a  c o lo r le s s  c o m p o u n d . M o s t  o f  th e  

u r o b i l in o g e n  is  fu r th e r  o x id iz e d  b y  b a c te r ia  to  s te rc o b il in ,  w h ic h  g iv e s  

fe c e s  th e  c h a ra c te r is t ic  b ro w n  c o lo r . H o w e v e r ,  s o m e  is  r e a b s o rb e d  f ro m  

th e  g u t  a n d  e n te r s  th e  p o r ta l  b lo o d . A  p o r t io n  o f  th is  u r o b i l in o g e n  

p a r t ic ip a te s  in  th e  e n te ro h e p a t ic  u ro b i l in o g e n  c y c le  in  w h ic h  i t  is  ta k e n  

u p  b y  th e  l iv e r  a n d  th e n  r e s e c re te d  in to  th e  b ile .  T h e  r e m a in d e r  o f  th e  

u r o b i l in o g e n  is  tr a n s p o r te d  b y  th e  b lo o d  to  th e  k id n e y , w h e re  i t  is  

c o n v e r te d  to  y e l lo w  u ro b il in  a n d  e x c re te d , g iv in g  u r in e  its  c h a ra c te r is t ic  

c o lo r . T h e  m e ta b o l is m  o f  b i l i r u b in  is  s u m m a r iz e d  in  F ig u re  2 1 .1 0 .



F ig u re  2 1 .1 0  C a ta b o lis m  o f  h e m e . = b il iru b in ;  =  c o n ju g a te d  b il iru b in ;  = 

u ro b il in o g e n ; = u ro b il in ;  =  s te rc o b il in .

E. Jaundice
J a u n d ic e  (o r, ic te ru s )  r e fe r s  to  th e  y e l lo w  c o lo r  o f  sk in , n a i l  b e d s , a n d  

s c le ra e  (w h ite s  o f  th e  e y e s )  c a u s e d  b y  b i l i r u b in  d e p o s it io n , s e c o n d a ry  to  

in c r e a s e d  b i l i r u b in  le v e ls  in  th e  b lo o d  (h y p e rb i l i ru b in e m ia )  a s  s h o w n  in  

F ig u re  2 1 .1 1 . A lth o u g h  n o t  a  d is e a se , ja u n d ic e  is  u s u a l ly  a  s y m p to m  o f  a n  

u n d e r ly in g  d is o rd e r .  [N o te : B lo o d  b i l i r u b in  le v e ls  a re  n o rm a lly  < 1  m g /d l.  

J a u n d ic e  is  s e e n  a t  2 - 3  m g /d l.]



F ig u re  2 1 .1 1  J a u n d ic e d  p a t ie n t  w i th  th e  s c le ra e  o f  h is  e y e s  a p p e a r in g  y e l lo w .

1. T y p e s : J a u n d ic e  c a n  b e  c la s s i f ie d  in to  th re e  m a jo r  ty p e s  d e s c r ib e d  b e lo w . 

H o w e v e r ,  in  c l in ic a l  p ra c t ic e ,  ja u n d ic e  is  o f te n  m o re  c o m p le x  th a n  

in d ic a te d  in  th is  s im p le  c la s s i f ic a t io n .  F o r  e x a m p le , th e  a c c u m u la t io n  o f  

b i l i r u b in  m a y  b e  a  r e s u l t  o f  d e fe c ts  a t  m o re  th a n  o n e  s te p  in  its  

m e ta b o lis m .

a. H e m o ly t ic  (p re h e p a tic ) :  T h e  l iv e r  h a s  th e  c a p a c ity  to  c o n ju g a te  a n d  

e x c re te  > 3 ,0 0 0  m g  o f  b il i ru b in /d a y ,  w h e re a s  th e  n o rm a l  p r o d u c t io n  o f  

b i l i r u b in  is  o n ly  3 0 0  m g /d a y . T h is  e x c e s s  c a p a c ity  a l lo w s  th e  l iv e r  to  

r e s p o n d  to  in c re a s e d  h e m e  d e g ra d a t io n  w i th  a  c o r re s p o n d in g  in c re a s e  

in  c o n ju g a t io n  a n d  s e c re t io n  o f  C B . H o w e v e r ,  e x te n s iv e  h e m o ly s is  ( fo r  

e x a m p le , in  p a t ie n ts  w ith  s ic k le  c e l l  a n e m ia  o r  d e f ic ie n c y  o f  pyruvate  
kinase  o r  glucose 6-phosphate dehydrogenase)  m a y  p ro d u c e  b i l i ru b in  

f a s te r  th a n  i t  c a n  b e  c o n ju g a te d .  U C B  le v e ls  in  th e  b lo o d  b e c o m e  

e le v a te d  (u n c o n ju g a te d  h y p e rb i l i ru b in e m ia ) ,  c a u s in g  ja u n d ic e  (F ig . 

2 1 .1 2 A ). [N o te : W ith  h e m o ly s is ,  m o re  C B  is  m a d e  a n d  e x c re te d  in to  

th e  b ile ,  th e  a m o u n t  o f  u ro b i l in o g e n  e n te r in g  th e  e n te ro h e p a t ic  

c i r c u la t io n  is  in c re a s e d , a n d  u r in a ry  u ro b i l in o g e n  is  in c re a s e d .]
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F ig u re  2 1 .1 2  A lte r a t io n s  in  th e  m e ta b o l is m  o f  h e m e . A . H e m o ly t ic  ja u n d ic e .  B . 

N e o n a ta l  ja u n d ic e .  = c o n ju g a te d  b i l iru b in ;  = b il iru b in ;  =  u ro b il in o g e n ; = 

s te rc o b il in ;  U D P  = u r id in e  d ip h o s p h a te .

b . H e p a to c e l lu la r  (h e p a tic ) :  D a m a g e  to  l iv e r  c e lls  ( fo r  e x a m p le , in  

p a t ie n ts  w ith  c i r rh o s is  o r  h e p a t i t is )  c a n  c a u s e  u n c o n ju g a te d  

h y p e rb i l i r u b in e m ia  as  a  r e s u l t  o f  d e c re a s e d  c o n ju g a tio n . U ro b il in o g e n  

is  in c re a s e d  in  th e  u r in e  b e c a u s e  h e p a t ic  d a m a g e  d e c re a s e s  th e  

e n te ro h e p a t ic  c i r c u la t io n  o f  th is  c o m p o u n d , a l lo w in g  m o re  to  e n te r  th e  

b lo o d , f ro m  w h ic h  i t  is  f i l te r e d  in to  th e  u r in e . T h e  u r in e  c o n s e q u e n t ly  

d a rk e n s , w h e re a s  s to o ls  m a y  b e  a  p a le , c la y  c o lo r . P la s m a  le v e ls  o f  

alanine  a n d  aspartate transam inases (A L T  a n d  A S T , re s p e c t iv e ly ;  s e e  

p . 2 5 1 )  a re  e le v a te d . I f  C B  is  m a d e  b u t  is  n o t  e f f ic ie n t ly  s e c re te d  f ro m  

th e  l iv e r  in to  b i le  ( in t r a h e p a t ic  c h o le s ta s is ) ,  i t  c a n  le a k  in to  th e  b lo o d  

( r e g u rg ita t io n ) ,  c a u s in g  a  c o n ju g a te d  h y p e rb i l i ru b in e m ia .

c. O b s tru c t iv e  (p o s th e p a t ic ) :  In  th is  in s ta n c e , ja u n d ic e  is  n o t  c a u s e d  b y  

o v e rp ro d u c t io n  o f  b i l i r u b in  o r  d e c re a s e d  c o n ju g a t io n  b u t, in s te a d , 

r e s u lts  f ro m  o b s tru c t io n  o f  th e  c o m m o n  b i le  d u c t  ( e x tra h e p a t ic  

c h o le s ta s is ) .  F o r  e x a m p le , th e  p re s e n c e  o f  a  tu m o r  o r  b i le  s to n e s  m a y  

b lo c k  th e  d u c t, p re v e n t in g  p a s s a g e  o f  C B  in to  th e  in te s t in e . P a tie n ts  

w ith  o b s tru c t iv e  ja u n d ic e  e x p e r ie n c e  G I  p a in  a n d  n a u s e a  a n d  p ro d u c e  

s to o ls  th a t  a re  a  p a le , c la y  c o lo r . T h e  C B  re g u rg i ta te s  in to  th e  b lo o d  

( c o n ju g a te d  h y p e rb i l i ru b in e m ia ) .  T h e  C B  is  e v e n tu a lly  e x c re te d  in  th e  

u r in e  (w h ic h  d a rk e n s  o v e r  t im e )  a n d  is  r e f e r r e d  to  a s  u r in a ry  b il iru b in . 

U r in a ry  u ro b i l in o g e n  is  a b se n t.

2. J a u n d ic e  in  n e w b o rn s :  M o s t  n e w b o rn  in fa n ts  (6 0 %  o f  fu ll  te rm  a n d  8 0 %  

o f  p re te rm )  s h o w  a  r is e  in  U C B  in  th e  f i r s t  p o s tn a ta l  w e e k  (a n d  a  

tr a n s ie n t ,  p h y s io lo g ic  ja u n d ic e )  b e c a u s e  th e  a c t iv i ty  o f  h e p a t ic  bilirubin  
U GT  is  lo w  a t  b i r th  ( it  r e a c h e s  a d u l t  le v e ls  in  a b o u t  4  w e e k s ) ,  a s  s h o w n  

in  F ig u re s  2 1 .1 2 B  a n d  2 1 .1 3 . E le v a te d  U C B , in  e x c e s s  o f  th e  b in d in g  

c a p a c ity  o f  a lb u m in  ( 2 0 - 2 5  m g /d l) ,  c a n  d if fu s e  in to  th e  b a s a l  g a n g lia ,  

c a u s in g  to x ic  e n c e p h a lo p a th y  (k e rn ic te ru s )  a n d  a  p a th o lo g ic  ja u n d ic e .  

T h e re fo re ,  n e w b o rn s  w i th  s ig n if ic a n t ly  e le v a te d  b i l i r u b in  le v e ls  a re  

tr e a te d  w i th  b lu e  f lu o re s c e n t  l ig h t  (p h o to th e ra p y ) ,  a s  s h o w n  in  F ig u re  

2 1 .1 4 , w h ic h  c o n v e r ts  b i l i r u b in  to  m o re  p o la r  a n d , th e re fo re ,  w a te r -  

s o lu b le  is o m e rs .  T h e s e  p h o to is o m e rs  c a n  b e  e x c re te d  in to  th e  b i le  

w i th o u t  c o n ju g a t io n  to  g lu c u ro n ic  a c id . [N o te : B e c a u s e  o f  s o lu b il i ty



d if fe re n c e s ,  o n ly  U C B  c ro s s e s  th e  b lo o d - b r a in  b a r r ie r ,  a n d  o n ly  C B  

a p p e a rs  in  u r in e .]



□
 Activity of the enzyme that 

conjugates bilirubin with 
glucuronic acid, bilirubin UDP- 
glucuronosyltransferase 
(bilirubin UGT), is low in 
newborns and especially low in 
premature babies.
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O
 Serum levels of bilirubin rise 

after birth in full-term infants, 
although usually not to 
dangerous concentrations.



Figure 21.13 Neonatal jaundice. UDP = uridine diphosphate.

F ig u re  2 1 .1 4  P h o to th e ra p y  in  n e o n a ta l  ja u n d ic e .

3. B il iru b in  m e a s u re m e n t :  B il iru b in  is  c o m m o n ly  m e a s u re d  b y  th e  v a n  d e n  

B e rg h  re a c tio n ,  in  w h ic h  d ia z o t iz e d  s u lf a n i l ic  a c id  re a c ts  w i th  b i l i r u b in  to  

fo rm  re d  a z o d ip y r ro le s  th a t  a re  m e a s u re d  c o lo r im e tr ic a lly .  In  a q u e o u s  

s o lu tio n , th e  w a te r - s o lu b le  C B  re a c ts  r a p id ly  w i th  th e  r e a g e n t  (w ith in  1 

m in u te )  a n d  is  s a id  to  b e  d ir e c t  re a c tin g .  T h e  U C B , w h ic h  is  m u c h  le ss  

s o lu b le  in  a q u e o u s  s o lu tio n , r e a c ts  m o re  s lo w ly . H o w e v e r ,  w h e n  th e



r e a c t io n  is  c a r r ie d  o u t  in  m e th a n o l ,  b o th  C B  a n d  U C B  a re  s o lu b le  a n d  

r e a c t  w i th  th e  re a g e n t,  p ro v id in g  th e  to ta l  b i l i r u b in  v a lu e . T h e  in d ire c t-  

r e a c t in g  b i l i ru b in ,  w h ic h  c o r re s p o n d s  to  th e  U C B , is  o b ta in e d  b y  

s u b tra c t in g  th e  d ir e c t- r e a c t in g  b i l i r u b in  f ro m  th e  to ta l  b i l iru b in . [N o te : In  

n o rm a l  p la s m a , o n ly  ~ 4 %  o f  th e  to ta l  b i l i r u b in  is  c o n ju g a te d , o r  d ir e c t  

r e a c tin g , b e c a u s e  m o s t  is  s e c re te d  in to  b ile .]

III. OTHER NITROGEN-CONTAINING 
COMPOUNDS

A. Catecholamines
D o p a m in e , n o re p in e p h r in e  (N E ), a n d  e p in e p h r in e  (o r, a d re n a lin e )  a re  

b io lo g ic a l ly  a c t iv e  (b io g e n ic )  a m in e s  th a t  a re  c o l le c t iv e ly  te rm e d  

c a te c h o la m in e s .  D o p a m in e  a n d  N E  a re  s y n th e s iz e d  in  th e  b r a in  a n d  

fu n c t io n  a s  n e u ro tra n s m it te r s .  E p in e p h r in e  is  s y n th e s iz e d  f ro m  N E  in  th e  

a d re n a l  m e d u lla .

1. F u n c tio n : O u ts id e  th e  C N S , N E  a n d  its  m e th y la te d  d e r iv a tiv e , 

e p in e p h r in e , a re  h o rm o n e  re g u la to r s  o f  c a rb o h y d ra te  a n d  lip id  

m e ta b o l is m . N E  a n d  e p in e p h r in e  a re  r e le a s e d  f ro m  s to ra g e  v e s ic le s  in  th e  

a d re n a l  m e d u lla  in  r e s p o n s e  to  f r ig h t , e x e rc is e ,  c o ld , a n d  lo w  le v e ls  o f  

b lo o d  g lu c o se . T h e y  in c re a s e  th e  d e g ra d a t io n  o f  g ly c o g e n  a n d  

tr ia c y lg ly c e ro l  as  w e l l  as  in c re a s e  b lo o d  p re s s u re  a n d  th e  o u tp u t  o f  th e  

h e a r t .  T h e s e  e f fe c ts  a re  p a r t  o f  a  c o o rd in a te d  r e s p o n s e  to  p r e p a re  th e  

in d iv id u a l  fo r  s tre s s  a n d  a re  o f te n  c a l le d  th e  “ f ig h t -o r - f l ig h t” re a c tio n s .

2. S y n th e s is :  T h e  c a te c h o la m in e s  a re  s y n th e s iz e d  f ro m  ty ro s in e , a s  s h o w n  

in  F ig u re  2 1 .1 5 . T y ro s in e  is  f i r s t  h y d ro x y la te d  b y  tyrosine hydroxylase  to  

fo rm  L- 3 ,4 -d ih y d ro x y p h e n y la la n in e  (D O P A ) in  a  r e a c t io n  a n a lo g o u s  to  

th a t  d e s c r ib e d  fo r  th e  h y d ro x y la t io n  o f  p h e n y la la n in e  ( s e e  p . 2 6 3 ) . T h e  

te tr a h y d ro b io p te r in  (B H 4) - re q u ir in g  e n z y m e  is  a b u n d a n t  in  th e  C N S , th e  

s y m p a th e t ic  g a n g lia ,  a n d  th e  a d re n a l  m e d u lla ,  a n d  i t  c a ta ly z e s  th e  ra te -  

l im i t in g  s te p  o f  th e  p a th w a y . D O P A  is  d e c a rb o x y la te d  in  a  r e a c t io n  

re q u ir in g  P L P  to  fo rm  d o p a m in e , w h ic h  is  h y d ro x y la te d  b y  dopam ine fi- 
hydroxylase  to  y ie ld  N E  in  a  r e a c t io n  th a t  r e q u ire s  a s c o rb ic  a c id  (v ita m in



C ) a n d  c o p p e r .  E p in e p h r in e  is  fo rm e d  f ro m  N E  b y  a n  N -m e th y la t io n  

re a c t io n  u s in g  S - a d e n o s y lm e th io n in e  (S A M ) a s  th e  m e th y l  d o n o r  (s e e  p . 

2 6 4 ).
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NHo
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+ H20
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CHoCHCOO c h 2c h 2n h 2

AscorbaterLr
+ Op
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OH HOH H Phenylethanolamme
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F ig u re  2 1 .1 5  S y n th e s is  o f  c a te c h o la m in e s .  [N o te : C a te c h o ls  h a v e  tw o  a d ja c e n t  

h y d ro x y l  g ro u p s .]  P L P  = p y r id o x a l  p h o s p h a te .

P a rk in s o n  d is e a se , a  n e u ro d e g e n e ra t iv e  m o v e m e n t  d is o rd e r ,  is  d u e  to  

in s u f f ic ie n t  d o p a m in e  p ro d u c t io n  a s  a  r e s u l t  o f  th e  id io p a th ic  lo s s  o f  

d o p a m in e -p ro d u c in g  c e l ls  in  th e  b ra in .  A d m in is t r a t io n  o f  l-D O P A  

( le v o d o p a )  is  th e  m o s t  c o m m o n  tre a tm e n t,  b e c a u s e  d o p a m in e  c a n n o t  c ro s s  

th e  b lo o d - b r a in  b a r r ie r .

3 . D e g ra d a t io n :  T h e  c a te c h o la m in e s  a re  in a c t iv a te d  b y  o x id a tiv e  

d e a m in a t io n  c a ta ly z e d  b y  m onoam ine oxidase (M AO) a n d  b y  O - 

m e th y la t io n  c a ta ly z e d  b y  catechol-O -m ethyltransferase (CO M T) u s in g  

S A M  a s  th e  m e th y l  d o n o r  (F ig . 2 1 .1 6 ). T h e  r e a c t io n s  c a n  o c c u r  in  e i th e r  

o rd e r .  T h e  a ld e h y d e  p ro d u c ts  o f  th e  M A O  r e a c t io n  a re  o x id iz e d  to  th e  

c o r re s p o n d in g  a c id s . T h e  p ro d u c ts  o f  th e s e  re a c t io n s  a re  e x c re te d  in  th e  

u r in e  a s  v a n i l ly lm a n d e l ic  a c id  (V M A ) f ro m  e p in e p h r in e  a n d  N E  a n d  

h o m o v a n il l ic  a c id  (H V A ) f ro m  d o p a m in e . [N o te : V M A  a n d  th e  

m e ta n e p h r in e s  a re  in c re a s e d  w i th  p h e o c h ro m o c y to m a s ,  r a re  tu m o rs  o f  

th e  a d re n a l  g la n d  c h a ra c te r iz e d  b y  e x c e s s iv e  p ro d u c t io n  o f  

c a te c h o la m in e s .]





F ig u re  2 1 .1 6  M e ta b o lis m  o f  th e  c a te c h o la m in e s  b y  catechol-O -m ethyltranferase  
(COM T) a n d  m onoam ine oxidase (M AO). [N o te : C O M T  r e q u ire s  S -  

a d e n o s y lm e th io n in e . ]

4 . M o n o a m in e  o x id a s e  in h ib ito rs :  M A O  is  fo u n d  in  n e u ra l  a n d  o th e r  tis s u e s ,  

s u c h  a s  th e  in te s t in e  a n d  l iv e r . In  th e  n e u ro n , th is  e n z y m e  o x id a tiv e ly  

d e a m in a te s  a n d  in a c t iv a te s  a n y  e x c e s s  n e u ro t r a n s m it te r  m o le c u le s  (N E , 

d o p a m in e , o r  s e ro to n in )  th a t  m a y  le a k  o u t  o f  s y n a p tic  v e s ic le s  w h e n  th e  

n e u ro n  is  a t  re s t .  M A O  in h ib i to rs  (M A O I)  m a y  ir r e v e r s ib ly  o r  r e v e r s ib ly  

in a c t iv a te  th e  e n z y m e , p e rm it t in g  n e u ro t r a n s m it te r  m o le c u le s  to  e s c a p e  

d e g ra d a t io n  a n d , th e re fo re ,  b o th  to  a c c u m u la te  w ith in  th e  p re s y n a p tic  

n e u ro n  a n d  to  le a k  in to  th e  s y n a p tic  s p a c e . T h is  c a u s e s  a c t iv a t io n  o f  N E  

a n d  s e ro to n in  r e c e p to r s  a n d  m a y  b e  re s p o n s ib le  fo r  th e  a n t id e p re s s a n t  

a c t io n  o f  M A O I. [N o te : T h e  in te r a c t io n  o f  M A O I  w ith  ty ra m in e -  

c o n ta in in g  fo o d s  is  d is c u s s e d  o n  p . 3 7 3 .]

B. Histamine
H is ta m in e  is  a  c h e m ic a l  m e s s e n g e r  th a t  m e d ia te s  a  w id e  r a n g e  o f  c e l lu la r  

r e s p o n s e s ,  in c lu d in g  a l le rg ic  a n d  in f la m m a to ry  r e a c t io n s  a n d  g a s tr ic  a c id  

s e c re t io n . A  p o w e r fu l  v a s o d ila to r ,  h is ta m in e  is  fo rm e d  b y  d e c a rb o x y la t io n  

o f  h is t id in e  in  a  r e a c t io n  re q u ir in g  P L P  (F ig . 2 1 .1 7 ). I t  is  s e c re te d  b y  m a s t  

c e lls  as  a  r e s u l t  o f  a l le rg ic  r e a c t io n s  o r  t r a u m a . H is ta m in e  h a s  n o  c l in ic a l  

a p p l ic a t io n s ,  b u t  a g e n ts  th a t  in te r f e re  w ith  th e  a c t io n  o f  h is ta m in e  h a v e  

im p o r ta n t  th e ra p e u tic  a p p l ic a t io n s .





C. Serotonin
S e ro to n in , a lso  c a l le d  5 -h y d ro x y try p ta m in e  (5 -H T ) , is  s y n th e s iz e d  a n d /o r  

s to re d  a t  s e v e ra l  s i te s  in  th e  b o d y  (F ig . 2 1 .1 8 ). T h e  la rg e s t  a m o u n t  b y  fa r  is  

fo u n d  in  th e  in te s t in a l  m u c o s a . S m a lle r  a m o u n ts  o c c u r  in  th e  C N S , w h e re  i t  

fu n c t io n s  a s  a  n e u ro tra n s m it te r ,  a n d  in  p la te le ts  ( s e e  o n lin e  C h a p te r  3 5 ). 

S e ro to n in  is  s y n th e s iz e d  f ro m  try p to p h a n ,  w h ic h  is  h y d ro x y la te d  in  a  B H 4- 

re q u ir in g  r e a c t io n  a n a lo g o u s  to  th a t  c a ta ly z e d  b y  phenylalanine  
hydroxylase. T h e  p ro d u c t ,  5 -h y d ro x y try p to p h a n ,  is  d e c a rb o x y la te d  to  5- 

H T . S e ro to n in  h a s  m u l t ip le  p h y s io lo g ic  ro le s  in c lu d in g  p a in  p e r c e p t io n  a n d  

r e g u la t io n  o f  s le e p , a p p e t i te ,  te m p e ra tu re ,  b lo o d  p re s s u re ,  c o g n it iv e  

fu n c t io n s ,  a n d  m o o d  (c a u s e s  a  fe e l in g  o f  w e ll -b e in g ) .  [N o te : S e le c tiv e  

s e ro to n in  re u p ta k e  in h ib i to r s  (S S R I)  m a in ta in  s e ro to n in  le v e ls ,  th e re b y  

fu n c t io n in g  as  a n t id e p re s s a n ts .]  S e ro to n in  is  d e g ra d e d  b y  M A O  to  5- 

h y d ro x y -3 - in d o le a c e t ic  a c id  (5 -H IA A ).
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F ig u re  2 1 .1 8  S y n th e s is  o f  s e ro to n in . [N o te : S e ro to n in  is  c o n v e r te d  to  m e la to n in , 

a  r e g u la to r  o f  c i r c a d ia n  rh y th m , in  th e  p in e a l  g la n d .]  P L P  = p y r id o x a l  p h o s p h a te ;  

C O 2 = c a rb o n  d io x id e .

D. Creatine
C re a t in e  p h o s p h a te  (a lso  c a l le d  p h o s p h o c re a t in e ) ,  th e  p h o s p h o ry la te d  

d e r iv a t iv e  o f  c re a tin e  fo u n d  in  m u s c le ,  is  a  h ig h -e n e rg y  c o m p o u n d  th a t  

p ro v id e s  a  s m a l l  b u t  r a p id ly  m o b i l iz e d  r e s e rv e  o f  h ig h -e n e rg y  p h o s p h a te s  

th a t  c a n  b e  r e v e r s ib ly  t r a n s fe r re d  to  a d e n o s in e  d ip h o s p h a te  (F ig . 2 1 .1 9 ) to  

m a in ta in  th e  in t r a c e l lu la r  le v e l  o f  A T P  d u r in g  th e  f i r s t  f e w  m in u te s  o f  

in te n s e  m u s c u la r  c o n tra c tio n . [N o te : T h e  a m o u n t  o f  c re a t in e  p h o s p h a te  in  

th e  b o d y  is  p ro p o r t io n a l  to  th e  m u s c le  m a ss .]





F ig u re  2 1 .1 9  S y n th e s is  o f  c re a tin e . A D P  = a d e n o s in e  d ip h o s p h a te ;  Pj = in o rg a n ic  

p h o s p h a te .

1. S y n th e s is :  C re a t in e  is  s y n th e s iz e d  in  th e  l iv e r  a n d  k id n e y s  f ro m  g ly c in e  

a n d  th e  g u a n id in o  g ro u p  o f  a rg in in e , p lu s  a  m e th y l  g ro u p  f ro m  S A M  (se e  

F ig . 2 1 .1 9 ). A n im a l  p ro d u c ts  a re  d ie ta ry  s o u rc e s .  C re a t in e  is  r e v e r s ib ly  

p h o s p h o ry la te d  to  c re a tin e  p h o s p h a te  b y  creatine kinase, u s in g  A T P  as  

th e  p h o s p h a te  d o n o r . [N o te : T h e  p re s e n c e  o f  creatine kinase (M B  
is o z y m e )  in  th e  p la s m a  is  in d ic a t iv e  o f  h e a r t  d a m a g e  a n d  is  u s e d  in  th e  

d ia g n o s is  o f  m y o c a rd ia l  in fa rc t io n  (s e e  p . 6 5 ).]

2. D e g ra d a t io n :  C re a t in e  a n d  c re a tin e  p h o s p h a te  s p o n ta n e o u s ly  c y c l iz e  a t  a  

s lo w  b u t  c o n s ta n t  ra te  to  fo rm  c re a tin in e , w h ic h  is  e x c re te d  in  th e  u r in e . 

T h e  a m o u n t  e x c re te d  is  p ro p o r t io n a l  to  th e  to ta l  c re a tin e  p h o s p h a te  

c o n te n t  o f  th e  b o d y  a n d , th e re fo re ,  c a n  b e  u s e d  to  e s t im a te  m u s c le  m a ss . 

W h e n  m u s c le  m a s s  d e c re a s e s  fo r  a n y  r e a s o n  ( fo r  e x a m p le , f ro m  p a ra ly s is  

o r  m u s c u la r  d y s tro p h y ) ,  th e  c re a t in in e  c o n te n t  o f  th e  u r in e  fa lls . In  

a d d i tio n , a  r is e  in  b lo o d  c re a tin in e  is  a  s e n s it iv e  in d ic a to r  o f  k id n e y  

m a lfu n c t io n , b e c a u s e  c re a tin in e  n o rm a lly  is  r a p id ly  c le a re d  f ro m  th e  

b lo o d  a n d  e x c re te d . A  ty p ic a l  a d u l t  m a le  e x c re te s  ~ 1 - 2  g  o f  

c re a tin in e /d a y .

E. Melanin
M e la n in  is  a  p ig m e n t  th a t  o c c u rs  in  s e v e ra l  t is s u e s ,  p a r t ic u la r ly  th e  ey e , 

h a ir ,  a n d  sk in . I t  is  s y n th e s iz e d  f ro m  ty ro s in e  in  m e la n o c y te s  (p ig m e n t 

fo rm in g  c e lls )  o f  th e  e p id e rm is .  I t  fu n c t io n s  to  p ro te c t  u n d e r ly in g  c e lls  f ro m  

th e  h a rm fu l  e f fe c ts  o f  s u n lig h t .  [N o te : A  d e fe c t  in  m e la n in  p ro d u c t io n  

r e s u lts  in  o c u lo c u ta n e o u s  a lb in is m , th e  m o s t  c o m m o n  ty p e  b e in g  d u e  to  

d e fe c ts  in  c o p p e r -c o n ta in in g  tyrosinase  ( s e e  p . 2 7 3 ) .]



IV. CHAPTER SUMMARY

A m in o  a c id s  a re  p re c u r s o r s  o f  m a n y  n it ro g e n  (N )-c o n ta in in g  c o m p o u n d s  

in c lu d in g  p o rp h y r in s ,  w h ic h , in  c o m b in a t io n  w i th  fe r ro u s  (F e 2+) iro n , fo rm  

h e m e  (F ig . 2 1 .2 0 ). T h e  m a jo r  s ite s  o f  h e m e  b io s y n th e s is  a re  th e  liv e r , 

w h ic h  s y n th e s iz e s  a  n u m b e r  o f  h e m e p ro te in s  (p a r t ic u la r ly  cytochrom e  
P450  e n z y m e s ) ,  a n d  th e  e ry th ro c y te -p ro d u c in g  c e l ls  o f  th e  b o n e  m a rro w , 

w h ic h  a re  a c t iv e  in  h e m o g lo b in  s y n th e s is .  In  th e  l iv e r , th e  ra te  o f  h e m e  

s y n th e s is  is  h ig h ly  v a r ia b le ,  r e s p o n d in g  to  a l te ra t io n s  in  th e  c e l lu la r  h e m e  

p o o l  c a u s e d  b y  f lu c tu a t in g  d e m a n d s  fo r  h e m e p ro te in s .  In  c o n tra s t ,  h e m e  

s y n th e s is  in  e ry th ro id  c e lls  is  r e la t iv e ly  c o n s ta n t  a n d  is  m a tc h e d  to  th e  ra te  

o f  g lo b in  s y n th e s is .  H e m e  s y n th e s is  s ta r ts  w i th  g ly c in e  a n d  s u c c in y l 

c o e n z y m e  A . T h e  c o m m it te d  s te p  is  th e  fo rm a t io n  o f  ö -a m in o le v u lin ic  a c id  

(A L A ). T h is  m i to c h o n d r ia l  r e a c t io n  is  c a ta ly z e d  b y  A L A  synthase-1  
(ALAS1) in  th e  l iv e r  ( in h ib ite d  b y  h e m in , th e  o x id iz e d  fo rm  o f  h e m e  th a t  

a c c u m u la te s  w h e n  h e m e  is  b e in g  u n d e ru t i l iz e d )  a n d  A L A S2  in  e ry th ro id  

t i s s u e s  ( r e g u la te d  b y  iro n ) .  P o rp h y r ia s  a re  c a u s e d  b y  in h e r i te d  o r  a c q u ire d  

( le a d  p o is o n in g )  d e fe c ts  in  h e m e  s y n th e s is ,  r e s u l t in g  in  th e  a c c u m u la t io n  

a n d  in c re a s e d  e x c re t io n  o f  p o rp h y r in s  o r  p o rp h y r in  p re c u rs o rs .  E n z y m ic  

d e fe c ts  e a r ly  in  th e  p a th w a y  c a u s e  a b d o m in a l  p a in  a n d  n e u ro p s y c h ia tr ic  

s y m p to m s , w h e re a s  la te r  d e fe c ts  c a u s e  p h o to s e n s i t iv i ty .  D e g ra d a t io n  o f  

h e m e  o c c u rs  in  th e  m o n o n u c le a r  p h a g o c y te  sy s te m , p a r t ic u la r ly  in  th e  l iv e r  

a n d  s p le e n . T h e  f i r s t  s te p  is  th e  p r o d u c t io n  b y  hem e oxygenase  o f  

b i l iv e rd in ,  w h ic h  is  s u b s e q u e n tly  r e d u c e d  to  b i l i ru b in .  B il iru b in  is  

t r a n s p o r te d  b y  a lb u m in  to  th e  l iv e r , w h e re  i ts  s o lu b i l i ty  is  in c r e a s e d  b y  th e  

a d d i t io n  o f  tw o  m o le c u le s  o f  g lu c u ro n ic  a c id  b y  bilirubin uridine  
diphosphate-glucuronosyltransferase (bilirubin UGT). B i l iru b in

d ig lu c u ro n id e  ( c o n ju g a te d  b i l i ru b in )  is  t r a n s p o r te d  in to  th e  b i le  c a n a lic u li ,  

w h e re  i t  is  f i r s t  h y d ro ly z e d  a n d  r e d u c e d  b y  g u t  b a c te r ia  to  y ie ld  

u ro b il in o g e n ,  w h ic h  is  fu r th e r  o x id iz e d  b y  b a c te r ia  to  s te rc o b il in .  J a u n d ic e  

( ic te ru s )  r e fe r s  to  th e  y e l lo w  c o lo r  o f  th e  s k in  a n d  s c le ra e  th a t  is  c a u s e d  b y  

d e p o s i t io n  o f  b i l i ru b in ,  s e c o n d a ry  to  in c re a s e d  b i l i r u b in  le v e ls  in  th e  b lo o d . 

T h re e  c o m m o n ly  e n c o u n te r e d  ty p e s  o f  ja u n d ic e  a re  h e m o ly t ic  (p re h e p a tic ) ,  

o b s tru c t iv e  (p o s th e p a t ic ) ,  a n d  h e p a to c e l lu la r  (h e p a t ic )  (s e e  F ig . 2 1 .2 0 ) . 

O th e r  im p o r ta n t  N -c o n ta in in g  c o m p o u n d s  d e r iv e d  f ro m  a m in o  a c id s



in c lu d e  th e  c a te c h o la m in e s  (d o p a m in e , n o re p in e p h r in e ,  a n d  e p in e p h r in e )  

c re a tin e , h is ta m in e ,  s e ro to n in , m e la n in , a n d  n it r ic  o x id e .

F ig u re  2 1 .2 0  K e y  c o n c e p t  m a p  fo r  h e m e  m e ta b o l is m . =  B lo c k  in  th e  p a th w a y . 

[N o te : H e p a to c e l lu la r  ja u n d ic e  c a n  b e  c a u s e d  b y  d e c re a s e d  c o n ju g a t io n  o f



b il i r u b in  o r  d e c re a s e d  s e c re t io n  o f  c o n ju g a te d  b i l i r u b in  f ro m  th e  l iv e r  in to  b ile .]  

C o A  = c o e n z y m e  A ; C O  = c a rb o n  m o n o x id e ;  F e  = iro n .

Study Questions

Choose th e  O N E  b e s t  a n s w e r .

1 .1 . ô -A m in o le v u lin ic  a c id  s y n th a s e  a c tiv ity :

A . c a ta ly z e s  th e  c o m m it te d  s te p  in  p o rp h y r in  b io s y n th e s is .

B . is  d e c re a s e d  b y  i ro n  in  e ry th ro c y te s .

C . is  d e c re a s e d  in  th e  l iv e r  in  in d iv id u a ls  t r e a te d  w i th  c e r ta in  d ru g s  s u c h  as  

th e  b a rb i tu r a te  p h e n o b a rb i ta l .

D . o c c u rs  in  th e  c y to so l .

E . r e q u ire s  te tr a h y d ro b io p te r in  a s  a  c o e n z y m e .

C o r r e c t  a n s w e r  = A . ô -A m in o le v u lin ic  a c id  s y n th a s e  is  m i to c h o n d r ia l  a n d  

c a ta ly z e s  th e  ra te - l im it in g  a n d  r e g u la te d  s te p  o f  p o rp h y r in  s y n th e s is .  I t  r e q u ire s  

p y r id o x a l  p h o s p h a te  a s  a  c o e n z y m e . I ro n  in c re a s e s  p ro d u c t io n  o f  th e  e ry th ro id  

is o z y m e . T h e  h e p a t ic  is o z y m e  is  in c re a s e d  in  p a t ie n ts  t r e a te d  w i th  c e r ta in  

d ru g s .

1 .2 . A  5 0 -y e a r -o ld  m a n  p re s e n te d  w i th  p a in fu l  b l is te r s  o n  th e  b a c k s  o f  h is  

h a n d s . H e  w a s  a  g o lf  in s tru c to r  a n d  in d ic a te d  th a t  th e  b l is te r s  h a d  e ru p te d  

s h o r t ly  a f te r  th e  g o lf in g  s e a s o n  b e g a n . H e  d id  n o t  h a v e  r e c e n t  e x p o s u re  to  

c o m m o n  s k in  i r r i ta n ts .  H e  h a d  p a r t ia l  c o m p le x  s e iz u re  d is o rd e r  th a t  h a d  

b e g u n  ~ 3  y e a r s  e a r l ie r  a f te r  a  h e a d  in ju ry . T h e  p a t ie n t  h a d  b e e n  ta k in g  

p h e n y to in  (h is  o n ly  m e d ic a t io n )  s in c e  th e  o n s e t  o f  th e  s e iz u re  d is o rd e r .  H e  

a d m itte d  to  a n  a v e ra g e  w e e k ly  e th a n o l  in ta k e  o f  ~ 1 8  1 2 -o z  c a n s  o f  b e e r . 

T h e  p a t ie n t ’s u r in e  w a s  r e d d is h  o ra n g e . C u ltu re s  o b ta in e d  f ro m  s k in  

le s io n s  f a i le d  to  g ro w  o rg a n is m s . A  2 4 -h o u r  u r in e  c o l le c t io n  s h o w e d  

e le v a te d  u ro p o rp h y r in  (1 ,0 0 0  m g ; n o rm a l,  < 2 7  m g ) . T h e  m o s t  l ik e ly  

d ia g n o s is  is:

A . a c u te  in te rm i t te n t  p o rp h y r ia .

B . c o n g e n i ta l  e ry th ro p o ie t ic  p o rp h y r ia .

C . e ry th ro p o ie t ic  p ro to p o rp h y r ia .



D . h e re d i ta ry  c o p ro p o rp h y r ia .

E . p o rp h y r ia  c u ta n e a  ta rd a .

C o r r e c t  a n s w e r  = E . T h e  d is e a s e  is  a s s o c ia te d  w i th  a  d e f ic ie n c y  in  

u ro p o rp h y r in o g e n  III  d e c a rb o x y la s e  (U R O D ), b u t  c l in ic a l  e x p re s s io n  o f  th e  

e n z y m e  d e f ic ie n c y  is  in f lu e n c e d  b y  h e p a t ic  in ju ry  c a u s e d  b y  e n v iro n m e n ta l  

( fo r  e x a m p le , e th a n o l)  a n d  in fe c t io u s  ( fo r  e x a m p le , h e p a t i t is  B  v iru s )  a g e n ts . 

E x p o s u re  to  s u n l ig h t  c a n  a lso  b e  a  p re c ip i ta t in g  fa c to r . C lin ic a l  o n s e t  is  

ty p ic a l ly  d u r in g  th e  fo u r th  o r  f if th  d e c a d e  o f  life . P o rp h y r in  a c c u m u la t io n  le a d s  

to  c u ta n e o u s  s y m p to m s  a n d  u r in e  th a t  is  r e d  to  b ro w n . T re a tm e n t  o f  th e  

p a t ie n t ’s s e iz u re  d is o rd e r  w i th  p h e n y to in  c a u s e d  in c r e a s e d  s y n th e s is  o f  5- 

a m in o le v u lin ic  a c id  s y n th a s e  a n d , th e re fo re ,  o f  u ro p o rp h y r in o g e n ,  th e  s u b s t r a te  

o f  th e  d e f ic ie n t  U R O D . T h e  la b o ra to ry  a n d  c l in ic a l  f in d in g s  a re  in c o n s is te n t  

w ith  o th e r  p o rp h y r ia s .

2 1 .3 . A  p a t ie n t  p re s e n ts  w i th  ja u n d ic e ,  a b d o m in a l  p a in , a n d  n a u s e a . C lin ic a l  

la b o ra to ry  r e s u lts  a re  s h o w n  b e lo w .

Plasma bilirubin Urine Urinary
urobilinogen bilirubin

In c rease  in 
c o n ju g a te d  b ilirub in

N ot p re s e n t P resen t

W h a t  is  th e  m o s t  l ik e ly  c a u s e  o f  th e  ja u n d ic e ?

A . D e c re a s e d  h e p a t ic  c o n ju g a t io n  o f  b i l i ru b in

B . D e c re a s e d  h e p a t ic  u p ta k e  o f  b i l i r u b in

C . D e c re a s e d  s e c re t io n  o f  b i le  in to  th e  in te s t in e

D . In c re a s e d  h e m o ly s is

C o r r e c t  a n s w e r  = C . T h e  d a ta  a re  c o n s is te n t  w i th  a n  o b s tru c t iv e  ja u n d ic e  in  

w h ic h  a  b lo c k  in  th e  c o m m o n  b i le  d u c t  d e c re a s e s  th e  s e c re t io n  o f  b ile  

c o n ta in in g  c o n ju g a te d  b i l i r u b in  (C B ) in to  th e  in te s t in e  ( s to o l  w i l l  b e  p a le  in  

c o lo r ) . T h e  C B  re g u rg i ta te s  in to  th e  b lo o d  ( c o n ju g a te d  h y p e rb i l i ru b in e m ia ) .  

T h e  C B  is  e x c re te d  in  th e  u r in e  (w h ic h  d a rk e n s )  a n d  is  r e f e r r e d  to  as  u r in a ry  

b il iru b in . U r in a ry  u r o b i l in o g e n  is  n o t  p r e s e n t  b e c a u s e  its  s o u rc e  is  in te s t in a l



1 .4 . A  2 -y e a r -o ld  c h i ld  w a s  b r o u g h t  to  h is  p e d ia tr ic ia n  fo r  e v a lu a t io n  o f  

g a s tro in te s t in a l  p ro b le m s . T h e  p a re n ts  r e p o r t  th a t  th e  b o y  h a s  b e e n  l is t le s s  

fo r  th e  la s t  f e w  w e e k s . L a b  te s ts  r e v e a l  a  m ic ro c y t ic ,  h y p o c h ro m ic  a n e m ia . 

B lo o d  le a d  le v e ls  a re  e le v a te d . W h ic h  o f  th e  e n z y m e s  l i s te d  b e lo w  is  m o s t  

l ik e ly  to  h a v e  h ig h e r - th a n -n o rm a l  a c t iv i ty  in  th e  l iv e r  o f  th is  c h ild ?

A . ö -A m in o le v u lin ic  a c id  s y n th a s e

B . B il iru b in  U D P  g lu c u ro n o s y l tr a n s fe ra s e

C . F e r ro c h e la ta s e

D . H e m e  o x y g e n a s e

E . P o rp h o b il in o g e n  s y n th a s e

C o r r e c t  a n s w e r  = A . T h is  c h i ld  h a s  th e  a c q u ire d  p o rp h y r ia  o f  le a d  p o is o n in g . 

L e a d  in h ib i ts  b o th  ö -a m in o le v u lin ic  a c id  d e h y d ra ta s e  a n d  f e r ro c h e la ta s e  a n d , 

c o n s e q u e n t ly ,  h e m e  s y n th e s is .  T h e  d e c re a s e  in  h e m e  d e re p re s s e s  ö- 

a m in o le v u lin ic  a c id  s y n th a s e -1  ( th e  h e p a t ic  is o z y m e ) , r e s u l t in g  in  a n  in c re a s e  

in  i ts  a c t iv i ty .  T h e  d e c re a s e  in  h e m e  a lso  r e s u lts  in  d e c re a s e d  h e m o g lo b in  

s y n th e s is ,  a n d  a n e m ia  is  s e e n . F e r ro c h e la ta s e  is  d ire c tly  in h ib i te d  b y  le a d . T h e  

o th e r  c h o ic e s  a re  e n z y m e s  o f  h e m e  d e g ra d a tio n .

urobilinogen, which is low. The other choices do not match the data.
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Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

R ib o n u c le o s id e  a n d  d e o x y r ib o n u c le o s id e  p h o s p h a te s  (n u c le o tid e s )  a re  e s s e n t ia l  

fo r  a l l  c e l ls .  W i th o u t  th e m , n e i th e r  r ib o n u c le ic  a c id  (R N A ) n o r  d e o x y r ib o n u c le ic  

a c id  (D N A ) c a n  b e  p ro d u c e d , a n d , th e re fo re ,  p ro te in s  c a n n o t  b e  s y n th e s iz e d  o r  

c e lls  p ro li f e ra te .  N u c le o t id e s  a lso  s e rv e  as  c a r r ie r s  o f  a c t iv a te d  in te rm e d ia te s  in  

th e  s y n th e s is  o f  s o m e  c a rb o h y d ra te s ,  l ip id s ,  a n d  c o n ju g a te d  p ro te in s  ( fo r  

e x a m p le , u r id in e  d ip h o s p h a te  [U D P ]-g lu c o s e  a n d  c y t id in e  d ip h o s p h a te  [C D P ]-  

c h o l in e )  a n d  a re  s t ru c tu ra l  c o m p o n e n ts  o f  s e v e ra l  e s s e n t ia l  c o e n z y m e s , s u c h  as  

c o e n z y m e  A , f la v in  a d e n in e  d in u c le o t id e  (F A D [H 2]), n ic o t in a m id e  a d e n in e  

d in u c le o t id e  (N A D [H ]) ,  a n d  n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te  

(N A D P [H ]) .  N u c le o t id e s ,  s u c h  a s  c y c l ic  a d e n o s in e  m o n o p h o s p h a te  (c A M P ) a n d  

c y c l ic  g u a n o s in e  m o n o p h o s p h a te  (c G M P ), s e rv e  a s  s e c o n d  m e s s e n g e r s  in  s ig n a l  

t r a n s d u c t io n  p a th w a y s . In  a d d i tio n , n u c le o t id e s  p la y  a n  im p o r ta n t  ro le  as  e n e rg y  

s o u rc e s  in  th e  c e ll. F in a l ly ,  n u c le o t id e s  a re  im p o r ta n t  r e g u la to ry  c o m p o u n d s  fo r  

m a n y  o f  th e  p a th w a y s  o f  in te rm e d ia ry  m e ta b o l is m , in h ib i t in g  o r  a c t iv a t in g  k e y  

e n z y m e s . T h e  p u r in e  a n d  p y r im id in e  b a s e s  fo u n d  in  n u c le o t id e s  c a n  b e  

s y n th e s iz e d  d e  n o v o  o r  c a n  b e  o b ta in e d  th ro u g h  s a lv a g e  p a th w a y s  th a t  a l lo w  th e  

r e u s e  o f  th e  p r e fo rm e d  b a s e s  r e s u lt in g  f ro m  n o rm a l  c e l l  tu rn o v e r .  [N o te : L i t t le  o f  

th e  p u r in e s  a n d  p y r im id in e s  s u p p lie d  b y  d ie t  is  u t i l iz e d  a n d  is  d e g ra d e d  in s te a d .]

II. STRUCTURE

N u c le o t id e s  a re  c o m p o s e d  o f  a  n i t ro g e n o u s  b a s e ; a  p e n to s e  m o n o s a c c h a r id e ;  a n d  

o n e , tw o , o r  th re e  p h o s p h a te  g ro u p s . T h e  n i t r o g e n -c o n ta in in g  b a s e s  b e lo n g  to



tw o  fa m ilie s  o f  c o m p o u n d s :  th e  p u r in e s  a n d  th e  p y r im id in e s .

A. Purine and pyrimidine bases
B o th  D N A  a n d  R N A  c o n ta in  th e  s a m e  p u r in e  b a se s :  a d e n in e  (A ) a n d  

g u a n in e  (G ). B o th  D N A  a n d  R N A  c o n ta in  th e  p y r im id in e  c y to s in e  (C ), b u t  

th e y  d if fe r  in  th e ir  s e c o n d  p y r im id in e  b a se : D N A  c o n ta in s  th y m in e  (T ), 

w h e re a s  R N A  c o n ta in s  u r a c i l  (U ). T  a n d  U  d if f e r  in  th a t  o n ly  T  h a s  a  

m e th y l  g ro u p  (F ig . 2 2 .1 ). U n u s u a l  (m o d if ie d )  b a s e s  a re  o c c a s io n a lly  fo u n d  

in  s o m e  s p e c ie s  o f  D N A  ( fo r  e x a m p le , in  s o m e  v ir a l  D N A ) a n d  R N A  (fo r  

e x a m p le , in  t r a n s fe r  R N A  [ tR N A ]) . B a s e  m o d if ic a t io n s  in c lu d e  

m e th y la tio n ,  g ly c o s y la tio n ,  a c e ty la t io n , a n d  r e d u c t io n . S o m e  e x a m p le s  o f  

u n u s u a l  b a s e s  a re  s h o w n  in  F ig u re  2 2 .2 . [N o te : T h e  p re s e n c e  o f  a n  u n u s u a l  

b a s e  in  a  n u c le o t id e  s e q u e n c e  m a y  a id  in  i ts  r e c o g n i t io n  b y  s p e c if ic  

e n z y m e s  o r  p ro te c t  i t  f ro m  b e in g  d e g ra d e d  b y  nucleases.]
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F ig u re  2 2 .1  P u r in e s  a n d  p y r im id in e s  c o m m o n ly  fo u n d  in  D N A  a n d  R N A .





F ig u re  2 2 .2  E x a m p le s  o f  u n u s u a l  b a s e s .

B. Nucleosides
T h e  a d d i t io n  o f  a  p e n to s e  s u g a r  to  a  b a s e  th ro u g h  a n  N -g ly c o s id ic  b o n d  (se e  

p . 8 6 )  p ro d u c e s  a  n u c le o s id e . I f  th e  s u g a r  is  r ib o s e , a  r ib o n u c le o s id e  is  

p ro d u c e d , a n d  i f  th e  s u g a r  is  2 -d e o x y r ib o s e , a  d e o x y r ib o n u c le o s id e  is  

p ro d u c e d  (F ig . 2 2 .3 A ). T h e  r ib o n u c le o s id e s  o f  A , G , C , a n d  U  a re  n a m e d  

a d e n o s in e , g u a n o s in e , c y t id in e , a n d  u r id in e , r e s p e c t iv e ly .  T h e  

d e o x y r ib o n u c le o s id e s  o f  A , G , C , a n d  T  h a v e  th e  a d d e d  p re f ix  d e o x y -  ( fo r  

e x a m p le , d e o x y a d e n o s in e ) .  [N o te : T h e  c o m p o u n d  d e o x y th y m id in e  is  o f te n  

s im p ly  c a l le d  th y m id in e , w i th  th e  d e o x y -  p re f ix  b e in g  u n d e r s to o d ,  b e c a u s e  

i t  is  in c o rp o ra te d  in to  D N A  o n ly .]  T h e  c a rb o n  a n d  n i t r o g e n  a to m s  in  th e  

r in g s  o f  th e  b a s e  a n d  th e  s u g a r  a re  n u m b e re d  s e p a ra te ly  (s e e  F ig . 2 2 .3 B ). 

[N o te : C a rb o n s  in  th e  p e n to s e  a re  n u m b e re d  1 ' to  5 '. T h u s , w h e n  th e  5 '-  

c a rb o n  o f  a  n u c le o s id e  (o r  n u c le o tid e )  is  r e f e r r e d  to , a  c a rb o n  a to m  in  th e  

p e n to s e , r a th e r  th a n  a n  a to m  in  th e  b a s e , is  b e in g  s p e c if ie d .]





F ig u re  2 2 .3  A . P e n to s e s  fo u n d  in  n u c le ic  a c id s . B . E x a m p le s  o f  th e  n u m b e r in g  

s y s te m s  fo r  p u r in e -  a n d  p y r im id in e -c o n ta in in g  n u c le o s id e s .

C. Nucleotides
T h e  a d d i t io n  o f  o n e  o r  m o re  p h o s p h a te  g ro u p s  to  a  n u c le o s id e  p ro d u c e s  a  

n u c le o tid e . T h e  f i r s t  p h o s p h a te  g ro u p  is  a t ta c h e d  b y  a n  e s te r  l in k a g e  to  th e  

5 '-O H  o f  th e  p e n to s e , fo rm in g  a  n u c le o s id e  5 '-p h o s p h a te  o r  a  5 '-n u c le o tid e . 

T h e  ty p e  o f  p e n to s e  is  d e n o te d  b y  th e  p r e f ix  in  th e  n a m e s  5 '- r ib o n u c le o t id e  

a n d  5 '-d e o x y r ib o n u c le o t id e .  I f  o n e  p h o s p h a te  g ro u p  is  a t ta c h e d  to  th e  5 '-  

c a rb o n  o f  th e  p e n to s e , th e  s tru c tu re  is  a  n u c le o s id e  m o n o p h o s p h a te ,  l ik e  

a d e n o s in e  m o n o p h o s p h a te  (A M P , o r  a d e n y la te ) .  I f  a  s e c o n d  o r  th ird  

p h o s p h a te  is  a d d e d  to  th e  n u c le o s id e ,  a  n u c le o s id e  d ip h o s p h a te  ( fo r  

e x a m p le , a d e n o s in e  d ip h o s p h a te  [A D P ] o r  tr ip h o s p h a te ,  fo r  e x a m p le , A T P )  

r e s u lts  (F ig . 2 2 .4 ). T h e  s e c o n d  a n d  th i rd  p h o s p h a te s  a re  e a c h  c o n n e c te d  to  

th e  n u c le o t id e  b y  a  “ h ig h -e n e rg y  b o n d ” (a  b o n d  w ith  a  la rg e , n e g a t iv e  

c h a n g e  in  f re e  e n e rg y  [ -A G , s e e  p . 70 ] o f  h y d ro ly s is ) .  [N o te : T h e  p h o s p h a te  

g ro u p s  a re  r e s p o n s ib le  fo r  th e  n e g a t iv e  c h a rg e s  a s s o c ia te d  w i th  n u c le o t id e s  

a n d  c a u s e  D N A  a n d  R N A  to  b e  r e f e r r e d  to  a s  n u c le ic  a c id s .]



F ig u re  2 2 .4  R ib o n u c le o s id e  m o n o p h o s p h a te ,  d ip h o s p h a te ,  a n d  t r ip h o s p h a te .

III. PURINE NUCLEOTIDE SYNTHESIS

T h e  a to m s  o f  th e  p u r in e  r in g  a re  c o n tr ib u te d  b y  a  n u m b e r  o f  c o m p o u n d s , 

in c lu d in g  a m in o  a c id s  (a s p a r ta te ,  g ly c in e , a n d  g lu ta m in e ) ,  c a rb o n  d io x id e  (C O 2),

a n d  N 10- fo rm y lte t ra h y d ro fo la te  ( N 10-fo rm y l-T H F ) ,  a s  s h o w n  in  F ig u re  2 2 .5 . T h e  

p u r in e  r in g  is  c o n s tru c te d  p r im a r i ly  in  th e  l iv e r  b y  a  s e r ie s  o f  r e a c t io n s  th a t  a d d



th e  d o n a te d  c a rb o n s  a n d  n i t ro g e n s  to  a  p r e fo rm e d  r ib o s e  5 -p h o s p h a te .  [N o te : 

S y n th e s is  o f  r ib o s e  5 -p h o s p h a te  f ro m  g lu c o s e  6 -p h o s p h a te  b y  th e  p e n to s e  

p h o s p h a te  p a th w a y  is  d is c u s s e d  o n  p . 1 4 7 .]

F ig u re  2 2 .5  S o u rc e s  o f  th e  in d iv id u a l  a to m s  in  th e  p u r in e  r in g . T h e  o rd e r  in  

w h ic h  th e  a to m s  a re  a d d e d  is  s h o w n  b y  th e  n u m b e rs  in  th e  b la c k  b o x e s  ( s e e  F ig . 

2 2 .7 ). C O 2 = c a rb o n  d io x id e .

A. 5-Phosphoribosyl-1-pyrophosphate synthesis
5 -P h o s p h o r ib o s y l-1 -p y ro p h o s p h a te  (P R P P )  is  a n  a c t iv a te d  p e n to s e  th a t  

p a r t ic ip a te s  in  th e  s y n th e s is  a n d  s a lv a g e  o f  p u r in e s  a n d  p y r im id in e s .  

S y n th e s is  o f  P R P P  f ro m  A T P  a n d  r ib o s e  5 -p h o s p h a te  is  c a ta ly z e d  b y  PR PP  
synthetase  (F ig . 2 2 .6 ). T h is  X - l in k e d  e n z y m e  is  a c t iv a te d  b y  in o rg a n ic  

p h o s p h a te  a n d  in h ib i te d  b y  p u r in e  n u c le o t id e s  ( e n d -p ro d u c t  in h ib it io n ) .  

[N o te : B e c a u s e  th e  s u g a r  m o ie ty  o f  P R P P  is  r ib o s e , r ib o n u c le o t id e s  a re  th e



e n d  p ro d u c ts  o f  d e  n o v o  p u r in e  s y n th e s is .  W h e n  d e o x y r ib o n u c le o t id e s  a re  

r e q u i re d  fo r  D N A  s y n th e s is ,  th e  r ib o s e  s u g a r  m o ie ty  is  r e d u c e d  (s e e  p . 

2 9 7 ) .]

F ig u re  2 2 .6  S y n th e s is  o f  P R P P , s h o w in g  th e  a c t iv a to r  a n d  in h ib ito rs  o f  th e  

re a c tio n . [N o te : T h is  is  n o t  th e  c o m m it te d  s te p  o f  p u r in e  s y n th e s is  b e c a u s e  P R P P  

is  u s e d  in  o th e r  p a th w a y s  s u c h  a s  s a lv a g e  ( s e e  p . 2 9 6 ) .]  =  p h o s p h a te ;  P i =

in o rg a n ic  p h o s p h a te ;  A M P  =  a d e n o s in e  m o n o p h o s p h a te ;  M g  =  m a g n e s iu m .

B. 5-Phosphoribosylamine synthesis
S y n th e s is  o f  5 -p h o s p h o r ib o s y la m in e  f ro m  P R P P  a n d  g lu ta m in e  is  s h o w n  in  

F ig u re  2 2 .7 . T h e  a m id e  g ro u p  o f  g lu ta m in e  r e p la c e s  th e  p y ro p h o s p h a te  

g ro u p  a t ta c h e d  to  c a rb o n  1 o f  P R P P . T h is  is  th e  c o m m it te d  s te p  in  p u r in e  

n u c le o tid e  b io s y n th e s is .  T h e  e n z y m e  th a t  c a ta ly z e s  th e  re a c tio n , 

glu tam ine:phosphoribosylpyrophosphate am idotransferase (GPAT), is  

in h ib i te d  b y  th e  p u r in e  5 '-n u c le o t id e s  A M P  a n d  g u a n o s in e  m o n o p h o s p h a te  

(G M P , o r  g u a n y la te ) ,  th e  e n d  p ro d u c ts  o f  th e  p a th w a y . T h e  ra te  o f  th e  

r e a c t io n  is  a lso  c o n tro l le d  b y  th e  in t r a c e l lu la r  c o n c e n tra t io n  o f  P R P P . 

[N o te : T h e  c o n c e n tra t io n  o f  P R P P  is  n o rm a lly  fa r  b e lo w  th e  M ic h a e lis  

c o n s ta n t  (K m) fo r  th e  GPAT. T h e re fo re ,  a n y  s m a ll  c h a n g e  in  th e  P R P P

c o n c e n tra t io n  c a u s e s  a  p r o p o r t io n a l  c h a n g e  in  ra te  o f  th e  r e a c t io n  ( s e e  p . 

5 9 ).]



F ig u re  2 2 .7  D e  n o v o  s y n th e s is  o f  p u r in e  n u c le o tid e s ,  s h o w in g  th e  in h ib ito ry  

e f f e c t  o f  s o m e  s tru c tu ra l  a n a lo g s . A M P  a n d  A D P  =  a d e n o s in e  m o n o -  a n d  

d ip h o s p h a te s ;  G M P  =  g u a n o s in e  m o n o p h o s p h a te ;  P R P P  =  5 -p h o s p h o r ib o s y l-1 -  

p y ro p h o s p h a te ;  P i =  in o rg a n ic  p h o s p h a te ;  P P i =  p y ro p h o s p h a te ;  C O 2 =  c a rb o n  

d io x id e .



C. Inosine monophosphate synthesis
T h e  n e x t  n in e  s te p s  in  p u r in e  n u c le o t id e  b io s y n th e s is  le a d in g  to  th e  

s y n th e s is  o f  in o s in e  m o n o p h o s p h a te  ( [ IM P ] w h o s e  b a s e  is  h y p o x a n th in e )  

a re  i l lu s tr a te d  in  F ig u re  2 2 .7 . IM P  is  th e  p a r e n t  p u r in e  n u c le o t id e  fo r  A M P  

a n d  G M P . F o u r  s te p s  in  th is  p a th w a y  re q u ire  A T P  as  a n  e n e rg y  s o u rc e , a n d  

tw o  s te p s  in  th e  p a th w a y  r e q u ire  N 10-fo rm y l-T H F  a s  a  o n e -c a rb o n  d o n o r  

( s e e  p . 2 6 7 ) . [N o te : H y p o x a n th in e  is  fo u n d  in  tR N A  (se e  F ig . 3 2 .9  o n  p . 

4 5 3 ) .]

D. Synthetic inhibitors
S o m e  s y n th e t ic  in h ib i to r s  o f  p u r in e  s y n th e s is  ( fo r  e x a m p le , th e  

s u lfo n a m id e s )  a re  d e s ig n e d  to  in h ib i t  th e  g ro w th  o f  r a p id ly  d iv id in g  

m ic ro o rg a n is m s  w i th o u t  in te r f e r in g  w i th  h u m a n  c e l l  fu n c t io n s  (s e e  F ig . 

2 2 .7 ). O th e r  p u r in e  s y n th e s is  in h ib ito rs ,  s u c h  a s  s t ru c tu ra l  a n a lo g s  o f  fo lic  

a c id  ( fo r  e x a m p le , m e th o tre x a te ) ,  a re  u s e d  p h a rm a c o lo g ic a l ly  to  c o n tro l  th e  

s p re a d  o f  c a n c e r  b y  in te r f e r in g  w i th  th e  s y n th e s is  o f  n u c le o t id e s  a n d , 

th e re fo re ,  o f  D N A  a n d  R N A  (se e  F ig . 2 2 .7 ).

In h ib i to r s  o f  h u m a n  p u r in e  s y n th e s is  a re  e x tr e m e ly  to x ic  to  tis s u e s ,  

e s p e c ia l ly  to  d e v e lo p in g  s tru c tu re s  s u c h  as  in  a  fe tu s , o r  to  c e l l  ty p e s  th a t  

n o rm a lly  re p l ic a te  ra p id ly , in c lu d in g  th o s e  o f  b o n e  m a r ro w , sk in , 

g a s tro in te s t in a l  (G I)  tra c t,  im m u n e  s y s te m , o r  h a i r  fo ll ic le s .  A s  a  re s u lt ,  

in d iv id u a ls  ta k in g  s u c h  a n t ic a n c e r  d ru g s  c a n  e x p e r ie n c e  a d v e rs e  e f fe c ts , 

in c lu d in g  a n e m ia , s c a ly  sk in , G I t r a c t  d is tu rb a n c e ,  im m u n o d e f ic ie n c y ,  a n d  

h a ir  lo s s .

E. Adenosine and guanosine monophosphate synthesis
T h e  c o n v e r s io n  o f  IM P  to  e i th e r  A M P  o r  G M P  u s e s  a  tw o -s te p , e n e rg y -  a n d  

n i t ro g e n - re q u ir in g  p a th w a y  (F ig . 2 2 .8 ). [N o te : A M P  s y n th e s is  re q u ire s  

g u a n o s in e  t r ip h o s p h a te  (G T P )  a s  a n  e n e rg y  s o u rc e  a n d  a s p a r ta te  a s  a  

n it ro g e n  s o u rc e , w h e re a s  G M P  s y n th e s is  r e q u ire s  A T P  a n d  g lu ta m in e .]  

A ls o , th e  f i r s t  r e a c t io n  in  e a c h  p a th w a y  is  in h ib i te d  b y  th e  e n d  p ro d u c t  o f  

th a t  p a th w a y . T h is  p ro v id e s  a  m e c h a n is m  fo r  d iv e r t in g  IM P  to  th e  s y n th e s is



o f  th e  p u r in e  p r e s e n t  in  le s s e r  a m o u n ts .  I f  b o th  A M P  a n d  G M P  a re  p r e s e n t  

in  a d e q u a te  a m o u n ts ,  th e  d e  n o v o  p a th w a y  o f  p u r in e  n u c le o tid e  s y n th e s is  is  

in h ib i te d  a t  th e  G P A T  s te p .

synthetase

O O C -C H ,-C H -C O O

NH

H2 °  NAD+ NADH + H+GDP + P; GTP Aspartate

< S V  ^
IMP dehydrogenase

OH OHOH OH

OH OH Xanthosine monophosphateInosine monophosphate (IMP)

Adenylosuccinate Glutamine \  __ATP
GMP synthetase If

Glutamate
Fumarate

MYCOPHENOLIC ACID V AMP + PPiAdenylosuccinate \
NH •  This drug is a reversible,

inhibitor of mosm e m ono
phosphate dehydrogenase.

It deprives rapidly proliferating
T and B cells of key
components of nucleic acids

•  It is an immunosuppressant
used to prevent graft rejection

OH OH OH OH

Adenosine monophosphate (AMP) « ■ ■ ■ a  Guanosine monophosphate (GMP)

F ig u re  2 2 .8  C o n v e r s io n  o f  IM P  to  A M P  (o r , a d e n y la te )  a n d  G M P  (o r , g u a n y la te )  

s h o w in g  f e e d b a c k  in h ib it io n . N A D (H )  =  n ic o t in a m id e  a d e n in e  d in u c le o t id e ;  

G D P  a n d  G T P  =  g u a n o s in e  d i-  a n d  tr ip h o s p h a te s ;  Pj =  in o rg a n ic  p h o s p h a te ;  P P t 

=  p y ro p h o s p h a te .

F. Nucleoside di- and triphosphate synthesis
N u c le o s id e  d ip h o s p h a te s  a re  s y n th e s iz e d  f ro m  th e  c o r re s p o n d in g  n u c le o s id e  

m o n o p h o s p h a te s  b y  b a s e - s p e c i f ic  nucleoside m onophosphate kinases  (F ig . 

2 2 .9 ). [N o te : T h e s e  kinases  d o  n o t  d is c r im in a te  b e tw e e n  r ib o s e  o r 

d e o x y r ib o s e  in  th e  s u b s tra te .]  A T P  is  g e n e ra lly  th e  s o u rc e  o f  th e  t r a n s fe r re d  

p h o s p h a te  b e c a u s e  i t  is  p r e s e n t  in  h ig h e r  c o n c e n tra t io n s  th a n  th e  o th e r  

n u c le o s id e  t r ip h o s p h a te s .  A denyla te kinase  is  p a r t ic u la r ly  a c t iv e  in  th e  l iv e r  

a n d  in  m u s c le ,  w h e re  th e  tu rn o v e r  o f  e n e rg y  f ro m  A T P  is  h ig h . I ts  fu n c t io n  

is  to  m a in ta in  e q u i l ib r iu m  a m o n g  th e  a d e n in e  n u c le o t id e s  (A M P , A D P , a n d  

A T P ) . N u c le o s id e  d ip h o s p h a te s  a n d  t r ip h o s p h a te s  a re  in te r c o n v e r te d  b y



nucleoside diphosphate kinase, a n  e n z y m e  th a t,  u n lik e  th e  m onophosphate  

kinases, h a s  b ro a d  s u b s t r a te  s p e c if ic ity .

Base-specific nucleoside 
monophosphate kinases

AMP + ATP -
Adenylate kinase

2 ADP

Guanylate kinase
GMP + ATP . > GDP + ADP

Nucleoside diphosphate kinase

GDP + ATP ^ ï- GTP + ADP

CDP + ATP ?  CTP + ADP

F ig u re  2 2 .9  C o n v e r s io n  o f  n u c le o s id e  m o n o p h o s p h a te s  to  d i-  a n d  tr ip h o s p h a te s .  

A M P  a n d  A D P  = a d e n o s in e  m o n o -  a n d  d ip h o s p h a te s ;  G M P , G D P , a n d  G T P  = 

g u a n o s in e  m o n o - ,  d i- , a n d  tr ip h o s p h a te s ;  C D P  a n d  C T P  = c y t id in e  d i-  a n d  

t r ip h o s p h a te s .

G. Purine salvage pathway
P u r in e s  th a t  r e s u l t  f ro m  th e  n o rm a l  tu rn o v e r  o f  c e l lu la r  n u c le ic  a c id s , o r  th e  

s m a l l  a m o u n t  th a t  is  o b ta in e d  f ro m  th e  d ie t  a n d  n o t  d e g ra d e d , c a n  b e  

c o n v e r te d  to  n u c le o s id e  t r ip h o s p h a te s  a n d  u s e d  b y  th e  b o d y . T h is  is  r e fe r re d  

to  as  th e  s a lv a g e  p a th w a y  fo r  p u r in e s .  [N o te : S a lv a g e  is  p a r t ic u la r ly  

im p o r ta n t  in  th e  b ra in .]

1. p u r in e  b a s e  s a lv a g e  to  n u c le o tid e s :  T w o  e n z y m e s  a re  in v o lv e d : adenine  
phosphoribosyltransferase (APRT) a n d  X - l in k e d  h ypoxan th ine-



guanine phosphoribosyltransferase (H GPRT). B o th  u s e  P R P P  a s  th e  

s o u rc e  o f  th e  r ib o s e  5 -p h o s p h a te  g ro u p  (F ig . 2 2 .1 0 ). T h e  r e le a s e  o f  

p y ro p h o s p h a te  a n d  its  s u b s e q u e n t  h y d ro ly s is  b y  pyrophosphatase  m a k e s  

th e s e  re a c t io n s  ir r e v e r s ib le .  [N o te : A d e n o s in e  is  th e  o n ly  p u r in e  

n u c le o s id e  to  b e  s a lv a g e d . I t  is  p h o s p h o ry la te d  to  A M P  b y  adenosine  
kinase.]

F ig u re  2 2 .1 0  S a lv a g e  p a th w a y s  o f  p u r in e  n u c le o t id e  s y n th e s is .  [N o te : V ir tu a lly  

c o m p le te  d e f ic ie n c y  o f  H G P R T  re s u lts  in  L e s c h -N y h a n  s y n d ro m e . P a r t ia l



d e f ic ie n c ie s  o f  H G P R T  a re  k n o w n . A s  th e  a m o u n t  o f  f u n c t io n a l  e n z y m e  

in c re a s e s ,  th e  s e v e r i ty  o f  th e  s y m p to m s  d e c re a s e s .]  IM P , G M P , a n d  A M P  = 

in o s in e , g u a n o s in e , a n d  a d e n o s in e  m o n o p h o s p h a te s ;  P R P P  = 5 -p h o s p h o r ib o s y l-  

1- p y ro p h o s p h a te ;  P P j = p y ro p h o s p h a te .

2. L e s c h -N y h a n  s y n d ro m e : T h is  is  a  ra re , X - l in k e d  r e c e s s iv e  d is o rd e r  

a s s o c ia te d  w i th  a  v ir tu a l ly  c o m p le te  d e f ic ie n c y  o f  H G PRT. T h e  

d e f ic ie n c y  r e s u l ts  in  a n  in a b i l i ty  to  s a lv a g e  h y p o x a n th in e  o r  g u a n in e , 

f ro m  w h ic h  e x c e s s iv e  a m o u n ts  o f  u r ic  a c id , th e  e n d  p r o d u c t  o f  p u r in e  

d e g ra d a tio n , a re  th e n  p ro d u c e d  (s e e  p . 2 9 8 ) . In  a d d i tio n , th e  la c k  o f  th is  

s a lv a g e  p a th w a y  c a u s e s  in c r e a s e d  P R P P  le v e ls  a n d  d e c re a s e d  IM P  a n d  

G M P  le v e ls . A s  a  re s u lt ,  G P A T  ( th e  r e g u la te d  s te p  in  p u r in e  s y n th e s is )  

h a s  e x c e s s  s u b s t r a te  a n d  d e c re a s e d  in h ib i to r s  a v a i la b le ,  a n d  d e  n o v o  

p u r in e  s y n th e s is  is  in c re a s e d . T h e  c o m b in a t io n  o f  d e c re a s e d  p u r in e  

r e u t i l iz a t io n  a n d  in c re a s e d  p u r in e  s y n th e s is  r e s u lts  in  in c re a s e d  

d e g ra d a t io n  o f  p u r in e s  a n d  th e  p r o d u c t io n  o f  la rg e  a m o u n ts  o f  u r ic  a c id , 

m a k in g  H G P R T  d e f ic ie n c y  a n  in h e r i te d  c a u s e  o f  h y p e ru r ic e m ia .  In  

p a t ie n ts  w i th  L e s c h -N y h a n  s y n d ro m e , th e  h y p e ru r ic e m ia  f r e q u e n t ly  

r e s u lts  in  th e  fo rm a t io n  o f  u r ic  a c id  s to n e s  in  th e  k id n e y s  (u ro li th ia s is )  

a n d  th e  d e p o s i t io n  o f  u ra te  c ry s ta ls  in  th e  jo in ts  (g o u ty  a r th r i t is )  a n d  s o f t  

t is s u e s .  In  a d d i tio n , th e  s y n d ro m e  is  c h a ra c te r iz e d  b y  m o to r  d y s fu n c tio n , 

c o g n i t iv e  d e f ic its ,  a n d  b e h a v io ra l  d is tu rb a n c e s  th a t  in c lu d e  s e l f 

m u t i la t io n  ( fo r  e x a m p le , b i t in g  o f  l ip s  a n d  f in g e rs ) ,  a s  s h o w n  in  F ig u re  

2 2 .1 1 .



F ig u re  2 2 .1 1  L e s io n s  o n  th e  l ip s  o f  a  p a t ie n t  w i th  L e s c h -N y h a n  s y n d ro m e .



IV. DEOXYRIBONUCLEOTIDE SYNTHESIS

T h e  n u c le o t id e s  d e s c r ib e d  th u s  fa r  a l l  c o n ta in  r ib o s e  ( r ib o n u c le o tid e s ) .  D N A  

s y n th e s is ,  h o w e v e r ,  r e q u ire s  2 '-d e o x y r ib o n u c le o t id e s ,  w h ic h  a re  p ro d u c e d  f ro m  

r ib o n u c le o s id e  d ip h o s p h a te s  b y  th e  e n z y m e  ribonucleotide reductase  d u r in g  th e  

S -p h a s e  o f  th e  c e l l  c y c le  (s e e  p . 4 2 3 ) . [N o te : T h e  s a m e  e n z y m e  a c ts  o n  

p y r im id in e  r ib o n u c le o t id e s .]

A. Ribonucleotide reductase
R ibonucleotide reductase (ribonucleoside diphosphate reductase) is  a

d im e r  c o m p o s e d  o f  tw o  n o n id e n t ic a l  s u b u n its ,  R 1  (o r, a )  a n d  th e  s m a l le r  R 2  

(o r, p ), a n d  is  s p e c if ic  fo r  th e  r e d u c t io n  o f  p u r in e  n u c le o s id e  d ip h o s p h a te s  

(A D P  a n d  G D P )  a n d  p y r im id in e  n u c le o s id e  d ip h o s p h a te s  (C D P  a n d  U D P )  

to  th e ir  d e o x y  fo rm s  (d A D P , d G D P , d C D P , a n d  d u D P ) .  T h e  im m e d ia te  

d o n o rs  o f  th e  h y d ro g e n  a to m s  n e e d e d  fo r  th e  r e d u c t io n  o f  th e  2 '- h y d ro x y l  

g ro u p  a re  tw o  s u lfh y d ry l  ( - S H )  g ro u p s  o n  th e  e n z y m e  i ts e lf  (R 1  s u b u n it) ,  

w h ic h  fo rm  a  d is u lf id e  b o n d  d u r in g  th e  r e a c t io n  ( s e e  p . 1 9 ). [N o te : R 2  

c o n ta in s  th e  s ta b le  ty ro s y l  r a d ic a l  r e q u i re d  fo r  c a ta ly s is  a t  R 1 .]

1. R e d u c e d  e n z y m e  re g e n e ra tio n :  In  o rd e r  fo r  ribonucleotide reductase  to  

c o n t in u e  to  p ro d u c e  d e o x y r ib o n u c le o t id e s  a t  R 1 , th e  d is u lf id e  b o n d  

c re a te d  d u r in g  th e  p ro d u c t io n  o f  th e  2 '-d e o x y  c a rb o n  m u s t  b e  r e d u c e d . 

T h e  s o u rc e  o f  th e  r e d u c in g  e q u iv a le n ts  is  th io re d o x in ,  a  p ro te in  

c o e n z y m e  o f  ribonucleotide reductase. T h io re d o x in  c o n ta in s  tw o  

c y s te in e  r e s id u e s  s e p a ra te d  b y  tw o  a m in o  a c id s  in  th e  p e p t id e  c h a in . T h e  

tw o  - S H  g ro u p s  o f  th io r e d o x in  d o n a te  th e ir  h y d ro g e n  a to m s  to  

ribonucleotide reductase, fo rm in g  a  d is u lf id e  b o n d  in  th e  p ro c e s s  (F ig . 

2 2 .1 2 ).



F ig u re  2 2 .1 2  C o n v e r s io n  o f  r ib o n u c le o t id e s  to  d e o x y r ib o n u d e o t id e s .  N A D P (H )  

= n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te ;  d A T P  = d e o x y a d e n o s in e  

t r ip h o s p h a te .

2. R e d u c e d  th io r e d o x in  r e g e n e ra tio n :  T h io re d o x in  m u s t  b e  c o n v e r te d  b a c k



to  i ts  r e d u c e d  fo rm  in  o rd e r  to  c o n t in u e  p e r fo rm in g  its  fu n c t io n . T h e  

re d u c in g  e q u iv a le n ts  a re  p ro v id e d  b y  N A D P H  + H +, a n d  th e  r e a c t io n  is  

c a ta ly z e d  b y  thioredoxin reductase, a  s e le n o p ro te in  (s e e  p . 2 6 8 ) .

B. Deoxyribonucleotide synthesis regulation
R ibonucleotide reductase  is  r e s p o n s ib le  fo r  m a in ta in in g  a  b a la n c e d  s u p p ly  

o f  th e  d e o x y r ib o n u c le o t id e s  r e q u ire d  fo r  D N A  s y n th e s is .  C o n s e q u e n t ly ,  th e  

r e g u la t io n  o f  th e  e n z y m e  is  c o m p le x . In  a d d i t io n  to  th e  c a ta ly t ic  s ite , R 1  

c o n ta in s  tw o  d is t in c t  a l lo s te r ic  s i te s  in v o lv e d  in  re g u la t in g  e n z y m ic  a c t iv i ty  

(F ig . 2 2 .1 3 ).



ACTIVITY SITES

ATP activates the enzymeT 
dATP inhibits the enzyme.

SUBSTRATE 
SPECIFICITY SITES

ATP, dATP, dTTP, and dGTP 
regulate the reduction of 
specific ribonucleotides.

f  R2 R2 A
subunit subunit

k________ ________ /
Ribonucleoside

diphosphate
Deoxy-

ribonucleoside
diphosphate



F ig u re  2 2 .1 3  R e g u la t io n  o f  ribonucleotide reductase. d A T P , d T T P , a n d  d G T P  = 

d e o x y a d e n o s in e ,  d e o x y th y m id in e ,  a n d  d e o x y g u a n o s in e  t r ip h o s p h a te s .  [N o te : 

T h e  R 1  s u b u n it  is  a lso  r e f e r r e d  to  a s  a  a n d  th e  R 2  as  p .]

1. A c tiv i ty  s ite s : T h e  b in d in g  o f  d A T P  to  a l lo s te r ic  s i te s  (k n o w n  a s  a c t iv i ty  

s ite s )  o n  R 1  in h ib i ts  th e  o v e ra l l  c a ta ly t ic  a c t iv i ty  o f  th e  e n z y m e  a n d , 

th e re fo re ,  p re v e n ts  th e  r e d u c t io n  o f  a n y  o f  th e  fo u r  n u c le o s id e  

d ip h o s p h a te s .  T h is  e f f e c tiv e ly  p re v e n ts  D N A  s y n th e s is  a n d  e x p la in s  th e  

to x ic i ty  o f  in c re a s e d  le v e ls  o f  d A T P  s e e n  in  c o n d i t io n s  s u c h  as  

adenosine deam inase (ADA) d e f ic ie n c y  (s e e  p . 3 0 1 ) . In  c o n tra s t ,  A T P  

b o u n d  to  th e s e  s i te s  a c t iv a te s  th e  e n z y m e .

2. S u b s tra te  s p e c if ic i ty  s ite s : T h e  b in d in g  o f  n u c le o s id e  t r ip h o s p h a te s  to  

a d d i t io n a l  a l lo s te r ic  s i te s  (k n o w n  as  s u b s t r a te  s p e c if ic i ty  s ite s )  o n  R 1  

re g u la te s  s u b s t r a te  s p e c if ic i ty ,  c a u s in g  a n  in c re a s e  in  th e  c o n v e r s io n  o f  

d if f e re n t  s p e c ie s  o f  r ib o n u c le o t id e s  to  d e o x y r ib o n u c le o t id e s  a s  th e y  a re  

re q u ire d  fo r  D N A  s y n th e s is .  F o r  e x a m p le , d e o x y th y m id in e  t r ip h o s p h a te  

b in d in g  a t  th e  s p e c if ic i ty  s ite  c a u s e s  a  c o n fo rm a tio n a l  c h a n g e  th a t  a l lo w s  

r e d u c t io n  o f  G D P  to  d G D P  a t  th e  c a ta ly t ic  s i te  w h e n  A T P  is  a t  th e  

a c t iv i ty  s ite .

T h e  d ru g  h y d ro x y u re a  (h y d ro x y c a rb a m id e )  in h ib its  ribonucleotide  
reductase, th e re b y  in h ib i t in g  th e  g e n e ra t io n  o f  s u b s t ra te s  fo r  D N A  

s y n th e s is .  T h e  d ru g  is  a n  a n t in e o p la s t ic  a g e n t  a n d  is  u s e d  in  th e  t r e a tm e n t  

o f  c a n c e rs  s u c h  as  m e la n o m a . H y d ro x y u re a  is  a lso  u s e d  in  th e  t r e a tm e n t  o f  

s ic k le  c e ll  a n e m ia  (s e e  p . 3 6 ). H o w e v e r ,  th e  in c re a s e  in  fe ta l  h e m o g lo b in  

s e e n  w i th  h y d ro x y u re a  is  b e c a u s e  o f  c h a n g e s  in  g e n e  e x p re s s io n  a n d  n o t  to  

ribonucleotide reductase  in h ib it io n .

V. PURINE NUCLEOTIDE DEGRADATION

D e g ra d a t io n  o f  d ie ta ry  n u c le ic  a c id s  o c c u rs  in  th e  s m a l l  in te s t in e , w h e re  

p a n c re a t ic  nucleases  h y d ro ly z e  th e m  to  n u c le o tid e s .  T h e  n u c le o t id e s  a re  

s e q u e n t ia l ly  d e g ra d e d  b y  in te s t in a l  e n z y m e s  to  n u c le o s id e s ,  p h o s p h o ry la te d  

s u g a rs , a n d  f re e  b a s e s .  U r ic  a c id  is  th e  e n d  p r o d u c t  o f  in te s t in a l  p u r in e  

d e g ra d a tio n . [N o te : P u r in e  n u c le o t id e s  f ro m  d e  n o v o  s y n th e s is  a re  d e g ra d e d  in



th e  l iv e r  p r im a r ily .  T h e  f re e  b a s e s  a re  s e n t  o u t  f ro m  th e  l iv e r  a n d  s a lv a g e d  b y  

p e r ip h e ra l  t i s s u e s .]

A. Degradation in the small intestine
R ibonucleases  a n d  deoxyribonucleases, s e c re te d  b y  th e  p a n c re a s ,  

h y d ro ly z e  d ie ta ry  R N A  a n d  D N A  to  o lig o n u c le o t id e s  th a t  a re  fu r th e r  

h y d ro ly z e d  b y  p a n c re a t ic  phosphodiesterases, p ro d u c in g  a  m ix tu re  o f  3 '-  

a n d  5 '-m o n o n u c le o t id e s .  A t  th e  in te s t in a l  m u c o s a l  s u r fa c e , nucleotidases 
r e m o v e  th e  p h o s p h a te  g ro u p s  h y d ro ly t ic a lly ,  r e le a s in g  n u c le o s id e s  th a t  a re  

ta k e n  in to  e n te ro c y te s  b y  s o d iu m -d e p e n d e n t  t r a n s p o r te r s  a n d  d e g ra d e d  b y  

nucleosidases (nucleoside phosphorylases)  to  f re e  b a s e s  p lu s  (d e o x y )  

r ib o s e  1 -p h o s p h a te .  D ie ta ry  p u r in e  b a s e s  a re  n o t  u s e d  to  a n y  a p p re c ia b le  

e x te n t  fo r  th e  s y n th e s is  o f  t i s s u e  n u c le ic  a c id s . In s te a d , th e y  a re  d e g ra d e d  to  

u r ic  a c id  in  th e  e n te ro c y te s .  M o s t  o f  th e  u r ic  a c id  e n te r s  th e  b lo o d  a n d  is  

e v e n tu a lly  e x c re te d  in  th e  u r in e . A  s u m m a ry  o f  th is  p a th w a y  is  s h o w n  in  

F ig u re  2 2 .1 4 . [N o te : M a m m a ls  o th e r  th a n  p r im a te s  e x p re s s  urate oxidase  
(uricase), w h ic h  c le a v e s  th e  p u r in e  r in g , g e n e ra t in g  a l la n to in . M o d if ie d  

r e c o m b in a n t  urate oxidase  is  n o w  u s e d  c l in ic a lly  to  lo w e r  u ra te  le v e ls .]





F ig u re  2 2 .1 4  D ig e s t io n  o f  d ie ta ry  n u c le ic  a c id s . P i =  in o rg a n ic  p h o s p h a te .

B. Uric acid formation
A  s u m m a ry  o f  th e  s te p s  in  th e  p ro d u c t io n  o f  u r ic  a c id  a n d  th e  g e n e t ic  

d is e a s e s  a s s o c ia te d  w i th  d e f ic ie n c ie s  o f  s p e c if ic  d e g ra d a t iv e  e n z y m e s  a re  

s h o w n  in  F ig u re  2 2 .1 5 . [N o te : T h e  b r a c k e te d  n u m b e rs  re fe r  to  s p e c if ic  

r e a c t io n s  in  th e  f ig u re .]

5' Nucleotidase

phosphorylase

Xanthine oxidase

Xanthine oxidase

ADENOSINE DEAMINASE (ADA) DEFICIENCY

This autosomal-recessive deficiency causes a
type of severe combined immunodeficiency (SCID)
involving T-cell, B-cell, and natural killer-cell
depletion (lymphocytopenia)

Untreated ADA-deficient children usually die before
age 2 years from overwhelming infection; PURINE NUCLEOSIDE
treatments include BMT, ERT, and gene therapy. PHOSPHORYLASE (PNP)

D E FIC IE N C Y

This autosomal-recessiveInosine monophosphateAdenosine monophosphate
deficiency is rarer and less(AMP)

AMP (adenylate) deaminase severe than ADA  deficiency

t affects T ce
5 -Nucleotidase development, primarily.

P/vP-deficient individuals
have recurrent infections
and neurodevelopmentalAdenosine InosineAdenosine
delay.deaminase

GOUT Purine nucleoside

This disorder is characterized by hyperuricemia
with recurrent attacks of acute arthritic joint Ribose
inflammation, caused by deposition of mono 1-phosphate
sodium urate crystals.

Guanosine monophosphate
(GMP)In gout, the hyperuricemia results primarily from

L -  H20
the underexcretion of uric acid. Overproduction
of uric acid is less common, and known causes
involve certain inborn errors of metabolism or
increased availability of purines.

Crystal deposition (tophi) may be seen in soft Hypoxanthine
Guanosinetissues and in the kidneys (urolithiasis).

Treatment with allopurinol inhibits xanth ine Purine nucleoside 
phosphorylase ■  

[3]

oxidase, resulting in accumulation of
hypoxanthine and xanthine, compounds more

Ribose 
1-phosphate

soluble than uric acid

Oo + HoO

Uric acid Xanthine Guanine

F ig u re  2 2 .1 5  T h e  d e g ra d a t io n  o f  p u r in e  n u c le o t id e s  to  u r ic  a c id , i l lu s tr a t in g



s o m e  o f  th e  g e n e t ic  d is e a s e s  a s s o c ia te d  w ith  th is  p a th w a y . [N o te : T h e  n u m b e rs  

in  b ra c k e ts  r e fe r  to  th e  c o r re s p o n d in g  n u m b e re d  c i ta t io n s  in  th e  te x t.]  B M T  = 

b o n e  m a r ro w  tr a n s p la n ta t io n ;  E R T  = e n z y m e  r e p la c e m e n t  th e ra p y ; Pj = 

in o rg a n ic  p h o s p h a te ;  H 2O 2 = h y d ro g e n  p e ro x id e ;  N H 3 = a m m o n ia .

[1 ] A n  a m in o  g ro u p  is  r e m o v e d  f ro m  A M P  to  p ro d u c e  IM P  b y  A M P  
(adenylate) deam inase  o r  f ro m  a d e n o s in e  to  p ro d u c e  in o s in e  

(h y p o x a n th in e - r ib o s e )  b y  adenosine deam inase.

[2 ] IM P  a n d  G M P  a re  c o n v e r te d  in to  th e ir  r e s p e c t iv e  n u c le o s id e  fo rm s , 

in o s in e  a n d  g u a n o s in e , b y  th e  a c t io n  o f  5'-nucleotidase.

[3 ] Purine nucleoside phosphorylase  c o n v e r ts  in o s in e  a n d  g u a n o s in e  in to

th e ir  r e s p e c t iv e  p u r in e  b a s e s ,  h y p o x a n th in e  a n d  g u a n in e . [N o te : A  

m utase  in te rc o n v e r ts  r ib o s e  1- a n d  r ib o s e  5 -p h o s p h a te .]

[4 ] G u a n in e  is  d e a m in a te d  to  fo rm  x a n th in e .

[5 ] H y p o x a n th in e  is  o x id iz e d  b y  m o ly b d e n u m -c o n ta in in g  xanthine  
oxidase (XO) to  x a n th in e , w h ic h  is  fu r th e r  o x id iz e d  b y  X O  to  u r ic  

a c id , th e  f in a l  p ro d u c t  o f  h u m a n  p u r in e  d e g ra d a tio n . U r ic  a c id  is  

e x c re te d  p r im a r i ly  in  th e  u r in e .

C. Diseases associated with purine degradation
1. G o u t: G o u t  is  a  d is o rd e r  in i t ia te d  b y  h ig h  le v e ls  o f  u r ic  a c id  ( th e  e n d  

p ro d u c t  o f  p u r in e  c a ta b o lis m )  in  b lo o d  (h y p e ru r ic e m ia ) ,  a s  a  r e s u l t  o f  

e i th e r  th e  o v e rp ro d u c t io n  o r  u n d e re x c re t io n  o f  u r ic  a c id . T h e  

h y p e ru r ic e m ia  c a n  le a d  to  th e  d e p o s i t io n  o f  m o n o s o d iu m  u ra te  (M S U ) 

c ry s ta ls  in  th e  jo in ts  a n d  a n  in f la m m a to ry  r e s p o n s e  to  th e  c ry s ta ls ,  

c a u s in g  f i r s t  a c u te  a n d  th e n  p ro g re s s in g  to  c h ro n ic  g o u ty  a r th r i t is .  

N o d u la r  m a s s e s  o f  M S U  c ry s ta ls  ( to p h i)  m a y  b e  d e p o s i te d  in  th e  s o f t  

t is s u e s ,  r e s u l t in g  in  c h ro n ic  to p h a c e o u s  g o u t  (F ig . 2 2 .1 6 ). F o rm a t io n  o f  

u r ic  a c id  s to n e s  in  th e  k id n e y  (u ro li th ia s is )  m a y  a lso  b e  se e n . [N o te : 

H y p e ru r ic e m ia  is  n o t  s u f f ic ie n t  to  c a u s e  g o u t, b u t  g o u t  is  a lw a y s  

p re c e d e d  b y  h y p e ru r ic e m ia .  H y p e ru r ic e m ia  is  ty p ic a l ly  a s y m p to m a t ic  b u t  

m a y  b e  in d ic a t iv e  o f  c o m o rb id  c o n d i t io n s  s u c h  as  h y p e r te n s io n .]  T h e  

d e f in it iv e  d ia g n o s is  o f  g o u t  r e q u ire s  a s p ir a t io n  a n d  e x a m in a t io n  o f  

s y n o v ia l  f lu id  (F ig . 2 2 .1 7 ) f ro m  a n  a f fe c te d  jo in t  (o r  m a te r ia l  f ro m  a  

to p h u s )  u s in g  p o la r iz e d  l ig h t  m ic ro s c o p y  to  c o n f i rm  th e  p re s e n c e  o f



needle-shaped MSU crystals (Fig. 22.18).

F ig u re  2 2 .1 6  T o p h a c e o u s  g o u t.



F ig u re  2 2 .1 7  A n a ly s is  o f  jo in t  f lu id  c a n  h e lp  to  d e f in e  c a u s e s  o f  jo in t  s w e ll in g  

a n d  a r th r i t is ,  s u c h  as  in fe c tio n , g o u t, a n d  rh e u m a to id  d is e a se .



F ig u re  2 2 .1 8  G o u t  c a n  b e  d ia g n o s e d  b y  th e  p re s e n c e  o f  n e g a t iv e ly  b i r e f r in g e n t  

m o n o s o d iu m  u ra te  c ry s ta ls  in  a s p ir a te d  s y n o v ia l  f lu id  e x a m in e d  b y  p o la r iz e d  

l ig h t  m ic ro s c o p y . H e re , c ry s ta ls  a re  s e e n  w ith in  p o ly m o rp h o n u c le a r  le u k o c y te s .

a. U r ic  a c id  u n d e re x c re tio n :  In  > 9 0 %  o f  in d iv id u a ls  w i th  h y p e ru r ic e m ia ,  

th e  c a u s e  is  u n d e re x c re t io n  o f  u r ic  a c id . U n d e re x c re t io n  c a n  b e  

p r im a ry , b e c a u s e  o f  a s -y e t-u n id e n t i f ie d  in h e re n t  e x c re to ry  d e fe c ts ,  o r  

s e c o n d a ry  to  k n o w n  d is e a s e  p ro c e s s e s  th a t  a f f e c t  h o w  th e  k id n e y  

h a n d le s  u ra te  ( fo r  e x a m p le , in  la c t ic  a c id o s is ,  la c ta te  in c re a s e s  r e n a l  

u ra te  re a b s o rp t io n ,  th e re b y  d e c re a s in g  its  e x c re tio n )  a n d  to  

e n v iro n m e n ta l  f a c to rs  s u c h  a s  th e  u s e  o f  d ru g s  ( fo r  e x a m p le , th ia z id e  

d iu re tic s )  o r  e x p o s u re  to  le a d  ( s a tu rn in e  g o u t) .

b . U r ic  a c id  o v e rp ro d u c t io n :  A  le s s  c o m m o n  c a u s e  o f  h y p e ru r ic e m ia  is  

f ro m  th e  o v e rp ro d u c t io n  o f  u r ic  a c id . P r im a ry  h y p e ru r ic e m ia  is , fo r  th e  

m o s t  p a r t ,  id io p a th ic  (h a v in g  n o  k n o w n  c a u s e ) . H o w e v e r ,  s e v e ra l  

id e n t if ie d  m u ta t io n s  in  th e  g e n e  fo r  X - l in k e d  P R P P  synthetase  r e s u l t  

in  th e  e n z y m e  h a v in g  a n  in c re a s e d  m a x im a l  v e lo c i ty  ( [V max] s e e  p . 57 ) 

fo r  th e  p r o d u c t io n  o f  P R P P , a  lo w e r  K m (se e  p . 5 9 ) fo r  r ib o s e  5- 

p h o s p h a te ,  o r  a  d e c re a s e d  s e n s i t iv i ty  to  p u r in e  n u c le o tid e s ,  its



a l lo s te r ic  in h ib i to r s  (s e e  p . 6 2 ). In  e a c h  c a se , in c r e a s e d  a v a i la b i l i ty  o f  

P R P P  in c re a s e s  p u r in e  p ro d u c t io n ,  r e s u l t in g  in  e le v a te d  le v e ls  o f  

p la s m a  u r ic  a c id . L e s c h -N y h a n  s y n d ro m e  (s e e  p . 2 9 6 )  a lso  c a u s e s  

h y p e ru r ic e m ia  a s  a  r e s u l t  o f  th e  d e c re a s e d  s a lv a g e  o f  h y p o x a n th in e  a n d  

g u a n in e  a n d  th e  s u b s e q u e n t  in c re a s e d  a v a i la b i l i ty  o f  P R P P . S e c o n d a ry  

h y p e ru r ic e m ia  is  ty p ic a l ly  th e  c o n s e q u e n c e  o f  in c re a s e d  a v a i la b i l i ty  o f  

p u r in e s  ( fo r  e x a m p le , in  p a t ie n ts  w i th  m y e lo p ro l i f e r a t iv e  d is o rd e r s  o r  

w h o  a re  u n d e rg o in g  c h e m o th e ra p y  a n d  so  h a v e  a  h ig h  ra te  o f  c e l l  

tu rn o v e r ) .  H y p e ru r ic e m ia  c a n  a lso  b e  th e  r e s u l t  o f  s e e m in g ly  u n re la te d  

m e ta b o l ic  d is e a se s ,  s u c h  as  v o n  G ie rk e  d is e a s e  (s e e  F ig . 1 1 .8  o n  p . 

1 3 0 ) o r  h e re d i ta ry  f ru c to s e  in to le ra n c e  (s e e  p . 1 3 8 ).

A  d ie t  r ic h  in  m e a t, s e a fo o d  (p a r t ic u la r ly  s h e ll f is h ) ,  a n d  e th a n o l  is  

a s s o c ia te d  w i th  in c r e a s e d  r is k  o f  g o u t, w h e re a s  a  d ie t  r ic h  in  lo w - fa t  d a iry  

p ro d u c ts  is  a s s o c ia te d  w ith  a  d e c re a s e d  r isk .

c. T re a tm e n t:  A c u te  a t ta c k s  o f  g o u t  a re  tr e a te d  w i th  a n t i - in f la m m a to ry  

a g e n ts . C o lc h ic in e , s te ro id a l  d ru g s  s u c h  as  p re d n is o n e ,  a n d  

n o n s te ro id a l  d ru g s  s u c h  a s  in d o m e th a c in  a re  u s e d . [N o te : C o lc h ic in e  

p re v e n ts  f o rm a t io n  o f  m ic ro tu b u le s ,  th e re b y  d e c re a s in g  th e  m o v e m e n t  

o f  n e u tro p h ils  in to  th e  a f f e c te d  a re a . L ik e  th e  o th e r  a n t i - in f la m m a to ry  

d ru g s , i t  h a s  n o  e f f e c t  o n  u r ic  a c id  le v e ls .]  L o n g - te rm  th e ra p e u tic  

s tra te g ie s  fo r  g o u t  in v o lv e  lo w e r in g  th e  u r ic  a c id  le v e l  b e lo w  its  

s a tu ra t io n  p o in t  (6 .5  m g /d l) ,  th e re b y  p re v e n t in g  th e  d e p o s i t io n  o f  M S U  

c ry s ta ls .  U r ic o s u r ic  a g e n ts ,  s u c h  a s  p ro b e n e c id  o r  s u lf in p y ra z o n e ,  th a t  

in c re a s e  r e n a l  e x c re t io n  o f  u r ic  a c id , a re  u s e d  in  p a t ie n ts  w h o  a re  

u n d e re x c re to r s  o f  u r ic  a c id . A llo p u r in o l ,  a  s t ru c tu ra l  a n a lo g  o f  

h y p o x a n th in e ,  in h ib its  u r ic  a c id  s y n th e s is  a n d  is  u s e d  in  p a t ie n ts  w h o  

a re  o v e rp ro d u c e r s  o f  u r ic  a c id . A l lo p u r in o l  is  o x id iz e d  to  o x y p u r in o l ,  a  

lo n g - l iv e d  in h ib i to r  o f  XO. T h is  r e s u lts  in  a n  a c c u m u la t io n  o f  

h y p o x a n th in e  a n d  x a n th in e  (se e  F ig . 2 2 .1 5 ), c o m p o u n d s  m o re  s o lu b le  

th a n  u r ic  a c id  a n d , th e re fo re ,  le s s  l ik e ly  to  in i t ia te  a n  in f la m m a to ry  

r e s p o n s e . In  p a t ie n ts  w i th  n o rm a l  le v e ls  o f  H G PRT, th e  h y p o x a n th in e  

c a n  b e  s a lv a g e d , r e d u c in g  th e  le v e ls  o f  P R P P  a n d , th e re fo re ,  d e  n o v o  

p u r in e  s y n th e s is .  F e b u x o s ta t ,  a  n o n p u r in e  in h ib i to r  o f  XO , is  a lso  

a v a i la b le .  [N o te : U r ic  a c id  le v e ls  in  th e  b lo o d  n o rm a lly  a re  c lo s e  to  th e  

s a tu ra t io n  p o in t .  O n e  r e a s o n  fo r  th is  m a y  b e  th e  s tro n g  a n t io x id a n t  

e f fe c ts  o f  u r ic  a c id .]



2. Adenosine deaminase deficiency
AD A  is  e x p re s s e d  in  a  v a r ie ty  o f  t is s u e s ,  b u t,  in  h u m a n s , ly m p h o c y te s  h a v e  th e  

h ig h e s t  a c t iv i ty  o f  th is  c y to p la s m ic  e n z y m e . A  d e f ic ie n c y  o f  A D A  re s u lts  in  a n  

a c c u m u la t io n  o f  a d e n o s in e , w h ic h  is  c o n v e r te d  to  its  r ib o n u c le o t id e  o r  

d e o x y r ib o n u c le o t id e  fo rm s  b y  c e l lu la r  kinases. A s  d A T P  le v e ls  r is e , 

ribonucleotide reductase  is  in h ib ite d , th e re b y  p re v e n t in g  th e  p r o d u c t io n  o f  a l l  

d e o x y r ib o s e -c o n ta in in g  n u c le o t id e s  (s e e  p . 2 9 7 ) . C o n s e q u e n t ly ,  c e l ls  c a n n o t  

m a k e  D N A  a n d  d iv id e . [N o te : T h e  d A T P  a n d  a d e n o s in e  th a t  a c c u m u la te  in  A D A  
d e f ic ie n c y  le a d  to  d e v e lo p m e n ta l  a r r e s t  a n d  a p o p to s is  o f  ly m p h o c y te s .]  In  its  

m o s t  s e v e re  fo rm , th is  a u to s o m a l- re c e s s iv e  d is o rd e r  c a u s e s  a  ty p e  o f  s e v e re  

c o m b in e d  im m u n o d e f ic ie n c y  d is e a s e  (S C ID ) , in v o lv in g  a  d e c re a s e  in  T  c e lls ,  B  

c e lls , a n d  n a tu r a l  k i l le r  c e lls . A D A  d e f ic ie n c y  a c c o u n ts  fo r  ~ 1 4 %  o f  c a s e s  o f  

S C ID  in  th e  U n ite d  S ta te s . T re a tm e n ts  in c lu d e  b o n e  m a r ro w  tra n s p la n ta t io n ,  

e n z y m e  re p la c e m e n t  th e ra p y , a n d  g e n e  th e ra p y  (s e e  p . 5 0 1 ). W i th o u t  a p p ro p r ia te  

t r e a tm e n t,  c h i ld re n  w i th  th is  d is o rd e r  u s u a lly  d ie  f ro m  in f e c t io n  b y  a g e  2 y e a rs . 

[N o te : Purine nucleoside phosphorylase  d e f ic ie n c y  r e s u lts  in  a  le s s  s e v e re  

im m u n o d e f ic ie n c y  p r im a r i ly  in v o lv in g  T  c e lls .]

VI. PYRIMIDINE SYNTHESIS AND 
DEGRADATION

U n lik e  th e  s y n th e s is  o f  th e  p u r in e  r in g , w h ic h  is  c o n s tru c te d  o n  a  p re -e x is t in g  

r ib o s e  5 -p h o s p h a te ,  th e  p y r im id in e  r in g  is  s y n th e s iz e d  b e fo re  b e in g  a t ta c h e d  to  

r ib o s e  5 -p h o s p h a te ,  w h ic h  is  d o n a te d  b y  P R P P . T h e  s o u rc e s  o f  th e  a to m s  in  th e  

p y r im id in e  r in g  a re  g lu ta m in e , C O 2, a n d  a s p a r ta te  (F ig . 2 2 .1 9 ).



F ig u re  2 2 .1 9  S o u rc e s  o f  th e  in d iv id u a l  a to m s  in  th e  p y r im id in e  r in g . C O 2 

c a rb o n  d io x id e .

A. Carbamoyl phosphate synthesis
T h e  r e g u la te d  s te p  o f  th is  p a th w a y  in  m a m m a lia n  c e l ls  is  th e  s y n th e s is  o f  

c a rb a m o y l  p h o s p h a te  f ro m  g lu ta m in e  a n d  C O 2, c a ta ly z e d  b y  carbam oyl 

phosphate synthetase (CPS) II. CPS II  is  in h ib i te d  b y  u r id in e  t r ip h o s p h a te  

( th e  e n d  p ro d u c t  o f  th is  p a th w a y , w h ic h  c a n  b e  c o n v e r te d  in to  th e  o th e r  

p y r im id in e  n u c le o t id e s )  a n d  is  a c t iv a te d  b y  P R P P . [N o te : C a rb a m o y l  

p h o s p h a te ,  s y n th e s iz e d  b y  CPS I, is  a lso  a  p r e c u r s o r  o f  u re a  ( s e e  p . 2 5 3 ). 

D e fe c ts  in  ornith ine transcarbam ylase  o f  th e  u r e a  c y c le  p ro m o te  

p y r im id in e  s y n th e s is  b e c a u s e  o f  in c r e a s e d  a v a i la b i l i ty  o f  c a rb a m o y l  

p h o s p h a te .  A  c o m p a r is o n  o f  th e  tw o  e n z y m e s  is  p r e s e n te d  in  F ig u re  2 2 .2 0 .]



Variable C P S I C P S  I I

Cellular
location

Mitochondria Cytosol

Pathway
involved

Urea cycle Pyrimidine
synthesis

Source of 
nitrogen

Ammonia T^Amide 
group of 
glutamine

Regulators Activator:
N-acetyl-
glutamate

b J

Activator:
PRPP

Inhibitor:
UTP

b d

F ig u re  2 2 .2 0  S u m m a ry  o f  th e  d if f e re n c e s  b e tw e e n  carbam oyl phosphate  
synthetase (CPS) I  a n d  I I .  P R P P  = 5 -p h o s p h o r ib o s y l-1 -p y ro p h o s p h a te ;  U T P  = 

u r id in e  tr ip h o s p h a te .

B. Orotic acid synthesis
T h e  s e c o n d  s te p  in  p y r im id in e  s y n th e s is  is  th e  fo rm a t io n  o f  

c a rb a m o y la s p a r ta te ,  c a ta ly z e d  b y  aspartate transcarbam oylase. T h e  

p y r im id in e  r in g  is  th e n  c lo s e d  b y  dihydroorotase. T h e  r e s u lt in g  

d ih y d ro o ro ta te  is  o x id iz e d  to  p ro d u c e  o ro tic  a c id  (o ro ta te ) , a s  s h o w n  in  

F ig u re  2 2 .2 1 . T h e  h u m a n  e n z y m e  th a t  p ro d u c e s  o ro ta te , dihydroorotate  
dehydrogenase, is  a  f la v in  m o n o n u c le o t id e - c o n ta in in g  p ro te in  o f  th e  in n e r



m ito c h o n d r ia l  m e m b ra n e .  A ll  o th e r  e n z y m e s  in  p y r im id in e  b io s y n th e s is  a re  

c y to so l ic .  [N o te : T h e  f i r s t  th re e  e n z y m ic  a c t iv i t ie s  in  th is  p a th w a y  (CPS II, 
aspartate transcarbam oylase, a n d  dihydroorotase)  a re  a c tu a lly  th re e  

d i f f e re n t  c a ta ly t ic  d o m a in s  o f  a  s in g le  p o ly p e p tid e  k n o w n  a s  CAD  f ro m  th e  

f i r s t  le t te r  in  th e  n a m e  o f  e a c h  d o m a in . (S e e  p . 18  fo r  a  d is c u s s io n  o f  

d o m a in s .)  T h is  is  a n  e x a m p le  o f  a  m u l t i fu n c t io n a l  o r  m u l t ic a ta ly t ic  

p o ly p e p tid e  th a t  f a c i l i ta te s  th e  o rd e re d  s y n th e s is  o f  a n  im p o r ta n t  c o m p o u n d . 

S y n th e s is  o f  th e  p u r in e  n u c le o tid e  IM P  a lso  in v o lv e s  m u l t i fu n c t io n a l  

p ro te in s .]

F ig u re  2 2 .2 1  D e  n o v o  p y r im id in e  s y n th e s is .  A D P  =  a d e n o s in e  d ip h o s p h a te ;  P i = 

in o rg a n ic  p h o s p h a te ;  F M N (H 2) =  f la v in  m o n o n u c le o t id e ;  C T P  =  c y t id in e  

tr ip h o s p h a te ;  P R P P  =  5 -p h o s p h o r ib o s y l-1 -p y ro p h o s p h a te ;  P P i =  p y ro p h o s p h a te .

C. Pyrimidine nucleotide synthesis
T h e  c o m p le te d  p y r im id in e  r in g  is  c o n v e r te d  to  th e  n u c le o tid e  o ro tid in e  

m o n o p h o s p h a te  (O M P )  in  th e  s e c o n d  s ta g e  o f  p y r im id in e  n u c le o tid e  

s y n th e s is  (s e e  F ig . 2 2 .2 1 ). A s  s e e n  w i th  th e  p u r in e s ,  P R P P  is  th e  r ib o s e  5 -



p h o s p h a te  d o n o r . T h e  e n z y m e  orotate phosphoribosyltransferase  p ro d u c e s  

O M P  a n d  r e le a s e s  p y ro p h o s p h a te ,  th e re b y  m a k in g  th e  r e a c t io n  b io lo g ic a l ly  

ir r e v e r s ib le .  [N o te : B o th  p u r in e  a n d  p y r im id in e  s y n th e s is  r e q u ire  g lu ta m in e , 

a s p a r t ic  a c id , a n d  P R P P  a s  e s s e n t ia l  p re c u r s o r s .]  O M P  (o ro tid y la te )  is  

d e c a rb o x y la te d  to  u r id in e  m o n o p h o s p h a te  (U M P )  b y  orotidylate  
decarboxylase. T h e  phosphoribosyltransferase  a n d  decarboxylase  
a c t iv i t ie s  a re  s e p a ra te  c a ta ly t ic  d o m a in s  o f  a  s in g le  p o ly p e p tid e  c a l le d  UM P  
synthase. H e re d ita ry  o ro tic  a c id u r ia  (a  v e ry  ra re  d is o rd e r )  m a y  b e  c a u s e d  b y  

a  d e f ic ie n c y  o f  o n e  o r  b o th  a c t iv i t ie s  o f  th is  b ifu n c t io n a l  e n z y m e , r e s u lt in g  

in  o ro tic  a c id  in  th e  u r in e  (s e e  F ig . 2 2 .2 1 ). U M P  is  s e q u e n t ia l ly  

p h o s p h o ry la te d  to  U D P  a n d  U T P . [N o te : T h e  U D P  is  a  s u b s t r a te  fo r  

ribonucleotide reductase, w h ic h  g e n e ra te s  d U D P . T h e  d U D P  is 

p h o s p h o ry la te d  to  d U T P , w h ic h  is  r a p id ly  h y d ro ly z e d  to  d U M P  b y  UTP  
diphosphatase (dUTPase). T h u s , dU TPase  p la y s  a n  im p o r ta n t  ro le  in  

re d u c in g  a v a i la b i l i ty  o f  d U T P  a s  a  s u b s t r a te  fo r  D N A  s y n th e s is ,  th e re b y  

p re v e n t in g  e r ro n e o u s  in c o rp o ra t io n  o f  u ra c i l  in to  D N A .]

D. Cytidine triphosphate synthesis
C y tid in e  t r ip h o s p h a te  (C T P )  is  p ro d u c e d  b y  a m in a t io n  o f  U T P  b y  CTP  
synthetase  (F ig . 2 2 .2 2 ), w ith  g lu ta m in e  p ro v id in g  th e  n i t ro g e n . S o m e  o f  

th is  C T P  is  d e p h o s p h o ry la te d  to  C D P , w h ic h  is  a  s u b s t r a te  fo r  

ribonucleotide reductase. T h e  d C D P  p r o d u c t  c a n  b e  p h o s p h o ry la te d  to  

d C T P  fo r  D N A  s y n th e s is  o r  d e p h o s p h o ry la te d  to  d C M P  th a t  is  d e a m in a te d  

to  d U M P .



F ig u re  2 2 .2 2  S y n th e s is  o f  C T P  f ro m  U T P . [N o te : C T P , r e q u i re d  fo r  R N A  

s y n th e s is ,  is  c o n v e r te d  to  d C T P  fo r  D N A  s y n th e s is .]  A D P  = a d e n o s in e  

d ip h o s p h a te ;  Pj = in o rg a n ic  p h o s p h a te .

E. Deoxythymidine monophosphate synthesis
d U M P  is  c o n v e r te d  to  d e o x y th y m id in e  m o n o p h o s p h a te  (d T M P )  b y  

thym idylate synthase, w h ic h  u s e s  N 5,N 10-m e th y le n e -T H F  a s  th e  s o u rc e  o f  

th e  m e th y l  g ro u p  (s e e  p . 2 6 7 ) . T h is  is  a n  u n u s u a l  r e a c t io n  in  th a t  T H F  

c o n tr ib u te s  n o t  o n ly  a  o n e -c a rb o n  u n i t  b u t  a lso  tw o  h y d ro g e n  a to m s  f ro m  

th e  p te r id in e  r in g , r e s u l t in g  in  th e  o x id a t io n  o f  T H F  to  d ih y d ro fo la te  

( [D H F ] , F ig . 2 2 .2 3 ). In h ib i to r s  o f  thym idylate synthase  in c lu d e  th y m in e  

a n a lo g s  s u c h  a s  5 - f lu o ro u ra c il ,  w h ic h  s e rv e  a s  a n t i tu m o r  a g e n ts . 5- 

F lu o ro u ra c i l  is  m e ta b o l ic a l ly  c o n v e r te d  to  5 - f lu o ro d e o x y u r id in e  

m o n o p h o s p h a te  (5 -F d U M P ) , w h ic h  b e c o m e s  p e rm a n e n tly  b o u n d  to  th e  

in a c t iv a te d  thym idylate synthase, m a k in g  th e  d ru g  a  s u ic id e  in h ib i to r  (s e e  

p . 6 0 ). D H F  c a n  b e  r e d u c e d  to  T H F  b y  dihydrofolate reductase  ( s e e  F ig .



2 8 .2 , p . 3 7 8 ) , a n  e n z y m e  th a t  is  in h ib i te d  b y  fo la te  a n a lo g s  s u c h  as 

m e th o tre x a te .  B y  d e c re a s in g  th e  s u p p ly  o f  T H F , th e s e  d ru g s  n o t  o n ly  in h ib i t  

p u r in e  s y n th e s is  (s e e  F ig . 2 2 .7 ), b u t, b y  p re v e n t in g  m e th y la t io n  o f  d U M P  to  

d T M P , th e y  a lso  d e c re a s e  th e  a v a i la b i l i ty  o f  th is  e s s e n t ia l  c o m p o n e n t  o f  

D N A . D N A  s y n th e s is  is  in h ib i te d  a n d  c e l l  g ro w th  s lo w e d . T h u s , th e se  

d ru g s  a re  u s e d  to  t r e a t  c a n c e r . [N o te : A c y c lo v i r  (a  p u r in e  a n a lo g )  a n d  A Z T  

(3 '- a z id o -3 '- d e o x y th y m id in e ,  a  p y r im id in e  a n a lo g )  a re  u s e d  to  t r e a t  

in fe c t io n s  o f  h e rp e s  s im p le x  v iru s  a n d  h u m a n  im m u n o d e f ic ie n c y  v iru s , 

r e s p e c t iv e ly . E a c h  in h ib its  th e  v i r a l  D N A polym erase.]
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F ig u re  2 2 .2 3  S y n th e s is  o f  d T M P  f ro m  d U M P , i l lu s tr a t in g  s ite s  o f  a c t io n  o f  

a n t in e o p la s t ic  d ru g s .

F. Pyrimidine salvage and degradation
U n lik e  th e  p u r in e  r in g , w h ic h  is  n o t  c le a v e d  in  h u m a n s  a n d  is  e x c re te d  as  

p o o r ly  s o lu b le  u r ic  a c id , th e  p y r im id in e  r in g  is  o p e n e d  a n d  d e g ra d e d  to  

h ig h ly  s o lu b le  p ro d u c ts ,  P -a la n in e  ( f ro m  th e  d e g ra d a t io n  o f  C M P  a n d  U M P ) 

a n d  p -a m in o is o b u ty ra te  ( f ro m  T M P  d e g ra d a t io n ) ,  w i th  th e  p ro d u c t io n  o f  

a m m o n ia  a n d  C O 2. P y r im id in e  b a s e s  c a n  b e  s a lv a g e d  to  n u c le o s id e s ,  w h ic h  

a re  p h o s p h o ry la te d  to  n u c le o t id e s .  H o w e v e r ,  th e ir  h ig h  s o lu b i l i ty  m a k e s  

p y r im id in e  s a lv a g e  le s s  s ig n if ic a n t  c l in ic a lly  th a n  p u r in e  s a lv a g e . [N o te : 

T h e  s a lv a g e  o f  p y r im id in e  n u c le o s id e s  is  th e  b a s is  fo r  u s in g  u r id in e  in  th e  

t r e a tm e n t  o f  h e re d i ta ry  o ro tic  a c id u r ia  (s e e  p . 3 0 2 ) .]



VII. CHAPTER SUMMARY

N u c le o t id e s  a re  c o m p o s e d  o f  a  n i t ro g e n o u s  b a s e  ( a d e n in e  = A , g u a n in e  = 

G , c y to s in e  = C , u ra c i l  = U , a n d  th y m in e  = T ); a  p e n to s e  su g a r ;  a n d  o n e , 

tw o , o r  th re e  p h o s p h a te  g ro u p s  (F ig . 2 2 .2 4 ). A  a n d  G  a re  p u r in e s ,  a n d  C , U , 

a n d  T  a re  p y r im id in e s .  I f  th e  s u g a r  is  r ib o s e , th e  n u c le o t id e  is  a  

r ib o n u c le o s id e  p h o s p h a te  ( fo r  e x a m p le , a d e n o s in e  m o n o p h o s p h a te  [A M P ]) , 

a n d  i t  c a n  h a v e  s e v e ra l  fu n c t io n s  in  th e  c e ll, in c lu d in g  b e in g  a  c o m p o n e n t  

o f  R N A . I f  th e  s u g a r  is  d e o x y r ib o s e ,  th e  n u c le o t id e  is  a  

d e o x y r ib o n u c le o s id e  p h o s p h a te  ( fo r  e x a m p le , d e o x y A M P )  a n d  w il l  b e  

fo u n d  a lm o s t  e x c lu s iv e ly  as  a  c o m p o n e n t  o f  D N A . T h e  c o m m it te d  s te p  in  

p u r in e  s y n th e s is  u s e s  5 - p h o s p h o r ib o s y l-1 -p y ro p h o s p h a te  ( [P R P P ] , a n  

a c t iv a te d  p e n to s e  th a t  p ro v id e s  th e  r ib o s e  5 -p h o s p h a te  fo r  d e  n o v o  p u r in e  

a n d  p y r im id in e  s y n th e s is  a n d  s a lv a g e )  a n d  n i t r o g e n  f ro m  g lu ta m in e  to  

p ro d u c e  p h o s p h o r ib o s y la m in e .  T h e  e n z y m e  is

glu tam ine:phosphoribosylpyrophosphate am idotransferase  a n d  is  

in h ib i te d  b y  A M P  a n d  g u a n o s in e  m o n o p h o s p h a te  ( th e  e n d  p ro d u c ts  o f  th e  

p a th w a y )  a n d  a c t iv a te d  b y  P R P P . P u r in e  n u c le o t id e s  c a n  a lso  b e  p ro d u c e d  

f ro m  p re fo rm e d  p u r in e  b a s e s  b y  u s in g  s a lv a g e  r e a c t io n s  c a ta ly z e d  b y  

adenine phosphoribosyltransferase (APRT) a n d  h ypoxan th ine-guanine  
phosphoribosyltransferase (H GPRT). A  n e a r - to ta l  d e f ic ie n c y  o f  H G P R T  
c a u s e s  L e s c h -N y h a n  s y n d ro m e , a  s e v e re ,  in h e r i te d  fo rm  o f  h y p e ru r ic e m ia  

a c c o m p a n ie d  b y  c o m p u ls iv e  s e lf -m u ti la t io n .  A l l  d e o x y r ib o n u c le o t id e s  a re  

s y n th e s iz e d  f ro m  r ib o n u c le o t id e s  b y  th e  e n z y m e  ribonucleotide reductase. 
T h is  e n z y m e  is  h ig h ly  r e g u la te d  ( fo r  e x a m p le , i t  is  s tro n g ly  in h ib i te d  b y  

d e o x y a d e n o s in e  t r ip h o s p h a te  [d A T P ], a  c o m p o u n d  th a t  is  o v e rp ro d u c e d  in  

b o n e  m a r ro w  c e lls  in  in d iv id u a ls  w ith  adenosine deam inase  [A D A ] 

d e f ic ie n c y ) .  A D A  d e f ic ie n c y  c a u s e s  s e v e re  c o m b in e d  im m u n o d e f ic ie n c y  

d is e a se . T h e  e n d  p r o d u c t  o f  p u r in e  d e g ra d a t io n  is  u r ic  a c id , a  c o m p o u n d  o f  

lo w  s o lu b il i ty  w h o s e  o v e rp ro d u c t io n  o r  u n d e r s e c r e t io n  c a u s e s  

h y p e ru r ic e m ia  th a t,  i f  a c c o m p a n ie d  b y  th e  d e p o s i t io n  o f  m o n o s o d iu m  u ra te  

c ry s ta ls  in  jo in ts  a n d  s o f t  t i s s u e s  a n d  a n  in f la m m a to ry  r e s p o n s e  to  th o s e  

c ry s ta ls ,  r e s u lts  in  g o u t. T h e  f i r s t  s te p  in  p y r im id in e  s y n th e s is ,  th e  

p ro d u c t io n  o f  c a rb a m o y l  p h o s p h a te  b y  carbam oyl phosphate synthetase II, 
is  th e  r e g u la te d  s te p  in  th is  p a th w a y  ( it  is  in h ib i te d  b y  u r id in e  tr ip h o s p h a te



[U T P ] a n d  a c t iv a te d  b y  P R P P ) . T h e  U T P  p ro d u c e d  b y  th is  p a th w a y  c a n  b e  

c o n v e r te d  to  c y t id in e  tr ip h o s p h a te .  D e o x y u r id in e  m o n o p h o s p h a te  c a n  b e  

c o n v e r te d  to  d e o x y th y m id in e  m o n o p h o s p h a te  b y  thym idylate synthase, a n  

e n z y m e  ta rg e te d  b y  a n t ic a n c e r  d ru g s  s u c h  as  5 - f lu o ro u ra c il .  T h e  

r e g e n e ra t io n  o f  te tr a h y d ro fo la te  f ro m  d ih y d ro fo la te  p ro d u c e d  in  th e  

thym idylate synthase  r e a c t io n  r e q u ire s  dihydrofolate reductase, a n  e n z y m e  

ta rg e te d  b y  th e  d ru g  m e th o tre x a te .  P y r im id in e  d e g ra d a t io n  r e s u l ts  in  

s o lu b le  p ro d u c ts .



F ig u re  2 2 .2 4  K e y  c o n c e p t  m a p  fo r  n u c le o t id e  m e ta b o l is m . T H F  = 

te tra h y d ro fo la te ;  G P A T  = glu tam ine:phosphoribosylpyrophosphate  
am idotransferase; A D A  =  adenosine deam inase; X O  =  xanthine oxidase; TS = 

thym idylate synthase; RN R  =  ribonucleotide reductase; CPS II  =  carbam oyl 
phosphate synthetase  I I ;  A M P , G M P , C M P , T M P , a n d  IM P  =  a d e n o s in e ,



g u a n o s in e , c y t id in e , th y m id in e , a n d  in o s in e  m o n o p h o s p h a te s ;  d  = d e o x y ; P P j = 

p y ro p h o s p h a te ;  P R P P  = 5 -p h o s p h o r ib o s y l-1 -p y ro p h o s p h a te .

Study Questions

Choose th e  O N E  b e s t  a n s w e r .

2 .1 . A z a s e r in e ,  a  d ru g  w ith  r e s e a rc h  a p p l ic a t io n s ,  in h ib its  g lu ta m in e -d e p e n d e n t  

e n z y m e s . I n c o rp o ra t io n  o f  w h ic h  o f  th e  r in g  n i t ro g e n s  (N ) in  th e  g e n e r ic  

p u r in e  s tru c tu re  s h o w n  w o u ld  m o s t  l ik e ly  b e  a f f e c te d  b y  a z a s e r in e ?

A . 1

B . 3

C . 7

D . 9

C o r r e c t  a n s w e r  = D . T h e  N  a t  p o s i t io n  9  is  s u p p lie d  b y  g lu ta m in e  in  th e  f ir s t  

s te p  o f  p u r in e  d e  n o v o  s y n th e s is ,  a n d  its  in c o rp o ra t io n  w o u ld  b e  a f f e c te d  b y  

a z a s e r in e . T h e  N  a t  p o s i t io n  1 is  s u p p lie d  b y  a s p a r ta te  a n d  a t  p o s i t io n  7 b y  

g ly c in e . T h e  N  a t  p o s i t io n  3 is  a lso  s u p p lie d  b y  g lu ta m in e , b u t  a z a s e r in e  w o u ld  

h a v e  in h ib i te d  p u r in e  s y n th e s is  p r io r  to  th is  s te p .

2 .2 . A  4 2 -y e a r -o ld  m a le  p a t ie n t  u n d e rg o in g  r a d ia t io n  th e ra p y  fo r  p ro s ta te  c a n c e r  

d e v e lo p s  s e v e re  p a in  in  th e  m e ta ta r s a l  p h a la n g e a l  jo in t  o f  h is  r ig h t  b ig  to e . 

M o n o s o d iu m  u ra te  c ry s ta ls  a re  d e te c te d  b y  p o la r iz e d  l ig h t  m ic ro s c o p y  in



f lu id  o b ta in e d  f ro m  th is  jo in t  b y  a r th ro c e n te s is .  T h is  p a t ie n t ’s p a in  is  

d ire c tly  c a u s e d  b y  th e  o v e rp ro d u c t io n  o f  th e  e n d  p ro d u c t  o f  w h ic h  o f  th e  

fo llo w in g  m e ta b o l ic  p a th w a y s ?

A . D e  n o v o  p y r im id in e  b io s y n th e s is

B . P y r im id in e  d e g ra d a t io n

C . D e  n o v o  p u r in e  b io s y n th e s is

D . P u r in e  s a lv a g e

E . P u r in e  d e g ra d a t io n

C o r r e c t  a n s w e r  = E . T h e  p a t ie n t ’s p a in  is  c a u s e d  b y  g o u t, r e s u l t in g  f ro m  a n  

in f la m m a to ry  r e s p o n s e  to  th e  c ry s ta l l iz a t io n  o f  e x c e s s  u ra te  (a s  m o n o s o d iu m  

u ra te )  in  h is  jo in ts .  R a d ia t io n  th e ra p y  c a u s e d  c e l l  d e a th , w ith  d e g ra d a t io n  o f  

n u c le ic  a c id s  a n d  th e ir  c o n s t i tu e n t  p u r in e s .  U r ic  a c id , th e  e n d  p ro d u c t  o f  p u r in e  

d e g ra d a tio n , is  a  r e la t iv e ly  in s o lu b le  c o m p o u n d  th a t  c a n  c a u s e  g o u t  (a n d  

k id n e y  s to n e s ) .  P y r im id in e  m e ta b o l is m  is  n o t  a s s o c ia te d  w ith  u r ic  a c id  

p ro d u c t io n . O v e rp ro d u c t io n  o f  p u r in e s  c a n  in d ire c t ly  r e s u l t  in  h y p e ru r ic e m ia .  

P u r in e  s a lv a g e  d e c re a s e s  u r ic  a c id  p ro d u c t io n .

2 .3 . W h ic h  o n e  o f  th e  fo llo w in g  e n z y m e s  o f  n u c le o t id e  m e ta b o l is m  is  c o r re c tly  

p a i r e d  w i th  its  p h a rm a c o lo g ic  in h ib ito r?

A . D ih y d ro fo la te  r e d u c ta s e — m e th o tre x a te

B . In o s in e  m o n o p h o s p h a te  d e h y d ro g e n a s e — h y d ro x y u re a

C . R ib o n u c le o t id e  re d u c ta s e — 5 -f lu o ro u ra c i l

D . T h y m id y la te  s y n th a s e — a llo p u r in o l

E . X a n th in e  o x id a s e — p ro b e n e c id

C o r r e c t  a n s w e r  = A . M e th o tre x a te  in te r f e re s  w i th  fo la te  m e ta b o l is m  b y  a c t in g  

as  a  c o m p e ti t iv e  in h ib i to r  o f  th e  e n z y m e  d ih y d ro fo la te  re d u c ta s e .  T h is  s ta rv e s  

c e lls  fo r  te tr a h y d ro fo la te  a n d  m a k e s  th e m  u n a b le  to  s y n th e s iz e  p u r in e s  a n d  

th y m id in e  m o n o p h o s p h a te .  In o s in e  m o n o p h o s p h a te  d e h y d ro g e n a s e  is  in h ib i te d  

b y  m y c o p h e n o lic  a c id . R ib o n u c le o t id e  re d u c ta s e  is  in h ib i te d  b y  h y d ro x y u re a .  

T h y m id y la te  s y n th a s e  is  in h ib i te d  b y  5 - f lu o ro u ra c il .  X a n th in e  o x id a s e  is  

in h ib i te d  b y  a l lo p u r in o l .  P ro b e n e c id  in c re a s e s  r e n a l  e x c re t io n  o f  u ra te  b u t  d o e s  

n o t  in h ib i t  its  p ro d u c t io n .

2 .4 . A  1 -y e a r -o ld  fe m a le  p a t ie n t  is  le th a rg ic ,  w e a k , a n d  a n e m ic . H e r  h e ig h t  a n d



w e ig h t  a re  lo w  fo r  h e r  a g e . H e r  u r in e  c o n ta in s  a n  e le v a te d  le v e l  o f  o ro tic  

a c id . A c tiv i ty  o f  u r id in e  m o n o p h o s p h a te  s y n th a s e  is  lo w . A d m in is t r a t io n  o f  

w h ic h  o f  th e  fo l lo w in g  is  m o s t  l ik e ly  to  a l le v ia te  h e r  s y m p to m s ?

A . A d e n in e

B . G u a n in e

C . H y p o x a n th in e

D . T h y m id in e

E . U r id in e

C o r r e c t  a n s w e r  = E . T h e  e le v a te d  e x c re t io n  o f  o ro tic  a c id  a n d  lo w  a c t iv i ty  o f  

u r id in e  m o n o p h o s p h a te  (U M P )  s y n th a s e  in d ic a te  th a t  th e  p a t ie n t  h a s  o ro tic  

a c id u r ia ,  a  v e ry  ra re  g e n e t ic  d is o rd e r  a f f e c tin g  d e  n o v o  p y r im id in e  s y n th e s is .  

D e f ic ie n c ie s  in  o n e  o r  b o th  c a ta ly t ic  d o m a in s  o f  U M P  s y n th a s e  le a v e  th e  

p a t ie n t  u n a b le  to  s y n th e s iz e  p y r im id in e s .  U r id in e , a  p y r im id in e  n u c le o s id e , is  a  

u s e fu l  t r e a tm e n t  b e c a u s e  i t  b y p a s s e s  th e  m is s in g  a c t iv i t ie s  a n d  c a n  b e  s a lv a g e d  

to  U M P , w h ic h  c a n  b e  c o n v e r te d  to  a l l  th e  o th e r  p y r im id in e s .  A lth o u g h  

th y m id in e  is  a  p y r im id in e  n u c le o s id e , i t  c a n n o t  b e  c o n v e r te d  to  o th e r  

p y r im id in e s .  H y p o x a n th in e ,  g u a n in e , a n d  a d e n in e  a re  a l l  p u r in e  b a s e s  a n d  

c a n n o t  b e  c o n v e r te d  to  p y r im id in e s .

2 .5 . W h a t  la b o ra to ry  te s t  w o u ld  h e lp  in  d is t in g u is h in g  a n  o ro tic  a c id u r ia  c a u s e d  

b y  o rn i th in e  t r a n s c a rb a m y la s e  d e f ic ie n c y  f ro m  th a t  c a u s e d  b y  u r id in e  

m o n o p h o s p h a te  s y n th a s e  d e f ic ie n c y ?

B lo o d  a m m o n ia  le v e l  w o u ld  b e  e x p e c te d  to  b e  e le v a te d  in  o rn ith in e  

t r a n s c a rb a m y la s e  d e f ic ie n c y  th a t  a f fe c ts  th e  u re a  c y c le  b u t  n o t  in  u r id in e  

m o n o p h o s p h a te  s y n th a s e  d e f ic ie n c y .
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of Insulin and

Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

F o u r  m a jo r  t i s s u e s  p la y  a  d o m in a n t  ro le  in  fu e l  m e ta b o lis m : l iv e r , a d ip o se , 

m u s c le ,  a n d  b ra in .  T h e s e  t i s s u e s  c o n ta in  u n iq u e  se ts  o f  e n z y m e s , s u c h  th a t  e a c h  

t i s s u e  is  s p e c ia l iz e d  fo r  th e  s to ra g e , u se , o r  g e n e ra t io n  o f  s p e c if ic  fu e ls . T h e s e  

t is s u e s  d o  n o t  fu n c t io n  in  is o la t io n  b u t  r a th e r  fo rm  p a r t  o f  a  n e tw o rk  in  w h ic h  

o n e  t i s s u e  m a y  p ro v id e  s u b s t ra te s  to  a n o th e r  o r  p ro c e s s  c o m p o u n d s  p ro d u c e d  b y  

o th e r  t is s u e s .  C o m m u n ic a t io n  b e tw e e n  t is s u e s  is  m e d ia te d  b y  th e  n e rv o u s  

s y s te m , b y  th e  a v a i la b i l i ty  o f  c i r c u la t in g  s u b s tra te s ,  a n d  b y  v a r ia t io n  in  th e  le v e ls  

o f  p la s m a  h o rm o n e s  (F ig . 2 3 .1 ). T h e  in te g ra t io n  o f  e n e rg y  m e ta b o l is m  is  

c o n tro l le d  p r im a r i ly  b y  th e  a c t io n s  o f  tw o  p e p t id e  h o rm o n e s ,  in s u l in  a n d  

g lu c a g o n  (s e c re te d  in  r e s p o n s e  to  c h a n g in g  s u b s t r a te  le v e ls  in  th e  b lo o d ) ,  w ith  

th e  c a te c h o la m in e s  e p in e p h r in e  a n d  n o re p in e p h r in e  ( s e c re te d  in  r e s p o n s e  to  

n e u ra l  s ig n a ls )  p la y in g  a  s u p p o r tin g  ro le . C h a n g e s  in  th e  c i r c u la t in g  le v e ls  o f  

th e s e  h o rm o n e s  a l lo w  th e  b o d y  to  s to re  e n e rg y  w h e n  fo o d  is  a b u n d a n t  o r  to  m a k e  

s to re d  e n e rg y  a v a i la b le  s u c h  as  d u r in g  s u rv iv a l  c r is e s  ( fo r  e x a m p le , f a m in e , 

s e v e re  in ju ry , a n d  “ f ig h t -o r - f l ig h t” s i tu a tio n s ) .  T h is  c h a p te r  d e s c r ib e s  th e  

s tru c tu re ,  s e c re t io n , a n d  m e ta b o l ic  e f fe c ts  o f  th e  tw o  h o rm o n e s  th a t  m o s t  

p ro fo u n d ly  a f f e c t  e n e rg y  m e ta b o l is m .
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F ig u re  2 3 .1  M e c h a n is m s  o f  c o m m u n ic a t io n  b e tw e e n  fo u r  m a jo r  tis s u e s .

II. INSULIN

In s u lin  is  a  p e p t id e  h o rm o n e  p ro d u c e d  b y  th e  p c e lls  o f  th e  is le ts  o f  L a n g e rh a n s , 

w h ic h  a re  c lu s te r s  o f  c e lls  e m b e d d e d  in  th e  e n d o c r in e  p o r t io n  o f  th e  p a n c re a s  

(F ig . 2 3 .2 ). [N o te : “ I n s u l in ” is  f ro m  th e  L a t in  fo r  is la n d .]  T h e  is le ts  m a k e  u p  

o n ly  a b o u t  1 % - 2 %  o f  th e  to ta l  c e l ls  o f  th e  p a n c re a s .  In s u lin  is  th e  m o s t  

im p o r ta n t  h o rm o n e  c o o rd in a t in g  th e  u s e  o f  fu e ls  b y  t is s u e s .  I ts  m e ta b o l ic  e f fe c ts  

a re  a n a b o lic ,  f a v o r in g , fo r  e x a m p le , s y n th e s is  o f  g ly c o g e n , t r ia c y lg ly c e ro l  

(T A G ), a n d  p ro te in .



F ig u re  2 3 .2  I s le ts  o f  L a n g e rh a n s .

A. Structure
In s u lin  is  c o m p o s e d  o f  51 a m in o  a c id s  a r r a n g e d  in  tw o  p o ly p e p tid e  c h a in s , 

d e s ig n a te d  A  (2 1  a m in o  a c id s )  a n d  B , w h ic h  a re  l in k e d  to g e th e r  b y  tw o  

d is u lf id e  b o n d s  (F ig . 2 3 .3 A ). T h e  in s u l in  m o le c u le  a lso  c o n ta in s  a n  

in t r a m o le c u la r  d is u lf id e  b o n d  b e tw e e n  a m in o  a c id  r e s id u e s  o f  th e  A  c h a in . 

[N o te : In s u lin  w a s  th e  f ir s t  p e p t id e  fo r  w h ic h  th e  p r im a ry  s tru c tu re  w a s



d e te rm in e d  a n d  th e  f ir s t  th e ra p e u tic  m o le c u le  m a d e  b y  r e c o m b in a n t  D N A  

te c h n o lo g y  (se e  p . 4 8 6 ) .]

F ig u re  2 3 .3  A . S tru c tu re  o f  in s u lin .  B . F o rm a t io n  o f  h u m a n  in s u l in  f ro m  

p re p ro in s u l in .  S -S  = d is u lf id e  b o n d .

B. Synthesis
T h e  p ro c e s s in g  a n d  t r a n s p o r t  o f  in te rm e d ia te s  th a t  o c c u r  d u r in g  th e  

s y n th e s is  o f  in s u l in  a re  s h o w n  in  F ig u re s  2 3 .3 B  a n d  2 3 .4 . B io s y n th e s is  

in v o lv e s  p ro d u c t io n  o f  tw o  in a c t iv e  p re c u rs o rs ,  p re p ro in s u l in  a n d  

p ro in s u lin ,  w h ic h  a re  s e q u e n t ia l ly  c le a v e d  to  fo rm  th e  a c t iv e  h o rm o n e  p lu s  

th e  c o n n e c t in g  o r  C -p e p tid e  in  a  1 :1  ra t io  (s e e  F ig . 2 3 .4 ). [N o te : T h e  C - 

p e p t id e  is  e s s e n tia l  fo r  p ro p e r  in s u l in  fo ld in g . A ls o , b e c a u s e  i ts  h a l f - l i f e  in  

p la s m a  is  lo n g e r  th a n  th a t  o f  in s u lin ,  th e  C -p e p tid e  le v e l  is  a  g o o d  in d ic a to r  

o f  in s u l in  p ro d u c t io n  a n d  s e c re t io n .]  In s u l in  is  s to re d  in  c y to s o l ic  g ra n u le s  

th a t,  g iv e n  th e  p ro p e r  s t im u lu s  (s e e  C .1 . b e lo w ) ,  a re  re le a s e d  b y  e x o c y to s is .  

(S e e  p . 4 5 9  fo r  a  d is c u s s io n  o f  th e  s y n th e s is  o f  s e c re te d  p ro te in s .)  I n s u lin  is  

d e g ra d e d  b y  insulin-degrading enzym e, w h ic h  is  p r e s e n t  in  th e  l iv e r  a n d , to  

a  le s s e r  e x te n t, in  th e  k id n e y s . I n s u lin  h a s  a  p la s m a  h a lf - l i f e  o f  ~ 6  m in u te s .  

T h is  s h o r t  d u ra t io n  o f  a c t io n  p e rm its  r a p id  c h a n g e s  in  c i r c u la t in g  le v e ls  o f  

th e  h o rm o n e .
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F ig u re  2 3 .4  In tr a c e l lu la r  m o v e m e n ts  o f  in s u l in  a n d  its  p re c u rs o rs .  m R N A  = 

m e s s e n g e r  R N A ; R E R  = ro u g h  e n d o p la s m ic  re t ic u lu m .

C. Secretion regulation
S e c re t io n  o f  in s u l in  is  r e g u la te d  b y  b lo o d b o rn e  fu e ls  a n d  h o rm o n e s .

1. In c re a s e d  s e c re tio n : In s u l in  s e c re t io n  b y  th e  p a n c re a t ic  p c e lls  is  c lo se ly  

c o o rd in a te d  w i th  th e  s e c re t io n  o f  g lu c a g o n  b y  p a n c re a t ic  a  c e lls  (F ig . 

2 3 .5 ). T h e  re la t iv e  a m o u n ts  o f  g lu c a g o n  a n d  in s u l in  r e le a s e d  a re  

n o rm a lly  r e g u la te d  s u c h  th a t  th e  r a te  o f  h e p a t ic  g lu c o s e  p ro d u c t io n  is  

k e p t  e q u a l to  th e  u s e  o f  g lu c o s e  b y  p e r ip h e ra l  t is s u e s .  T h is  m a in ta in s  

b lo o d  g lu c o s e  b e tw e e n  7 0  a n d  1 4 0  m g /d l. In  v ie w  o f  its  c o o rd in a tin g



ro le , i t  is  n o t  s u rp r is in g  th a t  th e  p c e l l  r e s p o n d s  to  a  v a r ie ty  o f  s t im u li .  In  

p a r t ic u la r ,  in s u l in  s e c re t io n  is  in c r e a s e d  b y  g lu c o s e , a m in o  a c id s , a n d  

g a s tro in te s t in a l  p e p t id e  h o rm o n e s .





F ig u re  2 3 .5  C h a n g e s  in  b lo o d  le v e ls  o f  g lu c o se , in s u lin ,  a n d  g lu c a g o n  a f te r  

in g e s t io n  o f  a  c a rb o h y d ra te - r ic h  m e a l.

a. G lu c o s e : I n g e s t io n  o f  a  c a r b o h y d ra te - r ic h  m e a l le a d s  to  a  r is e  in  b lo o d  

g lu c o se , th e  p r im a ry  s t im u lu s  fo r  in s u l in  s e c re t io n  (s e e  F ig . 2 3 .5 ). T h e  

p c e l ls  a re  th e  m o s t  im p o r ta n t  g lu c o s e -s e n s in g  c e lls  in  th e  b o d y . L ik e  

th e  l iv e r , p c e lls  c o n ta in  G L U T -2  tr a n s p o r te r s  a n d  e x p re s s  glucokinase  
(hexokinase IV; s e e  p . 9 8 ) . A t  b lo o d  g lu c o s e  le v e ls  > 4 5  m g /d l, 

glucokinase  p h o s p h o ry la te s  g lu c o s e  in  a m o u n ts  p ro p o r t io n a l  to  th e  

g lu c o s e  c o n c e n tra t io n .  P ro p o r t io n a l i ty  r e s u lts  f ro m  th e  la c k  o f  d ire c t  

in h ib i t io n  o f  glucokinase  b y  g lu c o s e  6 -p h o s p h a te ,  its  p ro d u c t .  

A d d it io n a l ly ,  th e  s ig m o id a l  r e la t io n s h ip  b e tw e e n  th e  v e lo c i ty  o f  th e  

r e a c t io n  a n d  s u b s t r a te  c o n c e n tra t io n  (s e e  p . 9 8 )  m a x im iz e s  th e  

e n z y m e ’s re s p o n s iv e n e s s  to  c h a n g e s  in  b lo o d  g lu c o s e  le v e l. 

M e ta b o lis m  o f  g lu c o s e  6 -p h o s p h a te  g e n e ra te s  A T P , le a d in g  to  in s u l in  

s e c re t io n  ( s e e  b lu e  b o x  b e lo w ) .

b . A m in o  a c id s : I n g e s t io n  o f  p ro te in  c a u s e s  a  t r a n s ie n t  r is e  in  p la s m a  

a m in o  a c id  le v e ls  ( fo r  e x a m p le , a rg in in e )  th a t  e n h a n c e s  th e  g lu c o se -  

s t im u la te d  s e c re t io n  o f  in s u lin .  [N o te : F a tty  a c id s  h a v e  a  s im ila r  

e f fe c t.]

c. G a s tro in te s t in a l  p e p t id e  h o rm o n e s :  T h e  in te s t in a l  p e p t id e s  g lu c a g o n 

lik e  p e p t id e -1  (G L P -1 )  a n d  g a s tr ic  in h ib i to ry  p o ly p e p tid e  ( [G IP ]  a lso  

c a l le d  g lu c o s e -d e p e n d e n t  in s u l in o tro p ic  p e p t id e )  in c re a s e  th e  

s e n s it iv i ty  o f  p c e l ls  to  g lu c o s e . T h e y  a re  re le a s e d  f ro m  th e  s m a ll  

in te s t in e  a f te r  th e  in g e s t io n  o f  fo o d , c a u s in g  a n  a n t ic ip a to ry  r is e  in  

in s u l in  le v e ls  a n d , th u s , a re  r e f e r r e d  to  a s  in c re tin s .  T h e ir  a c t io n  m a y  

a c c o u n t  fo r  th e  f a c t  th a t  th e  s a m e  a m o u n t  o f  g lu c o s e  g iv e n  o ra l ly  

in d u c e s  a  m u c h  g re a te r  s e c re t io n  o f  in s u l in  th a n  i f  g iv e n  in t r a v e n o u s ly  

(IV ).

G lu c o s e -d e p e n d e n t  re le a s e  o f  in s u l in  in to  b lo o d  is  m e d ia te d  th ro u g h  a  r is e  

in  c a lc iu m  (C a 2+) c o n c e n tr a t io n  in  th e  p c e ll. G lu c o s e  ta k e n  in to  p c e l ls  b y  

G L U T -2  is  p h o s p h o ry la te d  a n d  m e ta b o l iz e d ,  w ith  s u b s e q u e n t  p r o d u c t io n  o f  

A T P . A T P -s e n s i t iv e  p o ta s s iu m  (K +) c h a n n e ls  c lo se , c a u s in g  d e p o la r iz a t io n  

o f  th e  p la s m a  m e m b ra n e ,  o p e n in g  o f  v o l ta g e -g a te d  C a 2+ c h a n n e ls ,  a n d  

in f lu x  o f  C a 2+ in to  th e  c e ll. C a 2+ c a u s e s  v e s ic le s  c o n ta in in g  in s u l in  to  b e  

e x o c y to s e d  f ro m  th e  p c e ll. S u lfo n y lu re a s ,  o ra l  a g e n ts  u s e d  to  t r e a t  ty p e  2



diabetes, increase insulin secretion by closing ATP-sensitive K+ channels.

2. D e c re a s e d  s e c re t io n : T h e  s y n th e s is  a n d  r e le a s e  o f  in s u l in  a re  d e c re a s e d  

w h e n  th e re  is  a  s c a rc i ty  o f  d ie ta ry  fu e ls  a n d  a lso  d u r in g  p e r io d s  o f  

p h y s io lo g ic  s tre s s  ( fo r  e x a m p le , in fe c tio n , h y p o x ia ,  a n d  v ig o ro u s  

e x e rc is e ) ,  th e re b y  p re v e n t in g  h y p o g ly c e m ia .  T h e s e  e f fe c ts  a re  m e d ia te d  

p r im a r i ly  b y  th e  c a te c h o la m in e s  n o re p in e p h r in e  a n d  e p in e p h r in e , w h ic h  

a re  m a d e  f ro m  ty ro s in e  in  th e  s y m p a th e t ic  n e rv o u s  s y s te m  (S N S )  a n d  th e  

a d re n a l  m e d u lla  a n d  th e n  s e c re te d . S e c re t io n  is  la rg e ly  c o n tro l le d  b y  

n e u ra l  s ig n a ls . T h e  c a te c h o la m in e s  (p r im a r ily  e p in e p h r in e )  h a v e  a  d ir e c t  

e f f e c t  o n  e n e rg y  m e ta b o l is m , c a u s in g  a  r a p id  m o b i l iz a t io n  o f  e n e rg y -  

y ie ld in g  fu e ls , in c lu d in g  g lu c o s e  f ro m  th e  l iv e r  (p ro d u c e d  b y  

g ly c o g e n o ly s is  o r  g lu c o n e o g e n e s is ;  s e e  p . 1 2 1 ) a n d  fa t ty  a c id s  (F A ) f ro m  

a d ip o s e  t i s s u e  (p ro d u c e d  b y  lip o ly s is ;  s e e  p . 1 8 9 ). In  a d d i tio n , th e se  

b io g e n ic  a m in e s  c a n  o v e r r id e  th e  n o rm a l  g lu c o s e -s t im u la te d  r e le a s e  o f  

in s u lin .  T h u s , in  e m e rg e n c y  s i tu a tio n s ,  th e  S N S  la rg e ly  re p la c e s  th e  

p la s m a  g lu c o s e  c o n c e n tra t io n  a s  th e  c o n tro l l in g  in f lu e n c e  o v e r  P -c e ll 

s e c re t io n . T h e  r e g u la t io n  o f  in s u l in  s e c re t io n  is  s u m m a r iz e d  in  F ig u re  

2 3 .6 .



F ig u re  2 3 .6  R e g u la t io n  o f  in s u l in  r e le a s e  f ro m  p a n c re a t ic  P c e lls .  [N o te : 

G a s tro in te s t in a l  p e p t id e  h o rm o n e s  a lso  s t im u la te  in s u l in  re le a s e .]

D. Metabolic effects
In s u lin  p ro m o te s  th e  s to ra g e  o f  n u tr ie n ts  a s  g ly c o g e n , T A G , a n d  p ro te in  a n d



in h ib its  th e ir  m o b i l iz a tio n .

1. E f fe c ts  o n  c a rb o h y d ra te  m e ta b o lis m : T h e  e f fe c ts  o f  in s u l in  o n  g lu c o s e  

m e ta b o l is m  p ro m o te  its  s to ra g e  a n d  a re  m o s t  p ro m in e n t  in  th re e  tis su e s : 

liv e r , m u s c le ,  a n d  a d ip o se . In  l iv e r  a n d  m u s c le ,  in s u l in  in c re a s e s  

g ly c o g e n  s y n th e s is .  In  m u s c le  a n d  a d ip o se , in s u l in  in c re a s e s  g lu c o s e  

u p ta k e  b y  in c re a s in g  th e  n u m b e r  o f  g lu c o s e  t r a n s p o r te r s  (G L U T -4 ; s e e  p . 

9 7 )  in  th e  c e l l  m e m b ra n e .  T h u s , th e  IV  a d m in is tr a t io n  o f  in s u l in  c a u s e s  

a n  im m e d ia te  d e c re a s e  in  b lo o d  g lu c o s e  le v e l.  In  th e  l iv e r , in s u lin  

d e c re a s e s  th e  p r o d u c t io n  o f  g lu c o s e  th ro u g h  th e  in h ib i t io n  o f  

g ly c o g e n o ly s is  a n d  g lu c o n e o g e n e s is .  [N o te : T h e  e f fe c ts  o f  in s u l in  a re  

d u e  n o t  ju s t  to  c h a n g e s  in  e n z y m e  a c t iv i ty  b u t  a lso  in  e n z y m e  a m o u n t  

in s o fa r  a s  in s u l in  a l te r s  g e n e  t r a n s c r ip t io n .]

2. E f fe c ts  o n  l ip id  m e ta b o lis m : A  r is e  in  in s u l in  r a p id ly  c a u s e s  a  s ig n if ic a n t  

r e d u c t io n  in  th e  r e le a s e  o f  F A  f ro m  a d ip o s e  t i s s u e  b y  in h ib i t in g  th e  

a c t iv i ty  o f  horm one-sensitive lipase, a  k e y  e n z y m e  o f  T A G  d e g ra d a t io n  

in  a d ip o c y te s .  In s u l in  a c ts  b y  p ro m o tin g  th e  d e p h o s p h o ry la t io n  a n d , 

h e n c e , in a c t iv a t io n  o f  th e  e n z y m e  (s e e  p . 1 9 0 ). In s u lin  a lso  in c re a s e s  th e  

t r a n s p o r t  a n d  m e ta b o l is m  o f  g lu c o s e  in to  a d ip o c y te s ,  p ro v id in g  th e  

g ly c e ro l  3 -p h o s p h a te  s u b s t r a te  fo r  T A G  s y n th e s is  ( s e e  p . 1 8 8 ). 

E x p re s s io n  o f  th e  g e n e  fo r  lipoprotein lipase, w h ic h  d e g ra d e s  T A G  in  

c i r c u la t in g  c h y lo m ic ro n s  a n d  v e ry - lo w -d e n s i ty  l ip o p ro te in s  ( [V L D L ]  s e e  

p . 2 2 9 ) , is  in c r e a s e d  b y  in s u l in  in  a d ip o se , th e re b y  p ro v id in g  F A  fo r  

e s te r i f ic a t io n  to  th e  g ly c e ro l .  [N o te : In s u lin  a lso  p ro m o te s  th e  c o n v e r s io n  

o f  g lu c o s e  to  T A G  in  th e  liv e r . T h e  T A G  a re  s e c re te d  in  V L D L .]

3. E f fe c ts  o n  p ro te in  s y n th e s is :  In  m o s t  t is s u e s ,  in s u l in  s t im u la te s  b o th  th e  

e n try  o f  a m in o  a c id s  in to  c e l ls  a n d  p ro te in  s y n th e s is  ( tr a n s la t io n ) .  [N o te : 

In s u lin  s t im u la te s  p ro te in  s y n th e s is  th ro u g h  c o v a le n t  a c t iv a t io n  o f  fa c to rs  

re q u ire d  fo r  t r a n s la t io n  in i t ia t io n .]

E. Mechanism
In s u lin  b in d s  to  s p e c if ic ,  h ig h -a f f in i ty  r e c e p to r s  in  th e  c e l l  m e m b ra n e  o f  

m o s t  t is s u e s ,  in c lu d in g  liv e r , m u s c le ,  a n d  a d ip o se . T h is  is  th e  f i r s t  s te p  in  a  

c a s c a d e  o f  r e a c t io n s  u l t im a te ly  le a d in g  to  a  d iv e r s e  a r ra y  o f  b io lo g ic  a c t io n s  

(F ig . 2 3 .7 ).



—Tyrosine* 1

Insulin binding activates
receptor tyrosine kinaseInsulin Insulin
activity in the intracellular receptorInsulin
domain of the p subunits (active)receptor
of the insulin receptor.(inactive)

Tyrosine residues of
Tyrosine the p subunits are auto-
Tyrosine phosphorylated.

Q —Tyrosine 1RS Tyr

T y r - ©1RS

Receptor tyrosine kinase
phosphorylâtes tyrosines
in other proteins (for
example, insulin receptor
substrates [1RS]).

Activation of multiple 
signaling pathways

Phosphorylated 1RS promote
activation of protein  kinases
and phosphatases, leading to
the metabolic effects of
insu in

Metabolic effects
of insulin:

Glucose uptake

Glycogen
synthesis
Protein
synthesis

Fat synthesis

Gluconeogenesis

Glycogenolysis

Lipolysis

F ig u re  2 3 .7  M e c h a n is m  o f  a c t io n  o f  in s u lin .  =  p h o s p h a te ;  T y r  =  ty ro s in e ;  S -S  = 

d is u lf id e  b o n d .

1. In s u l in  re c e p to r :  T h e  in s u l in  re c e p to r  is  s y n th e s iz e d  a s  a  s in g le  

p o ly p e p tid e  th a t  is  g ly c o s y la te d  a n d  c le a v e d  in to  a  a n d  p s u b u n its ,  w h ic h  

a re  th e n  a s s e m b le d  in to  a  te tr a m e r  l in k e d  b y  d is u lf id e  b o n d s  (se e  F ig . 

2 3 .7 ). T h e  e x tr a c e l lu la r  a  s u b u n its  c o n ta in  th e  in s u l in -b in d in g  s ite . A  

h y d ro p h o b ic  d o m a in  in  e a c h  p s u b u n it  sp a n s  th e  p la s m a  m e m b ra n e .  T h e



c y to s o l ic  d o m a in  o f  th e  p s u b u n it  is  a  tyrosine kinase, w h ic h  is  a c t iv a te d  

b y  in s u lin .  A s  a  re s u lt ,  th e  in s u l in  re c e p to r  is  c la s s i f ie d  a s  a  tyrosine  
kinase  r e c e p to r .

2. S ig n a l  t r a n s d u c t io n :  T h e  b in d in g  o f  in s u l in  to  th e  a  s u b u n its  o f  th e  

in s u l in  r e c e p to r  in d u c e s  c o n fo rm a tio n a l  c h a n g e s  th a t  a re  t r a n s m it te d  to  

th e  p s u b u n its .  T h is  p ro m o te s  a  r a p id  a u to p h o s p h o ry la t io n  o f  s p e c if ic  

ty ro s in e  re s id u e s  o n  e a c h  p s u b u n it  (s e e  F ig . 2 3 .7 ). A u to p h o s p h o ry la t io n  

in i t ia te s  a  c a s c a d e  o f  c e l l - s ig n a l in g  r e s p o n s e s ,  in c lu d in g  p h o s p h o ry la t io n  

o f  a  fa m ily  o f  p ro te in s  c a l le d  in s u l in  r e c e p to r  s u b s t ra te s  ( IR S ) . A t  le a s t  

fo u r  IR S  h a v e  b e e n  id e n t if ie d  th a t  s h o w  s im ila r  s tru c tu re s  b u t  d if f e re n t  

t i s s u e  d is tr ib u tio n s .  P h o s p h o ry la te d  IR S  p ro te in s  in te r a c t  w i th  o th e r  

s ig n a l in g  m o le c u le s  th ro u g h  s p e c if ic  d o m a in s  (k n o w n  as  S H 2 ), 

a c t iv a t in g  a  n u m b e r  o f  p a th w a y s  th a t  a f f e c t  g e n e  e x p re s s io n , c e ll 

m e ta b o l is m , a n d  g ro w th . T h e  a c t io n s  o f  in s u l in  a re  te rm in a te d  b y  

d e p h o s p h o ry la t io n  o f  th e  re c e p to r .

3. M e m b ra n e  e f fe c ts :  G lu c o s e  t r a n s p o r t  in  s o m e  tis s u e s ,  s u c h  as  m u s c le  a n d  

a d ip o se , in c re a s e s  in  th e  p re s e n c e  o f  in s u l in  (F ig . 2 3 .8 ). In s u l in  p ro m o te s  

m o v e m e n t  o f  in s u l in - s e n s i t iv e  g lu c o s e  t r a n s p o r te r s  (G L U T -4 )  f ro m  a  

p o o l  lo c a te d  in  in t r a c e l lu la r  v e s ic le s  to  th e  c e l l  m e m b ra n e .  [N o te : 

M o v e m e n t  is  th e  r e s u l t  o f  a  s ig n a l in g  c a s c a d e  in  w h ic h  a n  IR S  b in d s  to  

a n d  a c t iv a te s  a  kinase (phosphoinositide 3-kinase), le a d in g  to  

p h o s p h o ry la t io n  o f  th e  m e m b ra n e  p h o s p h o lip id  p h o s p h a t id y l in o s i to l  4 ,5 -  

b is p h o s p h a te  (P IP 2) to  th e  3 ,4 ,5 - tr is p h o s p h a te  fo rm  (P IP 3) th a t  b in d s  to  

a n d  a c t iv a te s  phosphoinositide-dependen t kinase 1. T h is  kinase, in  tu rn , 

a c t iv a te s  A k t  (o r  protein  kinase  B ) , r e s u lt in g  in  G L U T -4  m o v e m e n t .]  In  

c o n tra s t ,  o th e r  t i s s u e s  h a v e  in s u l in - in s e n s i t iv e  s y s te m s  fo r  g lu c o s e  

t r a n s p o r t  (F ig . 2 3 .9 ). F o r  e x a m p le , h e p a to c y te s ,  e ry th ro c y te s ,  a n d  c e l ls  o f  

th e  n e rv o u s  s y s te m , in te s t in a l  m u c o s a , r e n a l  tu b u le s ,  a n d  c o rn e a  d o  n o t  

r e q u ire  in s u l in  fo r  g lu c o s e  u p ta k e .



F ig u re  2 3 .8  I n s u l in -m e d ia te d  r e c ru i tm e n t  o f  G L U T -4  f ro m  in t r a c e l lu la r  s to re s  to  

th e  c e l l  m e m b ra n e  in  s k e le ta l  a n d  c a rd ia c  m u s c le  a n d  a d ip o s e  t is s u e . S -S  = 

d is u lf id e  b o n d .
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F ig u re  2 3 .9  C h a ra c te r is t ic s  o f  g lu c o s e  t r a n s p o r t  in  v a r io u s  tis s u e s .

4 . R e c e p to r  re g u la tio n :  B in d in g  o f  in s u l in  is  f o l lo w e d  b y  in te rn a l iz a t io n  o f  

th e  h o r m o n e - r e c e p to r  c o m p le x . O n c e  in s id e  th e  c e ll, in s u l in  is  d e g ra d e d  

in  th e  ly s o s o m e s .  T h e  r e c e p to r s  m a y  b e  d e g ra d e d , b u t  m o s t  a re  r e c y c le d  

to  th e  c e l l  s u r fa c e . [N o te : E le v a te d  le v e ls  o f  in s u l in  p ro m o te  th e  

d e g ra d a t io n  o f  r e c e p to rs ,  th e re b y  d e c re a s in g  th e  n u m b e r  o f  s u r fa c e  

re c e p to rs .  T h is  is  o n e  ty p e  o f  d o w n re g u la t io n .]

5. T im e  c o u rs e : T h e  b in d in g  o f  in s u l in  p ro v o k e s  a  w id e  ra n g e  o f  a c tio n s . 

T h e  m o s t  im m e d ia te  r e s p o n s e  is  a n  in c re a s e  in  g lu c o s e  t r a n s p o r t  in to



a d ip o c y te s  a n d  s k e le ta l  a n d  c a rd ia c  m u s c le  c e l ls  th a t  o c c u rs  w ith in  

s e c o n d s  o f  in s u l in  b in d in g  to  its  m e m b ra n e  re c e p to r .  In s u l in - in d u c e d  

c h a n g e s  in  e n z y m ic  a c t iv i ty  in  m a n y  c e l l  ty p e s  o c c u r  o v e r  m in u te s  to  

h o u rs  a n d  r e f le c t  c h a n g e s  in  th e  p h o s p h o ry la t io n  s ta te s  o f  e x is t in g  

p ro te in s .  In s u l in - in d u c e d  in c re a s e  in  th e  a m o u n t  o f  m a n y  e n z y m e s , s u c h  

as  glucokinase, l iv e r  pyruvate kinase, acetyl coenzym e A  (C o A ) 

carboxylase  (A C C ), a n d  fa tty  acid  synthase, r e q u ire s  h o u rs  to  d a y s . 

T h e s e  c h a n g e s  r e f le c t  a n  in c re a s e  in  g e n e  e x p re s s io n  th ro u g h  in c re a s e d  

tr a n s c r ip t io n  (m e d ia te d  b y  s te ro l  r e g u la to ry  e le m e n t - b in d in g  p r o te in - lc ;  

s e e  p . 1 8 4 ) a n d  t ra n s la t io n .

III. GLUCAGON

G lu c a g o n  is  a  p e p t id e  h o rm o n e  s e c re te d  b y  th e  a  c e l ls  o f  th e  p a n c re a t ic  is le ts  o f  

L a n g e rh a n s . G lu c a g o n , a lo n g  w ith  e p in e p h r in e , n o re p in e p h r in e ,  c o r t is o l,  a n d  

g ro w th  h o rm o n e  ( th e  c o u n te r re g u la to ry  h o rm o n e s ) ,  o p p o s e s  m a n y  o f  th e  a c t io n s  

o f  in s u l in  (F ig . 2 3 .1 0 ). M o s t  im p o r ta n t ly ,  g lu c a g o n  a c ts  to  m a in ta in  b lo o d  

g lu c o s e  le v e ls  b y  a c t iv a t io n  o f  h e p a t ic  g ly c o g e n o ly s is  a n d  g lu c o n e o g e n e s is .  

G lu c a g o n  is  c o m p o s e d  o f  2 9  a m in o  a c id s  a r r a n g e d  in  a  s in g le  p o ly p e p tid e  c h a in . 

[N o te : U n lik e  in s u lin ,  th e  a m in o  a c id  s e q u e n c e  o f  g lu c a g o n  is  th e  s a m e  in  a ll  

m a m m a lia n  s p e c ie s  e x a m in e d  to  d a te .]  G lu c a g o n  is  s y n th e s iz e d  a s  a  la rg e  

p re c u r s o r  m o le c u le  (p r e p ro g lu c a g o n )  th a t  is  c o n v e r te d  to  g lu c a g o n  th ro u g h  a  

s e r ie s  o f  s e le c tiv e  p ro te o ly t ic  c le a v a g e s , s im ila r  to  th o s e  d e s c r ib e d  fo r  in s u l in  

b io s y n th e s is  ( s e e  F ig . 2 3 .3 ). In  c o n t r a s t  to  in s u lin ,  p r e p ro g lu c a g o n  is  p ro c e s s e d  

to  d if f e r e n t  p ro d u c ts  in  d if f e r e n t  t is s u e s ,  fo r  e x a m p le , G L P -1  in  in te s t in a l  L c e lls . 

L ik e  in s u lin ,  g lu c a g o n  h a s  a  s h o r t  h a lf - l if e .
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F ig u re  2 3 .1 0  O p p o s in g  a c t io n s  o f  in s u l in  a n d  g lu c a g o n  p lu s  e p in e p h r in e .

A. Increased secretion
T h e  a  c e l l  is  r e s p o n s iv e  to  a  v a r ie ty  o f  s t im u li  th a t  s ig n a l  a c tu a l  o r  p o te n t ia l  

h y p o g ly c e m ia  (F ig . 2 3 .1 1 ). S p e c if ic a l ly ,  g lu c a g o n  s e c re t io n  is  in c re a s e d  b y  

lo w  b lo o d  g lu c o se , a m in o  a c id s , a n d  c a te c h o la m in e s .



F ig u re  2 3 .1 1  R e g u la t io n  o f  g lu c a g o n  r e le a s e  f ro m  p a n c re a t ic  a  c e lls .  [N o te : 

A m in o  a c id s  in c re a s e  r e le a s e  o f  in s u l in  a n d  g lu c a g o n , w h e re a s  g lu c o s e  in c re a s e s  

re le a s e  o f  in s u l in  a n d  d e c re a s e s  r e le a s e  o f  g lu c a g o n .]

1. L o w  b lo o d  g lu c o se : A  d e c re a s e  in  p la s m a  g lu c o s e  c o n c e n tra t io n  is  th e  

p r im a ry  s t im u lu s  fo r  g lu c a g o n  re le a s e . D u r in g  a n  o v e rn ig h t  o r  p ro lo n g e d  

fa s t, e le v a te d  g lu c a g o n  le v e ls  p r e v e n t  h y p o g ly c e m ia  (s e e  S e c t io n  IV  

b e lo w  fo r  a  d is c u s s io n  o f  h y p o g ly c e m ia ) .



2. A m in o  a c id s : A m in o  a c id s  ( fo r  e x a m p le , a rg in in e )  d e r iv e d  f ro m  a  m e a l 

c o n ta in in g  p ro te in  s t im u la te  th e  r e le a s e  o f  g lu c a g o n . T h e  g lu c a g o n  

e f fe c tiv e ly  p re v e n ts  th e  h y p o g ly c e m ia  th a t  w o u ld  o th e rw is e  o c c u r  as  a  

r e s u l t  o f  th e  in c re a s e d  in s u l in  s e c re t io n  th a t  a lso  o c c u rs  a f te r  a  p ro te in  

m e a l.

3. C a te c h o la m in e s :  E le v a te d  le v e ls  o f  c i r c u la t in g  e p in e p h r in e  ( f ro m  th e  

a d re n a l  m e d u lla ) ,  n o re p in e p h r in e  ( f ro m  s y m p a th e t ic  in n e rv a t io n  o f  th e  

p a n c re a s ) ,  o r  b o th  s t im u la te  th e  r e le a s e  o f  g lu c a g o n . T h u s , d u r in g  p e r io d s  

o f  p h y s io lo g ic  s tre s s , th e  e le v a te d  c a te c h o la m in e  le v e ls  c a n  o v e r r id e  th e  

e f f e c t  o n  th e  a  c e l l  o f  c i r c u la t in g  s u b s tra te s .  In  th e s e  s itu a tio n s ,  

r e g a rd le s s  o f  th e  c o n c e n tra t io n  o f  b lo o d  g lu c o se , g lu c a g o n  le v e ls  a re  

e le v a te d  in  a n t ic ip a t io n  o f  in c re a s e d  g lu c o s e  u se . In  c o n tra s t ,  in s u lin  

le v e ls  a re  d e p re s s e d .

B. Decreased secretion
G lu c a g o n  s e c re t io n  is  s ig n if ic a n t ly  d e c re a s e d  b y  e le v a te d  b lo o d  g lu c o s e  a n d  

b y  in s u lin .  B o th  s u b s ta n c e s  a re  in c r e a s e d  fo llo w in g  in g e s t io n  o f  g lu c o s e  o r  

a  c a r b o h y d ra te - r ic h  m e a l  ( s e e  F ig . 2 3 .5 ). T h e  r e g u la t io n  o f  g lu c a g o n  

s e c re t io n  is  s u m m a r iz e d  in  F ig u re  2 3 .1 1 .

C. Metabolic effects
G lu c a g o n  is  a  c a ta b o lic  h o rm o n e  th a t  p ro m o te s  th e  m a in te n a n c e  o f  b lo o d

g lu c o s e  le v e ls .  I ts  p r im a ry  ta rg e t  is  th e  liv e r .

1. E f fe c ts  o n  c a rb o h y d ra te  m e ta b o lis m : T h e  IV  a d m in is tr a t io n  o f  g lu c a g o n  

le a d s  to  a n  im m e d ia te  r is e  in  b lo o d  g lu c o s e . T h is  r e s u lts  f ro m  a n  in c re a s e  

in  th e  d e g ra d a t io n  o f  l iv e r  g ly c o g e n  a n d  a n  in c re a s e  in  h e p a t ic  

g lu c o n e o g e n e s is .

2. E f fe c ts  o n  l ip id  m e ta b o lis m : T h e  p r im a ry  e f f e c t  o f  g lu c a g o n  o n  lip id  

m e ta b o l is m  is  in h ib i t io n  o f  F A  s y n th e s is  th ro u g h  p h o s p h o ry la t io n  a n d  

s u b s e q u e n t  in a c t iv a t io n  o f  A C C  b y  adenosine m onophosphate (A M P )-  
activated protein  kinase  ( s e e  p . 1 8 4 ). T h e  re s u l t in g  d e c re a s e  in  m a lo n y l  

C o A  p r o d u c t io n  r e m o v e s  th e  in h ib i t io n  o n  lo n g -c h a in  F A  P -o x id a t io n  

( s e e  p . 1 9 1 ). G lu c a g o n  a lso  p la y s  a  ro le  in  l ip o ly s is  in  a d ip o c y te s ,  b u t  th e  

m a jo r  a c t iv a to r s  o f  horm one-sensitive lipase  (v ia  p h o s p h o ry la t io n  b y



protein  kinase A )  a re  th e  c a te c h o la m in e s .  T h e  f re e  F A  re le a s e d  a re  ta k e n  

u p  b y  l iv e r  a n d  o x id iz e d  to  a c e ty l  C o A , w h ic h  is  u s e d  in  k e to n e  b o d y  

s y n th e s is .

3. E f fe c ts  o n  p ro te in  m e ta b o lis m : G lu c a g o n  in c re a s e s  u p ta k e  b y  th e  l iv e r  o f  

a m in o  a c id s  s u p p lie d  b y  m u s c le ,  r e s u lt in g  in  in c re a s e d  a v a i la b i l i ty  o f  

c a rb o n  s k e le to n s  fo r  g lu c o n e o g e n e s is .  A s  a  c o n s e q u e n c e ,  p la s m a  le v e ls  

o f  a m in o  a c id s  a re  d e c re a s e d .

D. Mechanism
G lu c a g o n  b in d s  to  h ig h -a f f in i ty  G  p r o te in - c o u p le d  r e c e p to r s  (G P C R ) o n  th e  

c e l l  m e m b ra n e  o f  h e p a to c y te s .  T h e  G P C R  fo r  g lu c a g o n  is  d is t in c t  f ro m  th e  

G P C R  th a t  b in d  e p in e p h r in e . [N o te : G lu c a g o n  re c e p to r s  a re  n o t  fo u n d  o n  

s k e le ta l  m u s c le .]  G lu c a g o n  b in d in g  re s u lts  in  a c t iv a t io n  o f  adenylyl cyclase  

in  th e  p la s m a  m e m b ra n e  (F ig . 2 3 .1 2 ; a lso  s e e  p . 9 4 ) . T h is  c a u s e s  a  r is e  in  

c y c l ic  A M P  (c A M P ), w h ic h , in  tu rn , a c t iv a te s  cA M P -dependent protein  
kinase A  a n d  in c re a s e s  th e  p h o s p h o ry la t io n  o f  s p e c if ic  e n z y m e s  o r  o th e r  

p ro te in s .  T h is  c a s c a d e  o f  in c re a s in g  e n z y m ic  a c t iv i t ie s  r e s u lts  in  th e  

p h o s p h o ry la t io n -m e d ia te d  a c t iv a t io n  o r  in h ib i t io n  o f  k e y  re g u la to ry  

e n z y m e s  in v o lv e d  in  c a rb o h y d ra te  a n d  l ip id  m e ta b o l is m . A n  e x a m p le  o f  

s u c h  a  c a s c a d e  in  g ly c o g e n  d e g ra d a t io n  is  s h o w n  in  F ig u re  1 1 .9  o n  p . 1 31 . 

[N o te : G lu c a g o n , l ik e  in s u lin ,  a f fe c ts  g e n e  t r a n s c r ip t io n .  F o r  e x a m p le , 

g lu c a g o n  in d u c e s  e x p re s s io n  o f  phosphoenolpyruvate carboxykinase  (se e

p . 1 2 2 ).]
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F ig u re  2 3 .1 2  M e c h a n is m  o f  a c t io n  o f  g lu c a g o n . [N o te : F o r  c la r ity , G -p ro te in  

a c t iv a t io n  o f  adenylyl cyclase  h a s  b e e n  o m itte d .]  R  = r e g u la to ry  s u b u n it;  C  = 

c a ta ly t ic  s u b u n it;  c A M P  = c y c l ic  a d e n o s in e  m o n o p h o s p h a te ;  A D P  = a d e n o s in e  

d ip h o s p h a te ;  = p h o s p h a te .

IV. HYPOGLYCEMIA

H y p o g ly c e m ia  is  c h a ra c te r iz e d  b y  1) c e n tra l  n e rv o u s  s y s te m  (C N S )  s y m p to m s , 

in c lu d in g  c o n fu s io n , a b e r r a n t  b e h a v io r ,  o r  c o m a ; 2 ) a  s im u l ta n e o u s  b lo o d  

g lu c o s e  le v e l  < 5 0  m g /d l;  a n d  3 ) s y m p to m s  b e in g  r e s o lv e d  w ith in  m in u te s  

fo llo w in g  g lu c o s e  a d m in is tr a t io n  (F ig . 2 3 .1 3 ). H y p o g ly c e m ia  is  a  m e d ic a l  

e m e rg e n c y  b e c a u s e  th e  C N S  h a s  a n  a b s o lu te  r e q u i re m e n t  fo r  a  c o n t in u o u s  

s u p p ly  o f  b lo o d b o rn e  g lu c o s e  to  s e rv e  a s  a  m e ta b o l ic  fu e l. T ra n s ie n t  

h y p o g ly c e m ia  c a n  c a u s e  c e re b ra l  d y s fu n c tio n , w h e re a s  s e v e re , p ro lo n g e d  

h y p o g ly c e m ia  c a u s e s  b r a in  d a m a g e . T h e re fo re ,  i t  is  n o t  s u rp r is in g  th a t  th e  b o d y  

h a s  m u l t ip le  o v e r la p p in g  m e c h a n is m s  to  p r e v e n t  o r  c o r re c t  h y p o g ly c e m ia .  T h e  

m o s t  im p o r ta n t  h o rm o n e  c h a n g e s  in  c o m b a tin g  h y p o g ly c e m ia  a re  in c re a s e d  

s e c re t io n  o f  g lu c a g o n  a n d  th e  c a te c h o la m in e s ,  c o m b in e d  w ith  d e c re a s e d  in s u lin  

s e c re t io n .
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F ig u re  2 3 .1 3  A . A c tio n s  o f  s o m e  o f  th e  g lu c o re g u la to ry  h o rm o n e s  in  r e s p o n s e  to  

lo w  b lo o d  g lu c o se . B . G ly c e m ic  th re s h o ld s  fo r  th e  v a r io u s  r e s p o n s e s  to  

h y p o g ly c e m ia .  [N o te : N o rm a l  fa s te d  b lo o d  g lu c o s e  is  7 0 - 9 9  m g /d l .]  + = w e a k  

s t im u la t io n ; + +  = m o d e ra te  s tim u la t io n ;  + + +  = s tro n g  s t im u la t io n ; 0 = n o  e ffe c t; 

A C T H  = a d re n o c o r t ic o tro p ic  h o rm o n e .

A. Symptoms
T h e  s y m p to m s  o f  h y p o g ly c e m ia  c a n  b e  d iv id e d  in to  tw o  c a te g o r ie s .  

A d re n e rg ic  (n e u ro g e n ic ,  a u to n o m ic )  s y m p to m s , su c h  a s  a n x ie ty , 

p a lp ita t io n , tre m o r , a n d  sw e a tin g , a re  m e d ia te d  b y  c a te c h o la m in e  r e le a s e  

(p r im a r ily  e p in e p h r in e )  r e g u la te d  b y  th e  h y p o th a la m u s  in  r e s p o n s e  to  

h y p o g ly c e m ia .  A d re n e rg ic  s y m p to m s  ty p ic a l ly  o c c u r  w h e n  b lo o d  g lu c o se  

le v e ls  fa l l  a b ru p t ly .  T h e  s e c o n d  c a te g o ry  o f  h y p o g ly c e m ic  s y m p to m s  is  

n e u ro g ly c o p e n ic .  T h e  im p a ir e d  d e l iv e ry  o f  g lu c o s e  to  th e  b ra in  

(n e u ro g ly c o p e n ia )  r e s u lts  in  im p a irm e n t  o f  b r a in  fu n c t io n , c a u s in g  

h e a d a c h e , c o n fu s io n , s lu r re d  s p e e c h , s e iz u re s ,  c o m a , a n d  d e a th . 

N e u ro g ly c o p e n ic  s y m p to m s  o f te n  r e s u l t  f ro m  a  g ra d u a l  d e c l in e  in  b lo o d  

g lu c o se , o f te n  to  le v e ls  < 5 0  m g /d l.  T h e  s lo w  d e c l in e  in  g lu c o s e  d e p r iv e s  th e



CNS of fuel but fails to trigger an adequate adrenergic response.

B. Glucoregulatory systems
H u m a n s  h a v e  tw o  o v e r la p p in g  g lu c o s e - re g u la t in g  s y s te m s  th a t  a re  a c t iv a te d  

b y  h y p o g ly c e m ia :  1) th e  p a n c re a t ic  a  c e lls ,  w h ic h  r e le a s e  g lu c a g o n , a n d  2) 

re c e p to r s  in  th e  h y p o th a la m u s ,  w h ic h  r e s p o n d  to  a b n o rm a lly  lo w  

c o n c e n tra t io n s  o f  b lo o d  g lu c o s e . T h e  h y p o th a la m ic  g lu c o re c e p to r s  c a n  

tr ig g e r  b o th  th e  s e c re t io n  o f  c a te c h o la m in e s  (m e d ia te d  b y  th e  s y m p a th e tic  

d iv is io n  o f  th e  a u to n o m ic  n e rv o u s  s y s te m )  a n d  r e le a s e  o f

a d re n o c o r t ic o tro p ic  h o rm o n e  (A C T H ) a n d  g ro w th  h o rm o n e  b y  th e  a n te r io r  

p i tu i ta ry  (s e e  F ig . 2 3 .1 3 ). [N o te : A C T H  in c re a s e s  c o r t is o l  s y n th e s is  a n d  

s e c re t io n  in  th e  a d re n a l  c o r te x  (s e e  p . 2 3 9 ) .]  G lu c a g o n , th e  c a te c h o la m in e s ,  

c o r t is o l,  a n d  g ro w th  h o rm o n e  a re  s o m e t im e s  c a l le d  th e  c o u n te r re g u la to ry  

h o rm o n e s  b e c a u s e  e a c h  o p p o s e s  th e  a c t io n  o f  in s u l in  o n  g lu c o s e  u se .

1. G lu c a g o n  a n d  e p in e p h r in e :  S e c re t io n  o f  th e s e  c o u n te r re g u la to ry  

h o rm o n e s  is  m o s t  im p o r ta n t  in  th e  a c u te , s h o r t- te rm  r e g u la t io n  o f  b lo o d  

g lu c o s e  le v e ls .  G lu c a g o n  s t im u la te s  h e p a t ic  g ly c o g e n o ly s is  a n d  

g lu c o n e o g e n e s is .  E p in e p h r in e  p ro m o te s  g ly c o g e n o ly s is  a n d  l ip o ly s is .  I t  

in h ib its  in s u l in  s e c re t io n , th e re b y  p re v e n t in g  G L U T - 4 - m e d ia te d  u p ta k e  

o f  g lu c o s e  b y  m u s c le  a n d  a d ip o s e  t is s u e s .  E p in e p h r in e  a s s u m e s  a  c r i t ic a l  

ro le  in  h y p o g ly c e m ia  w h e n  g lu c a g o n  s e c re t io n  is  d e f ic ie n t ,  fo r  e x a m p le , 

in  th e  la te  s ta g e s  o f  ty p e  1 d ia b e te s  m e ll i tu s  ( s e e  p . 3 4 0 ) . T h e  p re v e n t io n  

o r  c o r re c t io n  o f  h y p o g ly c e m ia  fa i ls  w h e n  th e  s e c re t io n  o f  b o th  g lu c a g o n  

a n d  e p in e p h r in e  is  d e f ic ie n t .

2. C o r t is o l  a n d  g ro w th  h o rm o n e : T h e s e  c o u n te r re g u la to ry  h o rm o n e s  a re  le s s  

im p o r ta n t  in  th e  s h o r t- te rm  m a in te n a n c e  o f  b lo o d  g lu c o s e  c o n c e n tra t io n s .  

T h e y  d o , h o w e v e r ,  p la y  a  ro le  in  th e  lo n g - te rm  ( tra n s c r ip tio n a l)  

m a n a g e m e n t  o f  g lu c o s e  m e ta b o l is m .

C. Types
H y p o g ly c e m ia  m a y  b e  d iv id e d  in to  fo u r  ty p e s : 1) in s u l in  in d u c e d , 2) 

p o s tp ra n d ia l  ( s o m e t im e s  c a l le d  r e a c t iv e  h y p o g ly c e m ia ) ,  3 ) f a s tin g  

h y p o g ly c e m ia ,  a n d  4 )  a lc o h o l  re la te d .

1. I n s u l in - in d u c e d  h y p o g ly c e m ia :  H y p o g ly c e m ia  o c c u rs  f r e q u e n t ly  in



p a t ie n ts  w ith  d ia b e te s  w h o  a re  re c e iv in g  in s u l in  tr e a tm e n t,  p a r t ic u la r ly  

th o s e  s tr iv in g  to  a c h ie v e  t ig h t  c o n tro l  o f  b lo o d  g lu c o s e  le v e ls .  M ild  

h y p o g ly c e m ia  in  fu lly  c o n s c io u s  p a t ie n ts  is  t r e a te d  b y  o ra l  a d m in is tr a t io n  

o f  c a rb o h y d ra te .  U n c o n s c io u s  p a t ie n ts  a re  ty p ic a l ly  g iv e n  g lu c a g o n  

s u b c u ta n e o u s ly  o r  in t r a m u s c u la r ly  (F ig . 2 3 .1 4 ).
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F ig u re  2 3 .1 4  R e v e rs a l  o f  in s u l in - in d u c e d  h y p o g ly c e m ia  b y  a d m in is tr a t io n  o f  

s u b c u ta n e o u s  g lu c a g o n .

2. P o s tp ra n d ia l  h y p o g ly c e m ia :  T h is  is  th e  s e c o n d  m o s t  c o m m o n  fo rm  o f  

h y p o g ly c e m ia .  I t  is  c a u s e d  b y  a n  e x a g g e ra te d  in s u l in  r e le a s e  fo llo w in g  a  

m e a l, p ro m p tin g  t r a n s ie n t  h y p o g ly c e m ia  w ith  m ild  a d re n e rg ic  s y m p to m s . 

T h e  p la s m a  g lu c o s e  le v e l  re tu rn s  to  n o rm a l  e v e n  i f  th e  p a t ie n t  is  n o t  fe d . 

T h e  o n ly  t r e a tm e n t  u s u a lly  re q u ire d  is  th a t  th e  p a t ie n t  e a ts  f r e q u e n t  s m a l l  

m e a ls  ra th e r  th a n  th e  u s u a l  th re e  la rg e  m e a ls .

3. F a s t in g  h y p o g ly c e m ia :  L o w  b lo o d  g lu c o s e  d u r in g  fa s t in g  is  r a re  b u t  is  

m o re  l ik e ly  to  p r e s e n t  as  a  s e r io u s  m e d ic a l  p ro b le m . F a s tin g  

h y p o g ly c e m ia ,  w h ic h  te n d s  to  p ro d u c e  n e u ro g ly c o p e n ic  s y m p to m s , m a y  

r e s u l t  f ro m  a  r e d u c t io n  in  th e  r a te  o f  g lu c o s e  p ro d u c t io n  b y  h e p a t ic  

g ly c o g e n o ly s is  o r  g lu c o n e o g e n e s is .  T h u s , lo w  b lo o d  g lu c o s e  le v e ls  a re  

o f te n  s e e n  in  p a t ie n ts  w i th  h e p a to c e l lu la r  d a m a g e  o r  a d re n a l  

in s u f f ic ie n c y  o r  in  fa s t in g  in d iv id u a ls  w h o  h a v e  c o n s u m e d  la rg e  

q u a n ti t ie s  o f  e th a n o l  (s e e  4 . b e lo w ) . A lte rn a te ly ,  fa s t in g  h y p o g ly c e m ia  

m a y  b e  th e  r e s u l t  o f  a n  in c re a s e d  ra te  o f  g lu c o s e  u s e  b y  th e  p e r ip h e ra l  

t is s u e s  b e c a u s e  o f  o v e rp ro d u c t io n  o f  in s u l in  b y  ra re  p a n c re a t ic  tu m o rs .  I f  

le f t  u n tre a te d , a  p a t ie n t  w i th  fa s t in g  h y p o g ly c e m ia  m a y  lo s e  

c o n s c io u s n e s s  a n d  e x p e r ie n c e  c o n v u ls io n s  a n d  c o m a . [N o te : C e r ta in  

in b o rn  e r ro rs  o f  m e ta b o l is m , fo r  e x a m p le , d e fe c ts  in  F A  o x id a tio n , r e s u l t  

in  fa s t in g  h y p o g ly c e m ia .]

4 . A lc o h o l - re la te d  h y p o g ly c e m ia :  A lc o h o l  (e th a n o l)  is  m e ta b o l iz e d  in  th e  

l iv e r  b y  tw o  o x id a t io n  re a c t io n s  (F ig . 2 3 .1 5 ). E th a n o l is  f i r s t  c o n v e r te d  to  

a c e ta ld e h y d e  b y  z in c -c o n ta in in g  alcohol dehydrogenase. A c e ta ld e h y d e  

is  s u b s e q u e n tly  o x id iz e d  to  a c e ta te  b y  aldehyde dehydrogenase (ALDH ). 
[N o te : A L D H  is  in h ib i te d  b y  d is u lf i r a m , a  d ru g  th a t  is  u s e d  in  th e  

t r e a tm e n t  o f  c h ro n ic  a lc o h o lis m . T h e  re s u l t in g  r is e  in  a c e ta ld e h y d e  

r e s u lts  in  f lu s h in g , ta c h y c a rd ia ,  h y p e rv e n t i la t io n ,  a n d  n a u s e a .]  In  e a c h  

re a c tio n , e le c tro n s  a re  t r a n s f e r r e d  to  o x id iz e d  n ic o t in a m id e  a d e n in e  

d in u c le o t id e  (N A D + ), r e s u l t in g  in  a n  in c re a s e  in  th e  ra t io  o f  th e  r e d u c e d  

fo rm  (N A D H )  to  N A D + . T h e  a b u n d a n c e  o f  N A D H  fa v o rs  th e  r e d u c t io n  

o f  p y ru v a te  to  la c ta te  a n d  o f  o x a lo a c e ta te  (O A A ) to  m a la te .  R e c a l l  f ro m  

p . 1 1 8  th a t  p y ru v a te  a n d  O A A  a re  s u b s t ra te s  in  th e  s y n th e s is  o f  g lu c o se . 

T h u s , th e  e th a n o l-m e d ia te d  in c re a s e  in  N A D H  c a u s e s  th e s e  

g lu c o n e o g e n ic  p re c u r s o r s  to  b e  d iv e r te d  in to  a l te rn a te  p a th w a y s ,



re s u l t in g  in  th e  d e c re a s e d  s y n th e s is  o f  g lu c o se . T h is  c a n  p re c ip ita te  

h y p o g ly c e m ia ,  p a r t ic u la r ly  in  in d iv id u a ls  w h o  h a v e  d e p le te d  th e ir  s to re s  

o f  l iv e r  g ly c o g e n . [N o te : D e c re a s e d  a v a i la b i l i ty  o f  O A A  a l lo w s  a c e ty l  

C o A  to  b e  d iv e r te d  to  k e to n e  b o d y  s y n th e s is  in  th e  l iv e r  (s e e  p . 1 9 5 ) a n d  

c a n  r e s u l t  in  a lc o h o lic  k e to s is  th a t  m a y  r e s u l t  in  k e to a c id o s is .]  

H y p o g ly c e m ia  c a n  p ro d u c e  m a n y  o f  th e  b e h a v io r s  a s s o c ia te d  w i th  

a lc o h o l in to x ic a tio n , s u c h  a s  a g i ta t io n , im p a ire d  ju d g m e n t ,  a n d  

c o m b a tiv e n e s s .  T h e re fo re ,  a lc o h o l  c o n s u m p tio n  in  v u ln e ra b le  in d iv id u a ls  

( s u c h  a s  th o s e  w h o  a re  f a s te d  o r h a v e  e n g a g e d  in  p ro lo n g e d ,  s t re n u o u s  

e x e rc is e )  c a n  p ro d u c e  h y p o g ly c e m ia  th a t  m a y  c o n tr ib u te  to  th e  

b e h a v io ra l  e f fe c ts  o f  a lc o h o l.  B e c a u s e  a lc o h o l  c o n s u m p tio n  c a n  a lso  

in c re a s e  th e  r is k  fo r  h y p o g ly c e m ia  in  p a t ie n ts  u s in g  in s u lin ,  th o s e  in  a n  

in te n s iv e  in s u l in  t r e a tm e n t  p ro to c o l  ( s e e  p . 3 4 0 )  a re  c o u n s e le d  a b o u t  th e  

in c re a s e d  r is k  o f  h y p o g ly c e m ia  th a t  g e n e ra lly  o c c u rs  m a n y  h o u rs  a f te r  

a lc o h o l in g e s t io n .

F ig u re  2 3 .1 5  A . N o rm a l  g lu c o n e o g e n e s is  in  th e  a b s e n c e  o f  e th a n o l c o n s u m p tio n . 

B . I n h ib i t io n  o f  g lu c o n e o g e n e s is  r e s u l t in g  f ro m  h e p a t ic  m e ta b o l is m  o f  e th a n o l. 

N A D (H )  =  n ic o t in a m id e  a d e n in e  d in u c le o t id e .

C h ro n ic  a lc o h o l c o n s u m p tio n  c a n  a lso  r e s u l t  in  a lc o h o lic  fa t ty  l iv e r  b e c a u s e  

o f  in c r e a s e d  h e p a t ic  s y n th e s is  o f  T A G  c o u p le d  w i th  im p a ire d  fo rm a t io n  o r  

re le a s e  o f  V L D L . T h is  o c c u rs  a s  a  r e s u l t  o f  d e c re a s e d  F A  o x id a t io n  b e c a u s e  

o f  a  fa l l  in  th e  N A D + /N A D H  ra tio  a n d  in c r e a s e d  l ip o g e n e s is  b e c a u s e  o f  th e  

in c re a s e d  a v a i la b i l i ty  o f  F A  (d e c re a s e d  c a ta b o lis m )  a n d  o f  g ly c e ra ld e h y d e  

3 -p h o s p h a te  ( th e  dehydrogenase  is  in h ib i te d  b y  th e  lo w  N A D + /N A D H



ra tio ; s e e  p . 1 0 1 ). W ith  c o n t in u e d  a lc o h o l  c o n s u m p tio n ,  a lc o h o lic  fa t ty  l iv e r  

c a n  p ro g re s s  f i r s t  to  a lc o h o lic  h e p a t i t is  a n d  th e n  to  a lc o h o lic  c ir rh o s is .



V. CHAPTER SUMMARY

T h e  in te g ra t io n  o f  e n e rg y  m e ta b o l is m  is  c o n tro l le d  p r im a r i ly  b y  in s u l in  a n d  

th e  o p p o s in g  a c t io n s  o f  g lu c a g o n  a n d  th e  c a te c h o la m in e s ,  p a r t ic u la r ly  

e p in e p h r in e  (F ig . 2 3 .1 6 ). C h a n g e s  in  th e  c i r c u la t in g  le v e ls  o f  th e s e  

h o rm o n e s  a l lo w  th e  b o d y  to  s to re  e n e rg y  w h e n  fo o d  is  a b u n d a n t  o r  to  m a k e  

s to re d  e n e rg y  a v a i la b le  in  t im e s  o f  p h y s io lo g ic  s tre s s  ( fo r  e x a m p le , d u r in g  

s u rv iv a l  c r is e s , s u c h  a s  fa m in e ) .  In s u lin  is  a  p e p t id e  h o rm o n e  p ro d u c e d  b y  

th e  p c e l ls  o f  th e  is le ts  o f  L a n g e rh a n s  o f  th e  p a n c re a s .  I t  c o n s is ts  o f  

d is u lf id e - l in k e d  A  a n d  B  c h a in s .  A  r is e  in  b lo o d  g lu c o s e  is  th e  m o s t  

im p o r ta n t  s ig n a l  fo r  in s u l in  s e c re t io n . T h e  c a te c h o la m in e s ,  s e c re te d  in  

r e s p o n s e  to  s tre s s , t r a u m a , o r  e x tr e m e  e x e rc is e ,  in h ib i t  in s u l in  s e c re t io n . 

In s u lin  in c re a s e s  g lu c o s e  u p ta k e  (b y  g lu c o s e  t r a n s p o r te r s  (G L U T -4 )  in  

m u s c le  a n d  a d ip o s e  t i s s u e )  a n d  th e  s y n th e s is  o f  g ly c o g e n , p ro te in ,  a n d  

t r ia c y lg ly c e ro l :  I t  is  a n  a n a b o l ic  h o rm o n e . T h e s e  a c t io n s  a re  m e d ia te d  b y  

b in d in g  to  its  m e m b ra n e  tyrosine kinase  re c e p to r .  B in d in g  in i t ia te s  a  

c a s c a d e  o f  c e l l - s ig n a l in g  r e s p o n s e s ,  in c lu d in g  p h o s p h o ry la t io n  o f  a  fa m ily  

o f  p ro te in s  c a l le d  in s u l in  r e c e p to r  s u b s t r a te  p ro te in s .  G lu c a g o n  is  a  

m o n o m e r ic  p e p t id e  h o rm o n e  p ro d u c e d  b y  th e  a  c e l ls  o f  th e  p a n c re a t ic  is le ts  

(b o th  in s u l in  a n d  g lu c a g o n  s y n th e s is  in v o lv e  fo rm a t io n  o f  in a c tiv e  

p re c u r s o r s  th a t  a re  c le a v e d  to  fo rm  th e  a c t iv e  h o rm o n e s ) .  G lu c a g o n , a lo n g  

w ith  e p in e p h r in e ,  n o re p in e p h r in e ,  c o r t is o l,  a n d  g ro w th  h o rm o n e  ( th e  

c o u n te r re g u la to ry  h o rm o n e s ) ,  o p p o s e s  m a n y  o f  th e  a c t io n s  o f  in s u lin . 

G lu c a g o n  a c ts  to  m a in ta in  b lo o d  g lu c o s e  d u r in g  p e r io d s  o f  p o te n t ia l  

h y p o g ly c e m ia .  G lu c a g o n  in c re a s e s  g ly c o g e n o ly s is ,  g lu c o n e o g e n e s is ,  fa t ty  

a c id  o x id a tio n , k e to g e n e s is ,  a n d  a m in o  a c id  u p ta k e : I t  is  a  c a ta b o lic  

h o rm o n e . G lu c a g o n  s e c re t io n  is  s t im u la te d  b y  lo w  b lo o d  g lu c o se , a m in o  

a c id s , a n d  th e  c a te c h o la m in e s .  I ts  s e c re t io n  is  in h ib i te d  b y  e le v a te d  b lo o d  

g lu c o s e  a n d  b y  in s u lin .  G lu c a g o n  b in d s  to  h ig h -a f f in i ty  G  p r o te in - c o u p le d  

r e c e p to r s  o n  th e  c e l l  m e m b ra n e  o f  h e p a to c y te s .  B in d in g  r e s u lts  in  th e  

a c t iv a t io n  o f  adenylyl cyclase, w h ic h  p ro d u c e s  th e  s e c o n d  m e s s e n g e r  c y c l ic  

a d e n o s in e  m o n o p h o s p h a te  (c A M P ). S u b s e q u e n t  a c t iv a t io n  o f  cAM P- 
dependent protein  kinase A  re s u lts  in  th e  p h o s p h o ry la t io n -m e d ia te d  

a c t iv a t io n  o r  in h ib i t io n  o f  k e y  r e g u la to ry  e n z y m e s  in v o lv e d  in  c a rb o h y d ra te  

a n d  l ip id  m e ta b o l is m . B o th  in s u l in  a n d  g lu c a g o n  a f f e c t  g e n e  tra n s c r ip tio n .



H y p o g ly c e m ia  is  c h a ra c te r iz e d  b y  lo w  b lo o d  g lu c o s e  a c c o m p a n ie d  b y  

a d re n e rg ic  a n d  n e u ro g ly c o p e n ic  s y m p to m s  th a t  a re  r a p id ly  r e s o lv e d  b y  th e  

a d m in is tr a t io n  o f  g lu c o se . In s u l in - in d u c e d ,  p o s tp ra n d ia l ,  a n d  fa s tin g  

h y p o g ly c e m ia  r e s u l t  in  r e le a s e  o f  g lu c a g o n  a n d  e p in e p h r in e . T h e  r is e  in  

n ic o t in a m id e  a d e n in e  d in u c le o t id e  (N A D H )  th a t  a c c o m p a n ie s  e th a n o l 

m e ta b o l is m  in h ib its  g lu c o n e o g e n e s is ,  le a d in g  to  h y p o g ly c e m ia  in  

in d iv id u a ls  w ith  d e p le te d  s to re s . A lc o h o l  c o n s u m p tio n  a lso  in c re a s e s  th e  

r is k  fo r  h y p o g ly c e m ia  in  p a t ie n ts  u s in g  in s u lin .  C h ro n ic  a lc o h o l 

c o n s u m p tio n  c a n  c a u s e  fa t ty  l iv e r  d is e a se .



F ig u re  2 3 .1 6  K e y  c o n c e p t  m a p  fo r  th e  m e ta b o l ic  e f fe c ts  o f  in s u l in  a n d  g lu c a g o n  

a s  w e ll  a s  h y p o g ly c e m ia .  IR S  =  in s u l in  r e c e p to r  s u b s tra te s .



Study Questions

Choose th e  O N E  b e s t  a n s w e r .

3 .1 . W h ic h  o f  th e  fo llo w in g  s ta te m e n ts  is  t ru e  fo r  in s u l in  b u t  n o t  fo r  g lu c a g o n ?

A . I t  is  a  p e p t id e  h o rm o n e  s e c re te d  b y  p a n c re a t ic  c e lls .

B . I ts  a c t io n s  a re  m e d ia te d  b y  b in d in g  to  a  r e c e p to r  fo u n d  o n  th e  c e ll  

m e m b ra n e  o f  l iv e r  c e lls .

C . I ts  e f fe c ts  in c lu d e  a l te ra t io n s  in  g e n e  e x p re s s io n .

D . I ts  s e c re t io n  is  d e c re a s e d  b y  th e  c a te c h o la m in e s .

E . I ts  s e c re t io n  is  in c re a s e d  b y  a m in o  a c id s .

F . I ts  s y n th e s is  in v o lv e s  a  n o n fu n c t io n a l  p r e c u r s o r  th a t  g e ts  c le a v e d  to  

y ie ld  a  f u n c t io n a l  m o le c u le .

C o r r e c t  a n s w e r  = D . S e c re t io n  o f  in s u l in  b y  p a n c re a t ic  P c e l ls  is  in h ib i te d  b y  

th e  c a te c h o la m in e s ,  w h e re a s  g lu c a g o n  s e c re t io n  b y  th e  a  c e lls  is  s t im u la te d  b y  

th e m . A ll  o f  th e  o th e r  s ta te m e n ts  a re  tru e  fo r  b o th  in s u l in  a n d  g lu c a g o n .

3 .2 . In  w h ic h  o n e  o f  th e  fo llo w in g  t is s u e s  is  g lu c o s e  t r a n s p o r t  in to  th e  c e l l  

in s u l in  d e p e n d e n t?

A . A d ip o s e

B . B ra in

C . L iv e r

D . R e d  b lo o d  c e lls

C o r r e c t  a n s w e r  = A . T h e  g lu c o s e  t r a n s p o r te r  (G L U T -4 )  in  a d ip o s e  (a n d  

m u s c le )  t i s s u e  is  d e p e n d e n t  o n  in s u lin .  In s u lin  r e s u lts  in  m o v e m e n t  o f  G L U T -4  

f ro m  in t r a c e l lu la r  v e s ic le s  to  th e  c e l l  m e m b ra n e .  T h e  o th e r  t i s s u e s  in  th e  l i s t  

c o n ta in  G L U T  th a t  a re  in d e p e n d e n t  o f  in s u l in  b e c a u s e  th e y  a re  a lw a y s  lo c a te d  

o n  th e  c e l l  m e m b ra n e .

3 .3 . A  3 9 -y e a r -o ld  w o m a n  is  b r o u g h t  to  th e  e m e rg e n c y  ro o m  c o m p la in in g  o f  

w e a k n e s s  a n d  d iz z in e s s .  S h e  re c a lls  g e t t in g  u p  e a r ly  th a t  m o rn in g  to  d o  h e r  

w e e k ly  e r ra n d s  a n d  h a d  s k ip p e d  b re a k fa s t .  S h e  d r a n k  a  c u p  o f  c o f fe e  fo r  

lu n c h  a n d  h a d  n o th in g  to  e a t  d u r in g  th e  d a y . S h e  m e t  w i th  f r ie n d s  a t  8  p .m .



a n d  h a d  a  fe w  d r in k s . A s  th e  e v e n in g  p ro g re s s e d ,  sh e  s o o n  b e c a m e  w e a k  

a n d  d iz z y  a n d  w a s  ta k e n  to  th e  h o s p ita l .  L a b o ra to ry  te s ts  r e v e a le d  h e r  

b lo o d  g lu c o s e  to  b e  4 5  m g /d l  (n o rm a l = 7 0 - 9 9 ) .  S h e  w a s  g iv e n  o ra n g e  

ju ic e  a n d  im m e d ia te ly  fe l t  b e t te r .  T h e  b io c h e m ic a l  b a s is  o f  h e r  a lc o h o l-  

in d u c e d  h y p o g ly c e m ia  is  a n  in c re a s e  in :

A . fa t ty  a c id  o x id a tio n .

B . th e  r a t io  o f  th e  r e d u c e d  o x id iz e d  fo rm s  o f  n ic o t in a m id e  a d e n in e  

d in u c le o t id e .

C . o x a lo a c e ta te  a n d  p y ru v a te .

D . u s e  o f  a c e ty l  c o e n z y m e  A  in  fa t ty  a c id  s y n th e s is .

C o r r e c t  a n s w e r  = B . T h e  o x id a t io n  o f  e th a n o l  to  a c e ta te  b y  d e h y d ro g e n a s e s  is  

a c c o m p a n ie d  b y  th e  r e d u c t io n  o f  n ic o t in a m id e  a d e n in e  d in u c le o t id e  (N A D + ) to  

N A D H . T h e  r is e  in  th e  N A D H /N A D +  ra t io  s h if ts  p y ru v a te  to  la c ta te  a n d  

o x a lo a c e ta te  (O A A ) to  m a la te ,  d e c re a s in g  th e  a v a i la b i l i ty  o f  s u b s t ra te s  fo r  

g lu c o n e o g e n e s is  a n d  re s u l t in g  in  h y p o g ly c e m ia .  T h e  r is e  in  N A D H  a lso  

r e d u c e s  th e  N A D +  n e e d e d  fo r  fa t ty  a c id  (F A ) o x id a tio n . T h e  d e c re a s e  in  O A A  

s h u n ts  a n y  a c e ty l  c o e n z y m e  A  p ro d u c e d  to  k e to g e n e s is .  N o te  th a t  th e  

in h ib i t io n  o f  F A  d e g ra d a t io n  r e s u lts  in  th e ir  r e e s te r i f ic a t io n  in to  t r ia c y lg ly c e ro l  

th a t  c a n  r e s u l t  in  fa t ty  liv e r .

3 .4 . A  p a t ie n t  is  d ia g n o s e d  w ith  a n  in s u lin o m a , a  ra re  n e u ro e n d o c r in e  tu m o r , th e  

c e lls  o f  w h ic h  a re  d e r iv e d  p r im a r i ly  f ro m  p a n c re a t ic  P c e lls .  W h ic h  o f  th e  

fo llo w in g  w o u ld  lo g ic a l ly  b e  c h a ra c te r is t ic  o f  a n  in s u l in o m a ?

A . D e c re a s e d  b o d y  w e ig h t

B . D e c re a s e d  c o n n e c t in g  p e p t id e  in  th e  b lo o d

C . D e c re a s e d  g lu c o s e  in  th e  b lo o d

D . D e c re a s e d  in s u l in  in  th e  b lo o d

C o r re c t  a n s w e r  = C . I n s u l in o m a s  a re  c h a ra c te r iz e d  b y  c o n s ta n t  p ro d u c t io n  o f  

in s u l in  (a n d , th e re fo re ,  o f  C -p e p tid e )  b y  th e  tu m o r  c e lls .  T h e  in c re a s e  in  in s u lin  

d r iv e s  g lu c o s e  u p ta k e  b y  t i s s u e s  s u c h  a s  m u s c le  a n d  a d ip o s e  th a t  h a v e  in s u l in 

d e p e n d e n t  g lu c o s e  tr a n s p o r te r s ,  r e s u l t in g  in  h y p o g ly c e m ia .  H o w e v e r ,  th e  

h y p o g ly c e m ia  is  in s u f f ic ie n t  to  s u p p re s s  in s u l in  p ro d u c t io n  a n d  s e c re t io n . 

In s u lin o m a s , th e n , a re  c h a ra c te r iz e d  b y  in c r e a s e d  b lo o d  in s u l in  a n d  d e c re a s e d  

b lo o d  g lu c o se . In s u lin ,  a s  a n  a n a b o l ic  h o rm o n e , r e s u lts  in  w e ig h t  g a in .



3 .5 . In  a  p a t ie n t  w ith  a n  e v e n  r a re r  g lu c a g o n -s e c re t in g  tu m o r  d e r iv e d  f ro m  th e  a  

c e lls  o f  th e  p a n c re a s ,  h o w  w o u ld  th e  p r e s e n ta t io n  b e  e x p e c te d  to  d if fe r  

r e la t iv e  to  th e  p a t ie n t  in  Q u e s t io n  2 3 .4 ?

A  g lu c a g o n -s e c re t in g  tu m o r  o f  th e  p a n c re a s  (g lu c a g o n o m a )  w o u ld  r e s u l t  in  

h y p e rg ly c e m ia ,  n o t  h y p o g ly c e m ia .  T h e  c o n s ta n t  p r o d u c t io n  o f  g lu c a g o n  w o u ld  

r e s u l t  in  c o n s ta n t  g lu c o n e o g e n e s is ,  u s in g  a m in o  a c id s  f ro m  p ro te o ly s is  as 

s u b s tra te s .  T h is  r e s u lts  in  lo s s  o f  b o d y  w e ig h t .
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Point" F o r

c h a p te r , p le a s e  v is i t  th e P o in t .

a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is

I. OVERVIEW OF THE ABSORPTIVE 
STATE

T h e  a b s o rp t iv e  (w e ll- fe d )  s ta te  is  th e  2 - to  4 -h o u r  p e r io d  a f te r  in g e s t io n  o f  a  

n o rm a l  m e a l. D u r in g  th is  in te rv a l ,  t r a n s ie n t  in c re a s e s  in  p la s m a  g lu c o s e , a m in o  

a c id s , a n d  t r ia c y lg ly c e ro ls  (T A G ) o c c u r , th e  la t te r  p r im a r i ly  a s  c o m p o n e n ts  o f  

c h y lo m ic ro n s  s y n th e s iz e d  a n d  s e c re te d  b y  th e  in te s t in a l  m u c o s a l  c e lls  ( s e e  p . 

2 2 8 ) . I s le t  t i s s u e  o f  th e  p a n c re a s  r e s p o n d s  to  th e  e le v a te d  le v e l  o f  g lu c o s e  w ith  

in c re a s e d  s e c re t io n  o f  in s u l in  a n d  d e c re a s e d  s e c re t io n  o f  g lu c a g o n . T h e  e le v a te d  

in s u l in /g lu c a g o n  ra t io  a n d  th e  re a d y  a v a i la b i l i ty  o f  c i r c u la t in g  s u b s t ra te s  m a k e  

th e  a b s o rp t iv e  s ta te  a n  a n a b o l ic  p e r io d  c h a ra c te r iz e d  b y  in c re a s e d  s y n th e s is  o f  

T A G  a n d  g ly c o g e n  to  r e p le n is h  fu e l  s to re s  a s  w e l l  a s  in c re a s e d  s y n th e s is  o f  

p ro te in .  D u r in g  th is  a b s o rp t iv e  p e r io d , v ir tu a l ly  a l l  t i s s u e s  u s e  g lu c o s e  as  a  fu e l, 

a n d  th e  m e ta b o l ic  r e s p o n s e  o f  th e  b o d y  is  d o m in a te d  b y  a l te ra t io n s  in  th e  

m e ta b o l is m  o f  l iv e r , a d ip o s e  t is s u e , s k e le ta l  m u s c le ,  a n d  b ra in .  In  th is  c h a p te r ,  a n  

“ o rg a n  m a p ” is  in t ro d u c e d  th a t  tr a c e s  th e  m o v e m e n t  o f  m e ta b o l i te s  b e tw e e n  

tis s u e s .  T h e  g o a l  is  to  c re a te  a n  e x p a n d e d  a n d  c l in ic a lly  u s e fu l  v is io n  o f  w h o le -  

b o d y  m e ta b o lis m .

II. REGULATORY MECHANISMS

T h e  f lo w  o f  in te rm e d ia te s  th ro u g h  m e ta b o l ic  p a th w a y s  is  c o n tro l le d  b y  fo u r  

m e c h a n is m s : 1) th e  a v a i la b i l i ty  o f  s u b s tra te s ,  2 ) a l lo s te r ic  r e g u la t io n  o f  e n z y m e s , 

3 ) c o v a le n t  m o d if ic a t io n  o f  e n z y m e s , a n d  4 )  in d u c t io n - r e p re s s io n  o f  e n z y m e  

s y n th e s is ,  p r im a r i ly  th ro u g h  r e g u la t io n  o f  tr a n s c r ip tio n .  A l th o u g h  th is  s c h e m e



m a y  a t  f i r s t  s e e m  re d u n d a n t ,  e a c h  m e c h a n is m  o p e ra te s  o n  a  d if f e r e n t  t im e s c a le  

(F ig . 2 4 .1 ) a n d  a l lo w s  th e  b o d y  to  a d a p t  to  a  w id e  v a r ie ty  o f  p h y s io lo g ic  

s itu a tio n s .  In  th e  a b s o rp t iv e  s ta te , th e s e  r e g u la to ry  m e c h a n is m s  in s u re  th a t  

a v a i la b le  n u tr ie n ts  a re  c a p tu re d  as  g ly c o g e n , T A G , a n d  p ro te in .
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F ig u re  2 4 .1  C o n tro l  m e c h a n is m s  o f  m e ta b o l is m  a n d  s o m e  ty p ic a l  r e s p o n s e  

t im e s . [N o te : R e s p o n s e  t im e s  m a y  v a ry  a c c o rd in g  to  th e  n a tu re  o f  th e  s t im u lu s  

a n d  f ro m  t is s u e  to  t is s u e .]

A. Allosteric effectors
A llo s te r ic  c h a n g e s  u s u a lly  in v o lv e  r a te -d e te rm in in g  r e a c tio n s .  F o r  e x a m p le , 

g ly c o ly s is  in  th e  l iv e r  is  s t im u la te d  fo l lo w in g  a  m e a l  b y  a n  in c re a s e  in  

f ru c to s e  2 ,6 -b is p h o s p h a te ,  a n  a l lo s te r ic  a c t iv a to r  o f  phosphofructokinase-1  
([PFK-1] s e e  p . 9 9 ) . In  c o n tra s t ,  g lu c o n e o g e n e s is  is  d e c re a s e d  b y  f ru c to s e  

2 ,6 -b is p h o s p h a te ,  a n  a l lo s te r ic  in h ib i to r  o f  fructose 1,6-bisphosphatase  (s e e

p . 1 2 2 ).

B. Covalent modification
T h e  a c t iv i ty  o f  m a n y  e n z y m e s  is  r e g u la te d  b y  th e  a d d i t io n  (v ia  kinases, 
s u c h  as  cyclic adenosine m onophosphate [cA M P ]-d ep en d en t protein  
kinase A  [P K A ] a n d  adenosine m on ophosphate-activa ted  protein  kinase  
[A M P K ])  o r  r e m o v a l  (v ia  phosphatases)  o f  p h o s p h a te  g ro u p s  f ro m  s p e c if ic  

s e r in e , th re o n in e ,  o r  ty ro s in e  r e s id u e s  o f  th e  p ro te in .  In  th e  a b s o rp t iv e  s ta te , 

m o s t  o f  th e  c o v a le n t ly  r e g u la te d  e n z y m e s  a re  in  th e  d e p h o s p h o ry la te d  fo rm  

a n d  a re  a c t iv e  (F ig . 2 4 .2 ). T h re e  e x c e p tio n s  a re  glycogen phosphorylase  
kinase  ( s e e  p . 1 3 2 ), glycogen phosphorylase  ( s e e  p . 1 3 2 ), a n d  horm one
sensitive lipase (HSL) ( s e e  p . 1 8 9 ), w h ic h  a re  in a c t iv e  in  th e ir  

d e p h o s p h o ry la te d  fo rm . [N o te : In  th e  liv e r , th e  phosphatase  d o m a in  o f  

b ifu n c t io n a l  phosphofructokinase-2  (PFK-2) is  in a c t iv e  w h e n  th e  p ro te in  is  

d e p h o s p h o ry la te d  ( s e e  p . 1 0 0 ).]
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F ig u re  2 4 .2  Im p o r ta n t  r e a c t io n s  o f  in te rm e d ia ry  m e ta b o l is m  r e g u la te d  b y  

e n z y m e  p h o s p h o ry la t io n .  B lu e  te x t  =  in te rm e d ia te s  o f  c a rb o h y d ra te  m e ta b o lis m ; 

b ro w n  te x t  = in te rm e d ia te s  o f  l ip id  m e ta b o l is m ; P  = p h o s p h a te ;  C o A  = 

c o e n z y m e  A ; C O 2 = c a rb o n  d io x id e .

C. Induction and repression of enzyme synthesis
In c re a s e d  ( in d u c t io n  o f)  o r  d e c re a s e d  ( r e p re s s io n  o f)  e n z y m e  s y n th e s is  le a d s  

to  c h a n g e s  in  th e  n u m b e r  o f  e n z y m e  m o le c u le s ,  r a th e r  th a n  c h a n g in g  th e  

a c t iv i ty  o f  e x is t in g  e n z y m e  m o le c u le s .  E n z y m e s  s u b je c t  to  s y n th e s is  

r e g u la t io n  a re  o f te n  th o s e  th a t  a re  n e e d e d  u n d e r  s p e c if ic  p h y s io lo g ic  

c o n d it io n s .  F o r  e x a m p le , in  th e  w e l l - f e d  s ta te , e le v a te d  in s u l in  le v e ls  r e s u l t  

in  a n  in c re a s e  in  th e  s y n th e s is  o f  k e y  e n z y m e s , s u c h  as  acetyl coenzym e A  
(CoA) carboxylase (ACC) a n d  fatty acid  synthase  ( s e e  p . 3 1 3 ) , in v o lv e d  in  

a n a b o l ic  m e ta b o l is m . In  th e  fa s te d  s ta te , g lu c a g o n  in d u c e s  e x p re s s io n  o f  

phosphoenolpyruvate carboxykinase (PEPCK) o f  g lu c o n e o g e n e s is  (s e e  p . 

3 1 4 ) . [N o te : B o th  h o rm o n e s  a f f e c t  g e n e  tra n s c r ip tio n .]

III. LIVER: NUTRIENT DISTRIBUTION
CENTER

T h e  l iv e r  is  u n iq u e ly  s i tu a te d  to  p ro c e s s  a n d  d is tr ib u te  d ie ta ry  n u tr ie n ts  b e c a u s e  

th e  v e n o u s  d ra in a g e  o f  th e  g u t  a n d  p a n c re a s  p a s s e s  th ro u g h  th e  h e p a t ic  p o r ta l  

v e in  b e fo re  e n try  in to  th e  g e n e ra l  c i rc u la t io n . T h u s , a f te r  a  m e a l, th e  l iv e r  is  

b a th e d  in  b lo o d  c o n ta in in g  a b s o rb e d  n u tr ie n ts  a n d  e le v a te d  le v e ls  o f  in s u lin  

s e c re te d  b y  th e  p a n c re a s .  D u r in g  th e  a b s o rp t iv e  p e r io d , th e  l iv e r  ta k e s  u p  

c a rb o h y d ra te s ,  l ip id s , a n d  m o s t  a m in o  a c id s . T h e s e  n u tr ie n ts  a re  th e n  

m e ta b o l iz e d ,  s to re d , o r  ro u te d  to  o th e r  t is s u e s .  In  th is  w a y , th e  l iv e r  s m o o th s  o u t  

p o te n t ia l ly  b ro a d  f lu c tu a t io n s  in  th e  a v a i la b i l i ty  o f  n u tr ie n ts  fo r  th e  p e r ip h e ra l  

tis s u e s .

A. Carbohydrate metabolism
T h e  l iv e r  is  n o rm a lly  a  g lu c o s e -p ro d u c in g  r a th e r  th a n  a  g lu c o s e -u s in g



o rg a n . H o w e v e r ,  a f te r  a  m e a l c o n ta in in g  c a rb o h y d ra te ,  th e  l iv e r  b e c o m e s  a 

n e t  c o n s u m e r , r e ta in in g  ro u g h ly  6 0  g o f  e v e ry  1 00  g o f  g lu c o s e  p re s e n te d  

b y  th e  p o r ta l  sy s te m . T h is  in c re a s e d  u s e  r e f le c ts  in c r e a s e d  g lu c o s e  u p ta k e  

b y  th e  h e p a to c y te s .  T h e ir  in s u l in - in d e p e n d e n t  g lu c o s e  t r a n s p o r te r  (G L U T -  

2 ) h a s  a  lo w  a f f in i ty  (h ig h  K m [M ic h a e lis  c o n s ta n t] )  fo r  g lu c o s e  a n d ,

th e re fo re ,  ta k e s  u p  g lu c o s e  o n ly  w h e n  b lo o d  g lu c o se  is  h ig h  (s e e  p . 9 8 ). 

P ro c e s s e s  th a t  a re  u p re g u la te d  w h e n  h e p a t ic  g lu c o s e  is  in c r e a s e d  in c lu d e  

th e  fo llo w in g .

1. In c re a s e d  g lu c o s e  p h o s p h o ry la t io n :  T h e  e le v a te d  le v e ls  o f  g lu c o s e  w ith in  

th e  h e p a to c y te  (a s  a  r e s u l t  o f  e le v a te d  e x tr a c e l lu la r  le v e ls )  a l lo w  

glucokinase  to  p h o s p h o ry la te  g lu c o s e  to  g lu c o se  6 -p h o s p h a te  (F ig . 2 4 .3 , 

). [N o te : G lucokinase  h a s  a  h ig h  K m fo r  g lu c o se , is  n o t  s u b je c t  to  d ire c t  

p ro d u c t  in h ib it io n , a n d  h a s  a  s ig m o id a l  r e a c t io n  c u rv e  (se e  p . 9 8 ) .]

F ig u re  2 4 .3  M a jo r  m e ta b o l ic  p a th w a y s  in  th e  l iv e r  in  th e  a b s o rp tiv e  s ta te . [N o te : 

T h e  a c e ty l  c o e n z y m e  A  (C o A )  is  a lso  u s e d  fo r  c h o le s te ro l  s y n th e s is .]  T h e  

n u m b e rs  in  c irc le s , w h ic h  a p p e a r  b o th  in  th e  f ig u re  a n d  in  th e  te x t, in d ic a te  

im p o r ta n t  p a th w a y s  fo r  c a rb o h y d ra te ,  fa t, o r  p ro te in  m e ta b o l is m . B lu e  te x t  = 

in te rm e d ia te s  o f  c a rb o h y d ra te  m e ta b o lis m ; b ro w n  te x t  = in te rm e d ia te s  o f  l ip id  

m e ta b o lis m ; g re e n  te x t  = in te rm e d ia te s  o f  p ro te in  m e ta b o lis m ; P  = p h o s p h a te ;  

T C A  = t r ic a rb o x y lic  a c id ; V L D L  = v e ry - lo w -d e n s i ty  l ip o p ro te in ;  G L U T  = 

g lu c o s e  t r a n s p o r te r ;  N A D P H  = n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te ;  

N H 3 = a m m o n ia .

2. In c re a s e d  g ly c o g e n e s is :  T h e  c o n v e r s io n  o f  g lu c o s e  6 -p h o s p h a te  to



g ly c o g e n  is  f a v o re d  b y  th e  a c t iv a t io n  o f  glycogen synthase, b o th  b y  

d e p h o s p h o ry la t io n  a n d  b y  in c re a s e d  a v a i la b i l i ty  o f  g lu c o s e  6 -p h o s p h a te ,  

its  p o s i t iv e  a l lo s te r ic  e f f e c to r  (s e e  F ig . 2 4 .3 , ).

3. In c re a s e d  p e n to s e  p h o s p h a te  p a th w a y  a c tiv ity :  T h e  in c re a s e d  a v a i la b i l i ty  

o f  g lu c o s e  6 -p h o s p h a te ,  c o m b in e d  w ith  th e  a c t iv e  u s e  o f  n ic o t in a m id e  

a d e n in e  d in u c le o t id e  p h o s p h a te  (N A D P H )  in  h e p a t ic  l ip o g e n e s is ,  

s t im u la te s  th e  p e n to s e  p h o s p h a te  p a th w a y  (s e e  p . 1 4 5 ). T h is  p a th w a y  

ty p ic a l ly  a c c o u n ts  fo r  5 % - 1 0 %  o f  th e  g lu c o s e  m e ta b o l iz e d  b y  th e  l iv e r  

( s e e  F ig . 2 4 .3 , ).

4 . In c re a s e d  g ly c o ly s is :  In  th e  l iv e r , g ly c o ly s is  is  s ig n if ic a n t  o n ly  d u r in g  th e  

a b s o rp t iv e  p e r io d  fo llo w in g  a  c a rb o h y d ra te - r ic h  m e a l. T h e  c o n v e r s io n  o f  

g lu c o s e  to  p y ru v a te  is  s t im u la te d  b y  th e  e le v a te d  in s u l in /g lu c a g o n  ra t io  

th a t  r e s u lts  in  in c re a s e d  a m o u n ts  o f  th e  r e g u la te d  e n z y m e s  o f  g ly c o ly s is :  

glucokinase, PFK-1, a n d  pyruvate kinase  ( [P K ] s e e  p . 1 0 5 ). 

A d d it io n a l ly ,  PFK-1  is  a l lo s te r ic a l ly  a c t iv a te d  b y  f ru c to s e  2 ,6 -  

b is p h o s p h a te  g e n e ra te d  b y  th e  a c t iv e  (d e p h o s p h o ry la te d )  kinase  d o m a in  

o f  b ifu n c t io n a l  PFK-2. P K  is  d e p h o s p h o ry la te d  a n d  a c tiv e . Pyruvate  
dehydrogenase (PDH ), w h ic h  c o n v e r ts  p y ru v a te  to  a c e ty l  C o A , is  a c t iv e  

(d e p h o s p h o ry la te d )  b e c a u s e  p y ru v a te  in h ib its  P D H  kinase  ( s e e  F ig . 2 4 .3 , 

O ) .  T h e  a c e ty l  C o A  e i th e r  is  u s e d  a s  a  s u b s t r a te  fo r  f a t ty  a c id  (F A ) 

s y n th e s is  o r  is  o x id iz e d  fo r  e n e rg y  in  th e  t r ic a rb o x y lic  a c id  (T C A ) c y c le . 

(S e e  F ig . 2 4 .4  fo r  th e  c e n tra l  ro le  o f  g lu c o s e  6 -p h o s p h a te .)



F ig u re  2 4 .4  C e n tra l  ro le  o f  g lu c o s e  6 -p h o s p h a te  in  m e ta b o l is m . [N o te : T h e  

p r e s e n c e  o f  glucose 6-phosphatase  in  th e  l iv e r  a l lo w s  th e  p ro d u c t io n  o f  f re e  

g lu c o s e  f ro m  th e  g lu c o s e  6 -p h o s p h a te  p ro d u c e d  in  g ly c o g e n o ly s is  a n d  

g lu c o n e o g e n e s is .]  N A D P H  = n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te ;  P  = 

p h o s p h a te .

5. D e c re a s e d  g lu c o s e  p ro d u c t io n :  W h i le  g ly c o ly s is  a n d  g ly c o g e n e s is  

(p a th w a y s  th a t  p ro m o te  g lu c o s e  s to ra g e )  a re  b e in g  s t im u la te d  in  th e  l iv e r  

in  th e  a b s o rp t iv e  s ta te , g lu c o n e o g e n e s is  a n d  g ly c o g e n o ly s is  (p a th w a y s  

th a t  g e n e ra te  g lu c o s e )  a re  b e in g  in h ib ite d . P yruvate carboxylase (PC), 
w h ic h  c a ta ly z e s  th e  f i r s t  s te p  in  g lu c o n e o g e n e s is ,  is  la rg e ly  in a c tiv e  

b e c a u s e  o f  lo w  le v e ls  o f  a c e ty l  C o A , its  a l lo s te r ic  a c t iv a to r  (s e e  p . 1 1 9 ). 

[N o te : T h e  a c e ty l  C o A  is  b e in g  u s e d  fo r  F A  s y n th e s is .]  T h e  h ig h



in s u l in /g lu c a g o n  ra t io  a lso  fa v o rs  in a c t iv a t io n  o f  o th e r  g lu c o n e o g e n ic  

e n z y m e s  s u c h  a s  fructose 1,6-bisphosphatase  ( s e e  F ig . 8 .1 7 , p . 1 0 0 ). 

G ly c o g e n o ly s is  is  in h ib i te d  b y  d e p h o s p h o ry la t io n  o f  glycogen  
phosphorylase  a n d  phosphorylase kinase. [N o te : T h e  in c re a s e d  u p ta k e  

a n d  d e c re a s e d  p r o d u c t io n  o f  b lo o d  g lu c o s e  in  th e  a b s o rp t iv e  p e r io d  

p re v e n ts  h y p e rg ly c e m ia .]

B. Fat metabolism
1. In c re a s e d  fa t ty  a c id  s y n th e s is :  L iv e r  is  th e  p r im a ry  s ite  o f  d e  n o v o

s y n th e s is  o f  F A  (s e e  F ig . 2 4 .3 , ). F A  s y n th e s is ,  a  c y to s o l ic  p ro c e s s ,  is  

f a v o re d  in  th e  a b s o rp t iv e  p e r io d  b y  a v a i la b i l i ty  o f  th e  s u b s t ra te s  a c e ty l  

C o A  ( f ro m  g lu c o s e  a n d  a m in o  a c id  m e ta b o l is m )  a n d  N A D P H  ( f ro m  

g lu c o s e  m e ta b o l is m  in  th e  p e n to s e  p h o s p h a te  p a th w a y )  a n d  b y  th e  

a c t iv a t io n  o f  A C C , b o th  b y  d e p h o s p h o ry la t io n  a n d  b y  th e  p r e s e n c e  o f  its  

a l lo s te r ic  a c t iv a to r ,  c i tra te . [N o te : In a c t iv i ty  o f  A M P K  fa v o rs

d e p h o s p h o ry la t io n .]  A C C  c a ta ly z e s  th e  fo rm a t io n  o f  m a lo n y l  C o A  f ro m  

a c e ty l  C o A , th e  r a te - l im it in g  r e a c t io n  fo r  F A  s y n th e s is  ( s e e  p . 1 8 3 ). 

[N o te : M a lo n y l  C o A  in h ib its  carnitine palm itoyltransferase-I (CPT-I) 
o f  F A  o x id a t io n  ( s e e  p . 1 9 1 ). T h u s , c i tr a te  d ire c tly  a c t iv a te s  F A  s y n th e s is  

a n d  in d ire c t ly  in h ib its  F A  d e g ra d a tio n .]

a. S o u rc e  o f  c y to s o l ic  a c e ty l  c o e n z y m e  A : P y ru v a te  f ro m  a e ro b ic  

g ly c o ly s is  e n te r s  m ito c h o n d r ia  a n d  is  d e c a rb o x y la te d  b y  PDH . T h e  

a c e ty l  C o A  p r o d u c t  is  c o m b in e d  w ith  o x a lo a c e ta te  (O A A ) to  fo rm  

c i tra te  v ia  citrate synthase  o f  th e  T C A  c y c le . C itra te  le a v e s  th e  

m ito c h o n d r ia  (a s  a  r e s u l t  o f  th e  in h ib i t io n  o f  isocitrate dehydrogenase  
b y  A T P )  a n d  e n te r s  th e  c y to so l .  C itra te  is  c le a v e d  b y  A T P  citrate lyase  
( in d u c e d  b y  in s u lin ) ,  p ro d u c in g  th e  a c e ty l  C o A  s u b s tr a te  o f  A C C  p lu s  

O A A .

b . A d d i t io n a l  s o u rc e  o f  N A D P H : T h e  O A A  is  r e d u c e d  to  m a la te ,  w h ic h  is  

o x id a tiv e ly  d e c a rb o x y la te d  to  p y ru v a te  b y  m alic enzym e  a s  N A D P H  is 

fo rm e d  (s e e  F ig . 1 6 .1 1  o n  p . 1 8 7 ).

2. In c re a s e d  t r ia c y lg ly c e ro l  s y n th e s is :  T A G  s y n th e s is  is  f a v o re d  b e c a u s e  

fa t ty  a c y l  C o A  a re  a v a i la b le  b o th  f ro m  d e  n o v o  s y n th e s is  a n d  f ro m  

h y d ro ly s is  o f  th e  T A G  c o m p o n e n t  o f  c h y lo m ic ro n  re m n a n ts  r e m o v e d  

f ro m  th e  b lo o d  b y  h e p a to c y te s  (s e e  p . 1 7 8 ). G ly c e ro l  3 -p h o s p h a te ,  th e  

b a c k b o n e  fo r  T A G  s y n th e s is ,  is  p ro v id e d  b y  g ly c o ly s is  ( s e e  p . 1 8 9 ). T h e



l iv e r  p a c k a g e s  th e s e  e n d o g e n o u s  T A G  in to  v e ry - lo w -d e n s i ty  l ip o p ro te in  

(V L D L )  p a r t ic le s  th a t  a re  s e c re te d  in to  th e  b lo o d  fo r  u s e  b y  e x tr a h e p a t ic  

t is s u e s ,  p a r t ic u la r ly  a d ip o s e  a n d  m u s c le  t is s u e s  ( s e e  F ig . 2 4 .3 , ).

C. Amino acid metabolism
1. In c re a s e d  a m in o  a c id  d e g ra d a tio n :  In  th e  a b s o rp t iv e  p e r io d , m o re  a m in o  

a c id s  a re  p r e s e n t  th a n  th e  l iv e r  c a n  u s e  in  th e  s y n th e s is  o f  p ro te in s  a n d  

o th e r  n i t r o g e n -c o n ta in in g  m o le c u le s .  T h e  s u rp lu s  a m in o  a c id s  a re  n o t  

s to re d  b u t  a re  e i th e r  re le a s e d  in to  th e  b lo o d  fo r  o th e r  t i s s u e s  to  u s e  in  

p ro te in  s y n th e s is  o r  d e a m in a te d ,  w i th  th e  re s u l t in g  c a rb o n  s k e le to n s  

b e in g  d e g ra d e d  b y  th e  l iv e r  to  p y ru v a te ,  a c e ty l  C o A , o r  T C A  c y c le  

in te rm e d ia te s .  T h e s e  m e ta b o l i te s  c a n  b e  o x id iz e d  fo r  e n e rg y  o r  u s e d  in  

F A  s y n th e s is  (s e e  F ig . 2 4 .3 , ). T h e  l iv e r  h a s  l im i te d  c a p a c ity  to  in i t ia te  

d e g ra d a t io n  o f  th e  b r a n c h e d -c h a in  a m in o  a c id s  (B C A A )  le u c in e , 

is o le u c in e , a n d  v a l in e .  T h e y  p a s s  th ro u g h  th e  l iv e r  e s s e n tia l ly  u n c h a n g e d  

a n d  a re  m e ta b o l iz e d  in  m u s c le  (s e e  p . 2 6 6 ) .

2. In c re a s e d  p ro te in  s y n th e s is :  T h e  b o d y  d o e s  n o t  s to re  p ro te in  fo r  e n e rg y  in  

th e  s a m e  w a y  th a t  i t  m a in ta in s  g ly c o g e n  o r  T A G  re s e rv e s .  H o w e v e r ,  a  

tr a n s ie n t  in c re a s e  in  th e  s y n th e s is  o f  h e p a t ic  p ro te in s  d o e s  o c c u r  in  th e  

a b s o rp t iv e  s ta te , r e s u l t in g  in  r e p la c e m e n t  o f  a n y  p ro te in s  th a t  m a y  h a v e  

b e e n  d e g ra d e d  d u r in g  th e  p re v io u s  p e r io d  o f  fa s t in g  ( s e e  F ig . 2 4 .3 , ).

IV. ADIPOSE TISSUE: ENERGY STORAGE 
DEPOT

A d ip o s e  t i s s u e  is  s e c o n d  o n ly  to  th e  l iv e r  in  its  a b i l i ty  to  d is tr ib u te  fu e l 

m o le c u le s .  In  a  7 0 -k g  m a n , w h ite  a d ip o s e  t i s s u e  (W A T )  w e ig h s  ~ 1 4  k g , o r  a b o u t  

h a l f  as  m u c h  a s  th e  to ta l  m u s c le  m a s s . N e a r ly  th e  e n t ire  v o lu m e  o f  e a c h  

a d ip o c y te  in  W A T  c a n  b e  o c c u p ie d  b y  a  d ro p le t  o f  a n h y d ro u s , c a lo r ic a l ly  d e n s e  

T A G  (F ig . 2 4 .5 ).



NucleusA giant lipid droplet flattens
the nucleus and cytoplasm
at one end of the cell.

Lipid droplet

F ig u re  2 4 .5  C o lo r iz e d  t r a n s m is s io n  e le c tro n  m ic ro g ra p h  o f  a d ip o c y te s .

A. Carbohydrate metabolism
1. In c re a s e d  g lu c o s e  tr a n sp o r t :  C irc u la t in g  in s u l in  le v e ls  a re  e le v a te d  in  th e  

a b s o rp t iv e  s ta te , r e s u l t in g  in  a n  in f lu x  o f  g lu c o s e  in to  a d ip o c y te s  v ia  

in s u l in - s e n s i t iv e  G L U T -4  r e c ru i te d  to  th e  c e l l  s u r fa c e  f ro m  in t r a c e l lu la r  

v e s ic le s  (F ig . 2 4 .6 , ). T h e  g lu c o s e  is  p h o s p h o ry la te d  b y  hexokinase.



Glucose
Adipocytes contain the 
insulin-sensitive GLUT-4.
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Fat stored in adipose tissue is derived 
from dietary fatty acids packaged as 
TAG in chylomicrons and endogenous 
fatty acids made in the liver and 
packaged as TAG in VLDL. LPL in the 
capillaries degrades the TAG, releasing 
fatty acids.



F ig u re  2 4 .6  M a jo r  m e ta b o l ic  p a th w a y s  in  a d ip o s e  t i s s u e  in  th e  a b s o rp t iv e  s ta te . 

[N o te : T h e  n u m b e rs  in  th e  c irc le s ,  w h ic h  a p p e a r  b o th  in  th e  f ig u re  a n d  in  th e  

c o r re s p o n d in g  te x t, in d ic a te  im p o r ta n t  p a th w a y s  fo r  a d ip o s e  t i s s u e  m e ta b o l is m .]  

G L U T  = g lu c o s e  tr a n s p o r te r ;  P  = p h o s p h a te ;  N A D P H  = n ic o t in a m id e  a d e n in e  

d in u c le o t id e ;  C o A  = c o e n z y m e  A ; T C A  = t r ic a rb o x y lic  a c id ; T A G  = 

tr ia c y lg ly c e ro l ;  V L D L  = v e ry - lo w -d e n s i ty  l ip o p ro te in ;  L P L  = lipoprotein  lipase.

2. In c re a s e d  g ly c o ly s is :  T h e  in c r e a s e d  in t r a c e l lu la r  a v a i la b i l i ty  o f  g lu c o s e  

r e s u lts  in  a n  e n h a n c e d  r a te  o f  g ly c o ly s is  ( s e e  F ig . 2 4 .6 , ). In  a d ip o s e  

t is s u e , g ly c o ly s is  s e rv e s  a  s y n th e t ic  fu n c t io n  b y  s u p p ly in g  g ly c e ro l  3- 

p h o s p h a te  fo r  T A G  s y n th e s is  (s e e  p . 1 8 8 ). [N o te : A d ip o s e  t i s s u e  la c k s  

glycerol kinase.]

3. In c re a s e d  p e n to s e  p h o s p h a te  p a th w a y  a c tiv ity :  A d ip o s e  t i s s u e  c a n  

m e ta b o l iz e  g lu c o s e  b y  m e a n s  o f  th e  p e n to s e  p h o s p h a te  p a th w a y , th e re b y  

p ro d u c in g  N A D P H , w h ic h  is  e s s e n t ia l  fo r  F A  s y n th e s is  (s e e  p . 1 8 6  a n d  

F ig . 2 4 .6 , ). H o w e v e r ,  in  h u m a n s , d e  n o v o  s y n th e s is  is  n o t  a  m a jo r  s o u rc e  

o f  F A  in  a d ip o s e  t is s u e , e x c e p t  w h e n  r e fe e d in g  a  p re v io u s ly  fa s te d  

in d iv id u a l  (s e e  F ig . 2 4 .6 , ).

B. Fat metabolism
M o s t o f  th e  F A  a d d e d  to  th e  T A G  s to re s  o f  a d ip o c y te s  a f te r  c o n s u m p tio n  o f  

a  l ip id -c o n ta in in g  m e a l a re  p ro v id e d  b y  th e  d e g ra d a t io n  o f  e x o g e n o u s  

(d ie ta ry )  T A G  in  c h y lo m ic ro n s  s e n t  o u t  b y  th e  in te s t in e  a n d  e n d o g e n o u s  

T A G  in  V L D L  s e n t  o u t  b y  th e  l iv e r  (s e e  F ig . 2 4 .6 , ). T h e  F A  a re  re le a s e d  

f ro m  th e  l ip o p ro te in s  b y  lipoprotein lipase  (L P L ) ,  a n  e x tr a c e l lu la r  e n z y m e  

a t ta c h e d  to  th e  e n d o th e l ia l  c e l ls  o f  c a p i l la ry  w a lls  in  m a n y  tis s u e s ,  

p a r t ic u la r ly  a d ip o s e  a n d  m u s c le  (s e e  p . 2 2 8 ) . In  a d ip o s e  t is s u e , LPL  is  

u p re g u la te d  b y  in s u lin .  T h u s , in  th e  fe d  s ta te , e le v a te d  le v e ls  o f  g lu c o s e  a n d  

in s u l in  f a v o r  s to ra g e  o f  T A G  (se e  F ig . 2 4 .6 , ), a l l  th e  c a rb o n s  o f  w h ic h  a re  

s u p p lie d  b y  g lu c o se . [N o te : E le v a te d  in s u l in  f a v o rs  th e  d e p h o s p h o ry la te d  

( in a c tiv e )  fo rm  o f  H SL  ( s e e  p . 1 8 9 ), th e re b y  in h ib i t in g  l ip o ly s is  in  th e  w e ll-  

fe d  s ta te .]

V. RESTING SKELETAL MUSCLE



S k e le ta l  m u s c le  a c c o u n ts  fo r  ~ 4 0 %  o f  th e  b o d y  m a s s  in  in d iv id u a ls  o f  h e a l th y  

w e ig h t ,  a n d  i t  c a n  u s e  g lu c o se , a m in o  a c id s , F A , a n d  k e to n e  b o d ie s  a s  fu e l. In  th e  

w e ll - fe d  s ta te , m u s c le  ta k e s  u p  g lu c o s e  v ia  G L U T -4  (fo r  e n e rg y  a n d  g ly c o g e n  

s y n th e s is )  a n d  a m in o  a c id s  ( fo r  e n e rg y  a n d  p ro te in  s y n th e s is ) .  In  c o n t r a s t  to  

liv e r , th e re  is  n o  c o v a le n t  r e g u la t io n  o f  PF K -2  in  s k e le ta l  m u s c le .  H o w e v e r ,  in  

th e  c a rd ia c  is o z y m e , th e  kinase  d o m a in  is  a c t iv a te d  b y  e p in e p h r in e -m e d ia te d  

p h o s p h o ry la t io n  (s e e  p . 1 0 0 ).

S k e le ta l  m u s c le  is  u n iq u e  in  b e in g  a b le  to  r e s p o n d  to  s u b s ta n t ia l  c h a n g e s  in  

th e  d e m a n d  fo r  A T P  th a t  a c c o m p a n ie s  c o n tra c tio n . A t  re s t ,  m u s c le  a c c o u n ts  

fo r  ~ 2 5 %  o f  th e  o x y g e n  (O 2) c o n s u m p tio n  o f  th e  b o d y , w h e re a s  d u r in g  

v ig o ro u s  e x e rc is e ,  i t  is  r e s p o n s ib le  fo r  u p  to  9 0 % . T h is  u n d e r s c o re s  th e  f a c t  

th a t  s k e le ta l  m u s c le ,  d e s p ite  its  p o te n t ia l  fo r  t r a n s ie n t  p e r io d s  o f  a n a e ro b ic  

g ly c o ly s is ,  is  a n  o x id a t iv e  tis su e .

A. Carbohydrate metabolism
1. In c re a s e d  g lu c o s e  tr a n sp o r t :  T h e  t r a n s ie n t  in c re a s e  in  p la s m a  g lu c o s e  a n d  

in s u l in  a f te r  a  c a rb o h y d ra te - r ic h  m e a l  le a d s  to  a n  in c re a s e  in  g lu c o s e  

t r a n s p o r t  in to  m u s c le  c e l ls  (m y o c y te s )  b y  G L U T -4  (se e  p . 9 7  a n d  F ig . 

2 4 .7 , ), th e re b y  r e d u c in g  b lo o d  g lu c o se . G lu c o s e  is  p h o s p h o ry la te d  to  

g lu c o s e  6 -p h o s p h a te  b y  hexokinase  a n d  m e ta b o l iz e d  to  m e e t  th e  e n e rg y  

n e e d s  o f  m y o c y te s .





F ig u re  2 4 .7  M a jo r  m e ta b o l ic  p a th w a y s  in  s k e le ta l  m u s c le  in  th e  a b s o rp t iv e  s ta te . 

[N o te : T h e  n u m b e rs  in  c irc le s ,  w h ic h  a p p e a r  b o th  in  th e  f ig u re  a n d  in  th e  te x t, 

in d ic a te  im p o r ta n t  p a th w a y s  fo r  c a rb o h y d ra te  o r  p ro te in  m e ta b o l is m .]  C o A  = 

c o e n z y m e  A ; P  = p h o s p h a te ;  G L U T  = g lu c o s e  tr a n s p o r te r ;  B C A A  = b ra n c h e d -  

c h a in  a m in o  a c id s ;  T C A  = t r ic a rb o x y lic  a c id .

2. In c re a s e d  g ly c o g e n e s is :  T h e  in c r e a s e d  in s u l in /g lu c a g o n  ra t io  a n d  th e  

a v a i la b i l i ty  o f  g lu c o s e  6 -p h o s p h a te  f a v o r  g ly c o g e n  s y n th e s is ,  p a r t ic u la r ly  

if  g ly c o g e n  s to re s  h a v e  b e e n  d e p le te d  a s  a  r e s u l t  o f  e x e rc is e  (s e e  p . 1 2 6  

a n d  F ig . 2 4 .7 , ).

B. Fat metabolism
F A  a re  r e le a s e d  f ro m  c h y lo m ic ro n s  a n d  V L D L  b y  th e  a c t io n  o f  LPL  ( s e e  

p p . 2 2 8  a n d  2 3 1 ) . H o w e v e r ,  F A  a re  o f  s e c o n d a ry  im p o r ta n c e  a s  a  fu e l  fo r  

r e s t in g  m u s c le  d u r in g  th e  w e l l - f e d  s ta te , in  w h ic h  g lu c o s e  is  th e  p r im a ry  

s o u rc e  o f  e n e rg y .

C. Amino acid metabolism
1. In c re a s e d  p ro te in  s y n th e s is :  A n  in c re a s e  in  a m in o  a c id  u p ta k e  a n d  p ro te in  

s y n th e s is  o c c u rs  in  th e  a b s o rp t iv e  p e r io d  a f te r  in g e s t io n  o f  a  m e a l 

c o n ta in in g  p ro te in  (s e e  F ig . 2 4 .7 , a n d  ). T h is  s y n th e s is  r e p la c e s  p ro te in  

d e g ra d e d  s in c e  th e  p re v io u s  m e a l.

2. In c re a s e d  b r a n c h e d -c h a in  a m in o  a c id  u p ta k e : M u s c le  is  th e  p r in c ip a l  s i te  

fo r  d e g ra d a t io n  o f  th e  B C A A  b e c a u s e  i t  c o n ta in s  th e  re q u ire d  

transam inase  ( s e e  p . 2 6 6 ) . T h e  d ie ta ry  B C A A  e s c a p e  m e ta b o l is m  b y  th e  

l iv e r  a n d  a re  ta k e n  u p  b y  m u s c le ,  w h e re  th e y  a re  u s e d  fo r  p ro te in  

s y n th e s is  (s e e  F ig . 2 4 .7 , ) a n d  as  e n e rg y  so u rc e s .

VI. BRAIN

A lth o u g h  c o n tr ib u t in g  o n ly  2 %  o f  th e  a d u l t  w e ig h t ,  th e  b r a in  a c c o u n ts  fo r  a  

c o n s is te n t  2 0 %  o f  th e  b a s a l  O 2 c o n s u m p tio n  o f  th e  b o d y  a t  re s t .  B e c a u s e  th e



b ra in  is  v i ta l  to  th e  p ro p e r  fu n c t io n in g  o f  a l l  o rg a n s  o f  th e  b o d y , s p e c ia l  p r io r i ty  

is  g iv e n  to  its  fu e l  n e e d s . T o  p ro v id e  e n e rg y , s u b s t ra te s  m u s t  b e  a b le  to  c ro s s  th e  

e n d o th e l ia l  c e l ls  th a t  l in e  th e  b lo o d  v e s s e ls  in  th e  b r a in  ( th e  b lo o d - b r a in  b a r r ie r  

[B B B ]) . In  th e  fe d  s ta te , th e  b r a in  e x c lu s iv e ly  u s e s  g lu c o s e  a s  a  fu e l  (G L U T -1  o f  

th e  B B B  is  in s u l in  in d e p e n d e n t) ,  c o m p le te ly  o x id iz in g  ~ 1 4 0  g /d a y  to  c a rb o n  

d io x id e  a n d  w a te r .  B e c a u s e  th e  b r a in  c o n ta in s  n o  s ig n if ic a n t  s to re s  o f  g ly c o g e n , 

i t  is  c o m p le te ly  d e p e n d e n t  o n  th e  a v a i la b i l i ty  o f  b lo o d  g lu c o s e  (F ig . 2 4 .8 , ). 

[N o te : I f  b lo o d  g lu c o s e  le v e ls  fa l l  to  < 5 0  m g /d l  (n o rm a l f a s te d  b lo o d  g lu c o s e  is  

7 0 - 9 9  m g /d l) ,  c e re b ra l  fu n c t io n  is  im p a ire d  (s e e  p . 3 1 5 ) .]  T h e  b r a in  a lso  la c k s  

s ig n if ic a n t  s to re s  o f  T A G , a n d  th e  F A  c ir c u la t in g  in  th e  b lo o d  m a k e  l i t t le  

c o n tr ib u t io n  to  e n e rg y  p r o d u c t io n  fo r  r e a s o n s  th a t  a re  u n c le a r .  T h e  in te r t is s u e  

e x c h a n g e s  c h a ra c te r is t ic  o f  th e  a b s o rp t iv e  p e r io d  a re  s u m m a r iz e d  in  F ig u re  2 4 .9 .



BLOOD

Glucose

Glucose is readily 
transported across the 
blood-brain barrier by 
GLUT-1, which is insulin 
insensitive.



F ig u re  2 4 .8  M a jo r  m e ta b o l ic  p a th w a y s  in  th e  b r a in  in  th e  a b s o rp tiv e  s ta te . [N o te : 

T h e  n u m b e rs  in  c irc le s , w h ic h  a p p e a r  b o th  in  th e  f ig u re  a n d  in  th e  te x t, in d ic a te  

im p o r ta n t  p a th w a y s  fo r  c a rb o h y d ra te  m e ta b o l is m .]  C o A  = c o e n z y m e  A ; T C A  = 

tr ic a rb o x y lic  a c id ; P  = p h o s p h a te ;  G L U T  = g lu c o s e  t r a n s p o r te r .

F ig u re  2 4 .9  In te r t is s u e  r e la t io n s h ip s  in  th e  a b s o rp tiv e  s ta te  a n d  th e  h o rm o n a l  

s ig n a ls  th a t  p ro m o te  th e m . [N o te : S m a ll  c irc le s  o n  th e  p e r im e te r  o f  m u s c le  a n d  

th e  a d ip o c y te  in d ic a te  in s u l in -d e p e n d e n t  g lu c o s e  tr a n s p o r te r s .]  P  = p h o s p h a te ;  

C o A  = c o e n z y m e  A ; N A D P H  = n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te ;  

T C A  = tr ic a rb o x y lic  a c id ; V L D L  = v e ry - lo w -d e n s i ty  l ip o p ro te in .



VII. OVERVIEW OF THE FASTED STATE

F a s tin g  b e g in s  i f  n o  fo o d  is  in g e s te d  a f te r  th e  a b s o rp t iv e  p e r io d . I t  m a y  r e s u l t  

f ro m  a n  in a b i l i ty  to  o b ta in  fo o d , th e  d e s ire  to  lo s e  w e ig h t  ra p id ly , o r  c l in ic a l  

s i tu a tio n s  in  w h ic h  a n  in d iv id u a l  c a n n o t  e a t  ( fo r  e x a m p le , b e c a u s e  o f  tr a u m a , 

s u rg e ry , c a n c e r , o r  b u rn s ) .  In  th e  a b s e n c e  o f  fo o d , p la s m a  le v e ls  o f  g lu c o se , 

a m in o  a c id s , a n d  T A G  fa ll, t r ig g e r in g  a  d e c l in e  in  in s u l in  s e c re t io n  a n d  an  

in c re a s e  in  g lu c a g o n , e p in e p h r in e , a n d  c o r t is o l  s e c re t io n . T h e  d e c re a s e d  

in s u l in /c o u n te r r e g u la to ry  h o rm o n e  ra t io  a n d  th e  d e c re a s e d  a v a i la b i l i ty  o f  

c i r c u la t in g  s u b s t ra te s  m a k e  th e  p o s ta b s o rp t iv e  p e r io d  o f  n u tr ie n t  d e p r iv a t io n  a  

c a ta b o lic  p e r io d  c h a ra c te r iz e d  b y  d e g ra d a t io n  o f  T A G , g ly c o g e n , a n d  p ro te in .  

T h is  s e ts  in to  m o t io n  a n  e x c h a n g e  o f  s u b s t ra te s  a m o n g  th e  l iv e r , a d ip o s e  tis su e , 

s k e le ta l  m u s c le ,  a n d  b r a in  th a t  is  g u id e d  b y  tw o  p r io r i t ie s :  1) th e  n e e d  to  

m a in ta in  a d e q u a te  p la s m a  le v e ls  o f  g lu c o s e  to  s u s ta in  e n e rg y  m e ta b o l is m  in  th e  

b ra in ,  r e d  b lo o d  c e lls ,  a n d  o th e r  g lu c o s e - re q u ir in g  t i s s u e s  a n d  2 ) th e  n e e d  to  

m o b i l iz e  F A  f ro m  T A G  in  W A T  fo r  th e  s y n th e s is  a n d  r e le a s e  o f  k e to n e  b o d ie s  

b y  th e  l iv e r  to  s u p p ly  e n e rg y  to  o th e r  t i s s u e s  a n d  s p a re  b o d y  p ro te in .  A s  a  re su lt ,  

b lo o d  g lu c o s e  le v e ls  a re  m a in ta in e d  w ith in  a  n a r ro w  ra n g e  in  fa s tin g , w h ile  F A  

a n d  k e to n e  b o d y  le v e ls  in c re a s e . [N o te : M a in ta in in g  g lu c o s e  r e q u ire s  th a t  th e  

s u b s t ra te s  fo r  g lu c o n e o g e n e s is  (s u c h  a s  p y ru v a te ,  a la n in e , a n d  g ly c e ro l)  b e  

a v a i la b le .]

A. Fuel stores
T h e  m e ta b o l ic  fu e ls  a v a i la b le  in  a  n o rm a l  7 0 -k g  m a n  a t  th e  b e g in n in g  o f  a  

f a s t  a re  s h o w n  in  F ig u re  2 4 .1 0 . O b s e rv e  th e  e n o rm o u s  c a lo r ic  s to re s  

a v a i la b le  in  th e  fo rm  o f  T A G  c o m p a re d  w ith  th o s e  c o n ta in e d  in  g ly c o g e n . 

[N o te : A l th o u g h  p ro te in  is  l i s te d  as  a n  e n e rg y  s o u rc e , e a c h  p ro te in  a lso  h a s  

a  fu n c t io n  u n re la te d  to  e n e rg y  m e ta b o l is m  ( fo r  e x a m p le , a s  a  s tru c tu ra l  

c o m p o n e n t  o f  th e  b o d y  o r  as  a n  e n z y m e ) . T h e re fo re ,  o n ly  a b o u t  o n e  th i rd  o f  

th e  b o d y ’s p ro te in  c a n  b e  u s e d  fo r  e n e rg y  p r o d u c t io n  w i th o u t  fa ta lly  

c o m p ro m is in g  v i ta l  fu n c t io n s .]



F ig u re  2 4 .1 0  M e ta b o lic  fu e ls  p r e s e n t  in  a  7 0 -k g  m a n  a t  th e  b e g in n in g  o f  a  fa s t. 

T h e  f a t  s to re s  a re  s u f f ic ie n t  to  m e e t  e n e rg y  n e e d s  fo r  ~ 8 0  d a y s .

B. Enzymic changes
In  fa s t in g  (a s  in  th e  w e l l - f e d  s ta te ) , th e  f lo w  o f  in te rm e d ia te s  th ro u g h  th e  

p a th w a y s  o f  e n e rg y  m e ta b o l is m  is  c o n tro l le d  b y  fo u r  m e c h a n is m s : 1) th e  

a v a i la b i l i ty  o f  s u b s tra te s ,  2 ) a l lo s te r ic  r e g u la t io n  o f  e n z y m e s , 3 ) c o v a le n t  

m o d if ic a t io n  o f  e n z y m e s , a n d  4 )  in d u c t io n - r e p re s s io n  o f  e n z y m e  s y n th e s is .  

T h e  m e ta b o l ic  c h a n g e s  o b s e rv e d  in  fa s t in g  a re  g e n e ra lly  o p p o s i te  th o s e  

d e s c r ib e d  fo r  th e  a b s o rp t iv e  s ta te  (s e e  F ig . 2 4 .9 ). F o r  e x a m p le , a l th o u g h  

m o s t  o f  th e  e n z y m e s  r e g u la te d  b y  c o v a le n t  m o d if ic a t io n  a re  

d e p h o s p h o ry la te d  a n d  a c t iv e  in  th e  w e l l - f e d  s ta te , th e y  a re  p h o s p h o ry la te d  

a n d  in a c t iv e  in  th e  fa s te d  s ta te . T h re e  e x c e p t io n s  a re  glycogen  
phosphorylase  ( s e e  p . 1 3 2 ), glycogen phosphorylase kinase  ( s e e  p . 1 3 2 ), 

a n d  H SL  ( s e e  p . 1 8 9 ), w h ic h  a re  a c t iv e  in  th e ir  p h o s p h o ry la te d  s ta te s . In



fa s tin g , s u b s t r a te s  a re  n o t  p ro v id e d  b y  th e  d ie t  b u t  a re  a v a i la b le  f ro m  th e  

b r e a k d o w n  o f  s to re s  a n d /o r  t is s u e s ,  s u c h  as  g ly c o g e n o ly s is  w ith  r e le a s e  o f  

g lu c o s e  f ro m  th e  l iv e r , l ip o ly s is  w ith  r e le a s e  o f  F A  a n d  g ly c e ro l  f ro m  T A G  

in  a d ip o s e  t is s u e , a n d  p ro te o ly s is  w i th  r e le a s e  o f  a m in o  a c id s  f ro m  m u s c le .  

R e c o g n it io n  th a t  th e  c h a n g e s  in  fa s t in g  a re  th e  r e c ip ro c a l  o f  th o s e  in  th e  fe d  

s ta te  is  h e lp fu l  in  u n d e r s ta n d in g  th e  e b b  a n d  f lo w  o f  m e ta b o l is m .

VIII. LIVER IN FASTING

T h e  p r im a ry  ro le  o f  th e  l iv e r  in  fa s t in g  is  m a in te n a n c e  o f  b lo o d  g lu c o s e  th ro u g h  

th e  p ro d u c t io n  o f  g lu c o s e  ( f ro m  g ly c o g e n o ly s is  a n d  g lu c o n e o g e n e s is )  fo r  

g lu c o s e - re q u ir in g  t i s s u e s  a n d  th e  s y n th e s is  a n d  d is tr ib u t io n  o f  k e to n e  b o d ie s  fo r  

u s e  b y  o th e r  t is s u e s .  T h e re fo re ,  h e p a t ic  m e ta b o l is m  is  d is t in g u is h e d  f ro m  

p e r ip h e ra l  (o r  e x tr a h e p a t ic )  m e ta b o lis m .

A. Carbohydrate metabolism
T h e  l iv e r  f i r s t  u s e s  g ly c o g e n  d e g ra d a t io n  a n d  th e n  g lu c o n e o g e n e s is  to  

m a in ta in  b lo o d  g lu c o s e  le v e ls  to  s u s ta in  e n e rg y  m e ta b o l is m  o f  th e  b r a in  a n d  

o th e r  g lu c o s e - re q u ir in g  t i s s u e s  in  th e  fa s te d  s ta te . [N o te : R e c a l l  th a t  th e  

p r e s e n c e  o f  glucose-6-phosphatase  in  th e  l iv e r  a l lo w s  th e  p ro d u c t io n  o f  

f re e  g lu c o s e  b o th  f ro m  g ly c o g e n o ly s is  a n d  f ro m  g lu c o n e o g e n e s is  ( s e e  F ig . 

2 4 .4 ).]

1. In c re a s e d  g ly c o g e n o ly s is :  F ig u re  2 4 .1 1  s h o w s  th e  s o u rc e s  o f  b lo o d  

g lu c o s e  a f te r  in g e s t io n  o f  1 0 0  g  o f  g lu c o se . D u r in g  th e  b r ie f  a b s o rp tiv e  

p e r io d , in g e s te d  g lu c o s e  is  th e  m a jo r  s o u rc e  o f  b lo o d  g lu c o se . S e v e ra l 

h o u rs  la te r , b lo o d  g lu c o s e  le v e ls  h a v e  d e c l in e d  s u f f ic ie n t ly  to  c a u s e  

in c re a s e d  s e c re t io n  o f  g lu c a g o n  a n d  d e c re a s e d  s e c re t io n  o f  in s u lin .  T h e  

in c re a s e d  g lu c a g o n /in s u l in  ra t io  c a u s e s  a  r a p id  m o b i l iz a t io n  o f  l iv e r  

g ly c o g e n  s to re s  (w h ic h  c o n ta in  ~ 8 0  g  o f  g ly c o g e n  in  th e  fe d  s ta te )  

b e c a u s e  o f  P K A -m e d ia te d  p h o s p h o ry la t io n  (a n d  a c t iv a t io n )  o f  glycogen  

phosphorylase kinase  th a t  p h o s p h o ry la te s  (a n d  a c t iv a te s )  glycogen  
phosphorylase  ( s e e  p . 1 3 2 ). F ig u re  2 4 .1 1  s h o w s  th a t  b e c a u s e  l iv e r  

g ly c o g e n  is  e x h a u s te d  b y  2 4  h o u rs  o f  f a s tin g , h e p a t ic  g ly c o g e n o ly s is  is  a  

tr a n s ie n t  r e s p o n s e  to  e a r ly  fa s tin g . F ig u re  2 4 .1 2 , , s h o w s  g ly c o g e n  

d e g ra d a t io n  a s  p a r t  o f  th e  o v e ra l l  m e ta b o l ic  r e s p o n s e  o f  th e  l iv e r  d u r in g



fasting. [Note: Phosphorylation of glycogen synthase simultaneously
inhibits glycogenesis.]

F ig u re  2 4 .1 1  S o u rc e s  o f  b lo o d  g lu c o s e  a f te r  in g e s t io n  o f  1 0 0  g  o f  g lu c o se . [N o te :



See Section B.2 for an explanation of the decline in gluconeogenesis.]

F ig u re  2 4 .1 2  M a jo r  m e ta b o l ic  p a th w a y s  in  th e  l iv e r  d u r in g  fa s tin g . [N o te : T h e  

n u m b e rs  in  c irc le s , w h ic h  a p p e a r  b o th  in  th e  f ig u re  a n d  in  th e  c o r re s p o n d in g  

c i ta t io n  in  th e  te x t, in d ic a te  im p o r ta n t  m e ta b o l ic  p a th w a y s  fo r  c a rb o h y d ra te  o r  

fa t.]  P  = p h o s p h a te ;  C o A  = c o e n z y m e  A ; T C A  = tr ic a rb o x y lic  a c id ; N A D H  = 

n ic o t in a m id e  a d e n in e  d in u c le o t id e .

2. In c re a s e d  g lu c o n e o g e n e s is :  T h e  s y n th e s is  o f  g lu c o s e  a n d  its  r e le a s e  in to  

th e  c i r c u la t io n  a re  v i ta l  h e p a t ic  fu n c t io n s  d u r in g  sh o r t-  a n d  lo n g - te rm  

fa s t in g  (se e  F ig . 2 4 .1 2 , ). T h e  c a rb o n  s k e le to n s  fo r  g lu c o n e o g e n e s is  a re  

d e r iv e d  p r im a r i ly  f ro m  g lu c o g e n ic  a m in o  a c id s  a n d  la c ta te  f ro m  m u s c le  

a n d  g ly c e ro l  f ro m  a d ip o s e  tis s u e . G lu c o n e o g e n e s is ,  f a v o re d  b y  a c t iv a t io n  

o f  fructose 1,6-bisphosphatase  ( b e c a u s e  o f  d e c re a s e d  a v a i la b i l i ty  o f  its  

in h ib i to r  f ru c to s e  2 ,6 -b is p h o s p h a te ;  s e e  p . 1 2 1 ) a n d  b y  in d u c t io n  o f  

P E P C K  b y  g lu c a g o n  (s e e  p . 1 2 2 ), b e g in s  4 - 6  h o u rs  a f te r  th e  la s t  m e a l 

a n d  b e c o m e s  fu lly  a c t iv e  a s  s to re s  o f  l iv e r  g ly c o g e n  a re  d e p le te d  (se e  

F ig . 2 4 .1 1 ). [N o te : T h e  d e c re a s e  in  f ru c to s e  2 ,6 -b is p h o s p h a te

s im u l ta n e o u s ly  in h ib i ts  g ly c o ly s is  a t  PFK-1  ( s e e  p . 9 9 ) .]

B. Fat metabolism
1. In c re a s e d  fa t ty  a c id  o x id a tio n : T h e  o x id a t io n  o f  F A  o b ta in e d  f ro m  T A G  

h y d ro ly s is  in  a d ip o s e  t i s s u e  is  th e  m a jo r  so u rc e  o f  e n e rg y  in  h e p a t ic



t i s s u e  in  th e  fa s te d  s ta te  (s e e  F ig . 2 4 .1 2 , ). T h e  fa l l  in  m a lo n y l  C o A  

b e c a u s e  o f  p h o s p h o ry la t io n  ( in a c tiv a tio n )  o f  A C C  b y  A M P K  r e m o v e s  th e  

b ra k e  o n  CPT-I, a l lo w in g  p -o x id a t io n  to  o c c u r  (s e e  p . 1 9 1 ). F A  o x id a t io n  

g e n e ra te s  N A D H , f la v in  a d e n in e  d in u c le o t id e  (F A D H 2), a n d  a c e ty l  C o A . 

T h e  N A D H  in h ib its  th e  T C A  c y c le  a n d  s h if ts  O A A  to  m a la te .  T h is  

r e s u lts  in  a c e ty l  C o A  b e in g  a v a i la b le  fo r  k e to g e n e s is .  T h e  a c e ty l  C o A  is  

a lso  a n  a l lo s te r ic  a c t iv a to r  o f  P C  a n d  a n  a l lo s te r ic  in h ib i to r  o f  PDH , 
th e re b y  fa v o r in g  u s e  o f  p y ru v a te  in  g lu c o n e o g e n e s is  (s e e  F ig . 1 0 .9 , p . 

1 2 2 ). [N o te : A c e ty l  C o A  c a n n o t  b e  u s e d  a s  a  s u b s t r a te  fo r  

g lu c o n e o g e n e s is ,  in  p a r t  b e c a u s e  th e  P D H  r e a c t io n  is  i r r e v e rs ib le .]  

O x id a t io n  o f  N A D H  a n d  F A D H 2 c o u p le d  w ith  o x id a tiv e  p h o s p h o ry la t io n  

s u p p lie s  th e  e n e rg y  r e q u i re d  b y  th e  P C  a n d  P E P C K  r e a c t io n s  o f  

g lu c o n e o g e n e s is .

2. In c re a s e d  k e to g e n e s is :  T h e  l iv e r  is  u n iq u e  in  b e in g  a b le  to  s y n th e s iz e  a n d  

re le a s e  k e to n e  b o d ie s ,  p r im a r i ly  3 -h y d ro x y b u ty ra te  b u t  a lso  a c e to a c e ta te ,  

fo r  u s e  as  fu e l  b y  p e r ip h e ra l  t i s s u e s  b u t  n o t  b y  th e  l iv e r  i t s e lf  b e c a u s e  

l iv e r  la c k s  th iophorase  ( s e e  p . 1 9 7 ). K e to g e n e s is ,  w h ic h  s ta r ts  d u r in g  th e  

f i r s t  d a y s  o f  fa s t in g  (F ig . 2 4 .1 3 ), is  f a v o re d  w h e n  th e  c o n c e n tra t io n  o f  

a c e ty l  C o A  f ro m  F A  o x id a t io n  e x c e e d s  th e  o x id a t iv e  c a p a c ity  o f  th e  

T C A  c y c le . [N o te : K e to g e n e s is  r e le a s e s  C o A , in s u r in g  its  a v a i la b i l i ty  fo r  

c o n t in u e d  F A  o x id a tio n .]  T h e  a v a i la b i l i ty  o f  c i r c u la t in g  w a te r - s o lu b le  

k e to n e  b o d ie s  is  im p o r ta n t  in  fa s t in g  b e c a u s e  th e y  c a n  b e  u s e d  fo r  fu e l  b y  

m o s t  t is s u e s ,  in c lu d in g  th e  b ra in ,  o n c e  th e ir  b lo o d  le v e l  is  h ig h  e n o u g h . 

K e to n e  b o d y  c o n c e n tr a t io n  in  b lo o d  in c re a s e s  f ro m  ~ 5 0  |iM  to  ~ 6  m M  in  

fa s tin g . T h is  r e d u c e s  th e  n e e d  fo r  g lu c o n e o g e n e s is  f ro m  a m in o  a c id  

c a rb o n  s k e le to n s , th u s  p re s e rv in g  e s s e n t ia l  p ro te in  ( s e e  F ig . 2 4 .1 1 ). 

K e to g e n e s is  a s  p a r t  o f  th e  o v e ra l l  h e p a t ic  r e s p o n s e  to  fa s t in g  is  s h o w n  in  

F ig u re  2 4 .1 2 , . [N o te : K e to n e  b o d ie s  a re  o rg a n ic  a c id s  a n d , w h e n  p re s e n t  

a t  h ig h  c o n c e n tra t io n s ,  c a n  c a u s e  k e to a c id o s is .]



F ig u re  2 4 .1 3  C o n c e n tra t io n s  o f  fa t ty  a c id s  a n d  3 -h y d ro x y b u ty ra te  in  th e  b lo o d  

d u r in g  fa s tin g . [N o te : 3 -H y d ro x y b u ty ra te  is  m a d e  f ro m  th e  N A D H -re q u ir in g  

r e d u c t io n  o f  a c e to a c e ta te .]

IX. ADIPOSE TISSUE IN FASTING



A. Carbohydrate metabolism
G lu c o s e  t r a n s p o r t  b y  in s u l in - s e n s i t iv e  G L U T -4  in to  th e  a d ip o c y te  a n d  its  

s u b s e q u e n t  m e ta b o l is m  a re  d e c re a s e d  b e c a u s e  o f  lo w  le v e ls  o f  c i r c u la t in g  

in s u lin .  T h is  r e s u l ts  in  d e c re a s e d  T A G  s y n th e s is .

B. Fat metabolism
1. In c re a s e d  f a t  d e g ra d a tio n :  T h e  P K A -m e d ia te d  p h o s p h o ry la t io n  a n d  

a c t iv a t io n  o f  H SL  ( s e e  p . 1 8 9 ) a n d  s u b s e q u e n t  h y d ro ly s is  o f  s to re d  fa t  

(T A G ) a re  e n h a n c e d  b y  th e  e le v a te d  c a te c h o la m in e s  n o re p in e p h r in e  a n d  

e p in e p h r in e . T h e s e  h o rm o n e s ,  w h ic h  a re  s e c re te d  f ro m  th e  s y m p a th e tic  

n e rv e  e n d in g s  in  a d ip o s e  t i s s u e  a n d /o r  f ro m  th e  a d re n a l  m e d u lla ,  a re  

p h y s io lo g ic a l ly  im p o r ta n t  a c t iv a to rs  o f  H SL  (F ig . 2 4 .1 4 , ).



F ig u re  2 4 .1 4  M a jo r  m e ta b o l ic  p a th w a y s  in  a d ip o s e  t i s s u e  d u r in g  fa s t in g . [N o te : 

T h e  n u m b e rs  in  th e  c irc le s ,  w h ic h  a p p e a r  b o th  in  th e  f ig u re  a n d  in  th e  

c o r re s p o n d in g  c i ta t io n  in  th e  te x t, in d ic a te  im p o r ta n t  p a th w a y s  fo r  fa t  

m e ta b o l is m .]  C o A  = c o e n z y m e  A ; T C A  = t r ic a rb o x y lic  a c id .



2. In c re a s e d  fa t ty  a c id  re le a s e : F A  o b ta in e d  f ro m  h y d ro ly s is  o f  T A G  s to re d  

in  a d ip o c y te s  a re  p r im a r i ly  re le a s e d  in to  th e  b lo o d  (s e e  F ig . 2 4 .1 4 , ). 

B o u n d  to  a lb u m in , th e y  a re  tr a n s p o r te d  to  a  v a r ie ty  o f  t i s s u e s  fo r  u s e  as 

fu e l. T h e  g ly c e ro l  p ro d u c e d  f ro m  T A G  d e g ra d a t io n  is  u s e d  as  a  

g lu c o n e o g e n ic  p re c u r s o r  b y  th e  l iv e r , w h ic h  c o n ta in s  glycerol kinase. 
[N o te : F A  c a n  a lso  b e  o x id iz e d  to  a c e ty l  C o A , w h ic h  c a n  e n te r  th e  T C A  

c y c le , th e re b y  p ro d u c in g  e n e rg y  fo r  th e  a d ip o c y te .  T h e y  a lso  c a n  b e  

re e s te r i f ie d  to  g ly c e ro l  3 -p h o s p h a te  ( f ro m  g ly c e ro n e o g e n e s is ,  s e e  p . 1 9 0 ), 

g e n e ra t in g  T A G  a n d  re d u c in g  p la s m a  F A  c o n c e n tra t io n .]

3. D e c re a s e d  fa t ty  a c id  u p ta k e : In  fa s tin g , LPL  a c t iv i ty  o f  a d ip o s e  t i s s u e  is  

lo w . C o n s e q u e n tly ,  F A  in  c i r c u la t in g  T A G  o f  l ip o p ro te in s  a re  le s s  

a v a i la b le  to  a d ip o s e  t i s s u e  th a n  to  m u s c le .

X. RESTING SKELETAL MUSCLE IN 
FASTING

R e s tin g  m u s c le  s w itc h e s  f ro m  g lu c o s e  to  F A  as  its  m a jo r  fu e l  s o u rc e  in  fa s tin g . 

[N o te : B y  c o n tra s t ,  e x e rc is in g  m u s c le  in i t ia l ly  u s e s  c re a tin e  p h o s p h a te  a n d  its  

g ly c o g e n  s to re s . D u r in g  in te n s e  e x e rc is e ,  g lu c o s e  6 -p h o s p h a te  f ro m  

g ly c o g e n o ly s is  is  c o n v e r te d  to  la c ta te  b y  a n a e ro b ic  g ly c o ly s is  ( s e e  p . 1 1 8 ). T h e  

la c ta te  is  u s e d  b y  th e  l iv e r  fo r  g lu c o n e o g e n e s is  (C o r i c y c le ;  s e e  p . 1 1 8 ). A s  th e se  

g ly c o g e n  re s e rv e s  a re  d e p le te d , f re e  F A  p ro v id e d  b y  th e  d e g ra d a t io n  o f  T A G  in  

a d ip o s e  t i s s u e  b e c o m e  th e  d o m in a n t  e n e rg y  s o u rc e . T h e  c o n tra c t io n -b a s e d  r is e  in  

A M P  a c t iv a te s  A M P K  th a t  p h o s p h o ry la te s  a n d  in a c t iv a te s  th e  m u s c le  is o z y m e  o f  

ACC, d e c re a s in g  m a lo n y l  C o A  a n d  a l lo w in g  F A  o x id a t io n  (se e  p . 1 8 3 ).]

A. Carbohydrate metabolism
G lu c o s e  t r a n s p o r t  in to  s k e le ta l  m y o c y te s  v ia  in s u l in - s e n s i t iv e  G L U T -4  (se e  

p . 9 7 )  a n d  s u b s e q u e n t  g lu c o s e  m e ta b o l is m  a re  d e c re a s e d  b e c a u s e  

c i r c u la t in g  in s u l in  le v e ls  a re  lo w . T h e re fo re ,  th e  g lu c o s e  f ro m  h e p a t ic  

g lu c o n e o g e n e s is  is  u n a v a i la b le  to  m u s c le  a n d  a d ip o se .

B. Lipid metabolism



E a rly  in  fa s tin g , m u s c le  u s e s  F A  f ro m  a d ip o s e  t i s s u e  a n d  k e to n e  b o d ie s  

f ro m  th e  l iv e r  a s  fu e ls  (F ig . 2 4 .1 5 , a n d  ). In  p ro lo n g e d  fa s tin g , m u s c le  

d e c re a s e s  its  u s e  o f  k e to n e  b o d ie s  ( th u s  s p a r in g  th e m  fo r  th e  b ra in )  a n d  

o x id iz e s  F A  a lm o s t  e x c lu s iv e ly . [N o te : T h e  a c e ty l  C o A  f ro m  F A  o x id a t io n  

in d ire c t ly  in h ib its  P D H  (b y  a c t iv a t io n  o f  P D H  kinase) a n d  s p a re s  p y ru v a te ,  

w h ic h  is  t r a n s a m in a te d  to  a la n in e  a n d  u s e d  b y  th e  l iv e r  fo r  g lu c o n e o g e n e s is  

( g lu c o s e - a la n in e  c y c le ; s e e  p . 2 5 3 ) .]

--------------------------------------------------------------------------------------------------------- \

BLOOD

Gluconeogenic Fatty acids
n rp n irQ n rQ
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F ig u re  2 4 .1 5  M a jo r  m e ta b o l ic  p a th w a y s  in  s k e le ta l  m u s c le  d u r in g  fa s tin g . [N o te : 

T h e  n u m b e rs  in  th e  c irc le s ,  w h ic h  a p p e a r  b o th  in  th e  f ig u re  a n d  in  th e  

c o r re s p o n d in g  c i ta t io n  in  th e  te x t, in d ic a te  im p o r ta n t  p a th w a y s  fo r  fa t  o r  p ro te in  

m e ta b o l is m .]  C o A  = c o e n z y m e  A ; T C A  = t r ic a rb o x y lic  a c id .

C. Protein metabolism
D u r in g  th e  f i r s t  f e w  d a y s  o f  fa s tin g , th e re  is  a  r a p id  b r e a k d o w n  o f  m u s c le  

p ro te in  ( fo r  e x a m p le , g ly c o ly t ic  e n z y m e s ) ,  p ro v id in g  a m in o  a c id s  th a t  a re  

u s e d  b y  th e  l iv e r  fo r  g lu c o n e o g e n e s is  (s e e  F ig . 2 4 .1 5 , ). B e c a u s e  m u s c le  

d o e s  n o t  h a v e  g lu c a g o n  re c e p to rs ,  m u s c le  p ro te o ly s is  is  in i t ia te d  b y  a  f a l l  in  

in s u l in  a n d  s u s ta in e d  b y  a  r is e  in  g lu c o c o r t ic o id s .  [N o te : A la n in e  a n d  

g lu ta m in e  a re  q u a n t i ta t iv e ly  th e  m o s t  im p o r ta n t  g lu c o g e n ic  a m in o  a c id s  

re le a s e d  f ro m  m u s c le .  T h e y  a re  p ro d u c e d  b y  th e  c a ta b o lis m  o f  B C A A  (se e  

p . 2 6 7 ) . T h e  g lu ta m in e  is  u s e d  a s  a  fu e l  b y  e n te ro c y te s ,  fo r  e x a m p le , w h ic h  

s e n d  o u t  a la n in e  th a t  is  u s e d  in  h e p a t ic  g lu c o n e o g e n e s is  ( g lu c o s e - a la n in e  

c y c le ) ] .  In  th e  s e c o n d  w e e k  o f  fa s tin g , th e  ra te  o f  m u s c le  p ro te o ly s is  

d e c re a s e s ,  p a ra l le l in g  a  d e c l in e  in  th e  n e e d  fo r  g lu c o s e  a s  a  fu e l  fo r  th e  

b ra in ,  w h ic h  h a s  b e g u n  u s in g  k e to n e  b o d ie s  as  a  s o u rc e  o f  e n e rg y .

XI. BRAIN IN FASTING

D u r in g  th e  e a r ly  d a y s  o f  fa s tin g , th e  b r a in  c o n t in u e s  to  u s e  o n ly  g lu c o s e  a s  a  fu e l  

(F ig . 2 4 .1 6 , ). B lo o d  g lu c o s e  is  m a in ta in e d  b y  h e p a t ic  g lu c o n e o g e n e s is  f ro m  

g lu c o g e n ic  p re c u r s o r s ,  s u c h  as  a m in o  a c id s  f ro m  p ro te o ly s is  a n d  g ly c e ro l  f ro m  

lip o ly s is .  In  p ro lo n g e d  fa s t in g  (b e y o n d  2 - 3  w e e k s ) ,  p la s m a  k e to n e  b o d ie s  (s e e  

F ig . 2 4 .1 2 ) re a c h  s ig n if ic a n t ly  e le v a te d  le v e ls  a n d  re p la c e  g lu c o s e  a s  th e  p r im a ry  

fu e l  fo r  th e  b r a in  ( s e e  F ig s . 2 4 .1 6 , a n d  2 4 .1 7 ). T h is  r e d u c e s  th e  n e e d  fo r  p ro te in  

c a ta b o lis m  fo r  g lu c o n e o g e n e s is :  K e to n e  b o d ie s  s p a re  g lu c o s e  a n d , th u s , m u s c le  

p ro te in .  [N o te : A s  th e  d u ra t io n  o f  a  f a s t  e x te n d s  f ro m  o v e rn ig h t  to  d a y s  to  w e e k s , 

b lo o d  g lu c o s e  le v e ls  in i t ia l ly  d ro p  a n d  th e n  a re  m a in ta in e d  a t  th e  lo w e r  le v e l  

( 6 5 - 7 0  m g /d l) .]  T h e  m e ta b o l ic  c h a n g e s  th a t  o c c u r  d u r in g  fa s t in g  in s u re  th a t  a ll 

t is s u e s  h a v e  a n  a d e q u a te  s u p p ly  o f  fu e l  m o le c u le s .  T h e  r e s p o n s e  o f  th e  m a jo r  

t is s u e s  in v o lv e d  in  e n e rg y  m e ta b o l is m  d u r in g  fa s t in g  is  s u m m a r iz e d  in  F ig u re  

2 4 .1 8 .



F ig u re  2 4 .1 6  M a jo r  m e ta b o l ic  p a th w a y s  in  th e  b r a in  d u r in g  fa s tin g . [N o te : T h e  

n u m b e rs  in  th e  c irc le s , w h ic h  a p p e a r  b o th  in  th e  f ig u re  a n d  in  th e  c o r re s p o n d in g  

c i ta t io n  in  th e  te x t, in d ic a te  im p o r ta n t  p a th w a y s  fo r  m e ta b o l is m  o f  fa t  o r  

c a rb o h y d ra te s .]  C o A  = c o e n z y m e  A ; T C A  = t r ic a rb o x y lic  a c id ; P  = p h o s p h a te .



F ig u re  2 4 .1 7  F u e l  s o u rc e s  u s e d  b y  th e  b r a in  to  m e e t  e n e rg y  n e e d s  in  th e  w e ll - fe d  

a n d  s ta rv e d  s ta te s .
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F ig u re  2 4 .1 8  In te r t is s u e  re la t io n s h ip s  d u r in g  f a s t in g  a n d  th e  h o rm o n a l  s ig n a ls  

th a t  p ro m o te  th e m . P  =  p h o s p h a te ;  T C A  =  t r ic a rb o x y lic  a c id ; C o A  =  c o e n z y m e  

A ; A la  =  a la n in e ; G ln  =  g lu ta m in e .

XII. KIDNEY IN LONG-TERM FASTING



A s  fa s t in g  c o n t in u e s  in to  e a r ly  s ta rv a t io n  a n d  b e y o n d , th e  k id n e y  p la y s  im p o r ta n t  

ro le s . T h e  r e n a l  c o r te x  e x p re s s e s  th e  e n z y m e s  o f  g lu c o n e o g e n e s is ,  in c lu d in g  

glucose 6-phosphatase, a n d , in  la te  fa s tin g , ~ 5 0 %  o f  g lu c o n e o g e n e s is  o c c u rs  

h e re . [N o te : A  p o r t io n  o f  th is  g lu c o s e  is  u s e d  b y  th e  k id n e y  its e lf .]  T h e  k id n e y  

a lso  p ro v id e s  c o m p e n s a t io n  fo r  th e  a c id o s is  th a t  a c c o m p a n ie s  th e  in c re a s e d  

p ro d u c t io n  o f  k e to n e  b o d ie s  (o rg a n ic  a c id s ) . T h e  g lu ta m in e  re le a s e d  f ro m  th e  

m u s c le ’s m e ta b o l is m  o f  B C A A  is  ta k e n  u p  b y  th e  k id n e y  a n d  a c te d  u p o n  b y  

r e n a l  glu tam inase  a n d  glu tam ate dehydrogenase  ( s e e  p . 2 5 6 ) , p ro d u c in g  a -  

k e to g lu ta ra te ,  w h ic h  c a n  b e  u s e d  a s  a  s u b s t r a te  fo r  g lu c o n e o g e n e s is ,  p lu s  

a m m o n ia  (N H 3). T h e  N H 3 p ic k s  u p  p ro to n s  f ro m  k e to n e  b o d y  d is s o c ia t io n  a n d  is

e x c re te d  in  th e  u r in e  as  a m m o n iu m  (N H 4+), th e re b y  d e c re a s in g  th e  a c id  lo a d  in  

th e  b o d y  (F ig . 2 4 .1 9 ). T h e re fo re ,  in  lo n g - te rm  fa s tin g , th e re  is  a  s w i tc h  f ro m  

n it ro g e n  d is p o s a l  in  th e  fo rm  o f  u re a  to  d is p o s a l  in  th e  fo rm  o f  N H 4+. [N o te : A s  

k e to n e  b o d y  c o n c e n tr a t io n  r is e s , e n te ro c y te s ,  ty p ic a l ly  c o n s u m e rs  o f  g lu ta m in e , 

b e c o m e  c o n s u m e rs  o f  k e to n e  b o d ie s .  T h is  a l lo w s  m o re  g lu ta m in e  to  b e  a v a i la b le  

to  th e  k id n e y .]



F ig u re  2 4 .1 9  U s e  o f  g lu ta m in e  f ro m  B C A A  c a ta b o li s m  in  m u s c le  to  g e n e ra te  

a m m o n ia  (N H 3) u s e d  fo r  th e  e x c re t io n  o f  p ro to n s  (H +) as  a m m o n iu m  (N H 4+) in  

th e  k id n e y s .



XIII. CHAPTER SUMMARY

T h e  f lo w  o f  in te rm e d ia te s  th ro u g h  m e ta b o l ic  p a th w a y s  is  c o n tro l le d  b y  fo u r  

r e g u la to ry  m e c h a n is m s : 1) th e  a v a i la b i l i ty  o f  s u b s tra te s ,  2 ) a l lo s te r ic  

a c t iv a t io n  a n d  in h ib i t io n  o f  e n z y m e s , 3 ) c o v a le n t  m o d if ic a t io n  o f  e n z y m e s , 

a n d  4 )  in d u c t io n - r e p re s s io n  o f  e n z y m e  s y n th e s is .  In  th e  a b s o rp t iv e  s ta te , th e  

2 - to  4 -h o u r  p e r io d  a f te r  in g e s t io n  o f  a  m e a l, th e s e  m e c h a n is m s  in s u re  th a t  

a v a i la b le  n u tr ie n ts  a re  c a p tu re d  as  g ly c o g e n , t r ia c y lg ly c e ro l  (T A G ), a n d  

p ro te in  (F ig . 2 4 .2 0 ). D u r in g  th is  in te rv a l ,  t r a n s ie n t  in c re a s e s  in  p la s m a  

g lu c o se , a m in o  a c id s , a n d  T A G  o c c u r ,  th e  la s t  p r im a r i ly  as  c o m p o n e n ts  o f  

c h y lo m ic ro n s  s y n th e s iz e d  b y  th e  in te s t in a l  m u c o s a l  c e lls .  T h e  p a n c re a s  

r e s p o n d s  to  th e  e le v a te d  le v e ls  o f  g lu c o s e  w ith  a n  in c r e a s e d  s e c re t io n  o f  

in s u l in  a n d  a  d e c re a s e d  s e c re t io n  o f  g lu c a g o n . T h e  e le v a te d  

in s u l in /g lu c a g o n  ra t io  a n d  th e  re a d y  a v a i la b i l i ty  o f  c i r c u la t in g  s u b s t ra te s  

m a k e  th e  a b s o rp t iv e  s ta te  a n  a n a b o l ic  p e r io d  d u r in g  w h ic h  v ir tu a l ly  a ll 

t i s s u e s  u s e  g lu c o s e  as  a  fu e l. In  a d d i tio n , th e  l iv e r  re p le n is h e s  its  g ly c o g e n  

s to re s , r e p la c e s  a n y  n e e d e d  h e p a t ic  p ro te in s ,  a n d  in c re a s e s  T A G  sy n th e s is . 

T h e  la t te r  a re  p a c k a g e d  in  v e ry - lo w -d e n s i ty  l ip o p ro te in s ,  w h ic h  a re  

e x p o r te d  to  th e  p e r ip h e ra l  t is s u e s .  A d ip o s e  t i s s u e  in c re a s e s  T A G  s y n th e s is  

a n d  s to ra g e , w h e re a s  m u s c le  in c re a s e s  p ro te in  s y n th e s is  to  r e p la c e  p ro te in  

d e g ra d e d  s in c e  th e  p re v io u s  m e a l. In  th e  fe d  s ta te , th e  b r a in  u s e s  g lu c o s e  

e x c lu s iv e ly  as  a  fu e l. In  fa s tin g , p la s m a  le v e ls  o f  g lu c o se , a m in o  a c id s , a n d  

T A G  fa ll, t r ig g e r in g  a  d e c l in e  in  in s u l in  s e c re t io n  a n d  a n  in c re a s e  in  

g lu c a g o n  a n d  e p in e p h r in e  s e c re t io n . T h e  d e c re a s e d  

in s u l in /c o u n te r r e g u la to ry  h o rm o n e  ra t io  a n d  th e  d e c re a s e d  a v a i la b i l i ty  o f  

c i r c u la t in g  s u b s t r a te s  m a k e  th e  fa s t in g  s ta te  a  c a ta b o lic  p e r io d . T h is  s e ts  

in to  m o t io n  a n  e x c h a n g e  o f  s u b s t ra te s  a m o n g  th e  l iv e r , a d ip o s e  t is s u e , 

s k e le ta l  m u s c le ,  a n d  b r a in  th a t  is  g u id e d  b y  tw o  p r io r i t ie s :  1) th e  n e e d  to  

m a in ta in  a d e q u a te  p la s m a  le v e ls  o f  g lu c o s e  to  s u s ta in  e n e rg y  m e ta b o l is m  o f  

th e  b r a in  a n d  o th e r  g lu c o s e - re q u ir in g  t i s s u e s  a n d  2 ) th e  n e e d  to  m o b i l iz e  

fa t ty  a c id s  (F A ) f ro m  a d ip o s e  t i s s u e  a n d  r e le a s e  k e to n e  b o d ie s  f ro m  l iv e r  to  

s u p p ly  e n e rg y  to  o th e r  t is s u e s .  T o  a c c o m p lis h  th e s e  g o a ls , th e  l iv e r  

d e g ra d e s  g ly c o g e n  a n d  in i t ia te s  g lu c o n e o g e n e s is ,  u s in g  in c re a s e d  F A  

o x id a t io n  to  s u p p ly  th e  e n e rg y  a n d  r e d u c in g  e q u iv a le n ts  n e e d e d  fo r  

g lu c o n e o g e n e s is  a n d  th e  a c e ty l  c o e n z y m e  A  b u ild in g  b lo c k s  fo r



k e to g e n e s is .  T h e  a d ip o s e  t i s s u e  d e g ra d e s  s to re d  T A G , th u s  p ro v id in g  F A  

a n d  g ly c e ro l  to  th e  l iv e r . T h e  m u s c le  c a n  a lso  u s e  F A  as  fu e l  as  w e l l  as  

k e to n e  b o d ie s  s u p p lie d  b y  th e  l iv e r . T h e  l iv e r  u s e s  th e  g ly c e ro l  fo r  

g lu c o n e o g e n e s is .  M u s c le  p ro te in  is  d e g ra d e d  to  s u p p ly  a m in o  a c id s  fo r  th e  

l iv e r  to  u s e  in  g lu c o n e o g e n e s is  b u t  d e c re a s e s  as  k e to n e  b o d ie s  in c re a s e . T h e  

b r a in  c a n  u s e  b o th  g lu c o s e  a n d  k e to n e  b o d ie s  a s  fu e ls . F ro m  la te  fa s tin g  

in to  s ta rv a t io n , th e  k id n e y s  p la y  im p o r ta n t  ro le s  b y  s y n th e s iz in g  g lu c o s e  

a n d  e x c re tin g  th e  p ro to n s  f ro m  k e to n e  b o d y  d is s o c ia t io n  as  a m m o n iu m

(N H 4+).



F ig u re  2 4 .2 0  K e y  c o n c e p t  m a p  fo r  th e  f e e d - f a s t  c y c le . V L D L  =  v e ry - lo w -  

d e n s ity  l ip o p ro te in .

Study Questions



Choose th e  O N E  b e s t  a n s w e r .

4 .1 . W h ic h  o n e  o f  th e  fo l lo w in g  is  e le v a te d  in  p la s m a  d u r in g  th e  a b s o rp tiv e  

(w e ll- fe d )  s ta te  a s  c o m p a re d  w ith  th e  p o s ta b s o rp t iv e  ( fa s te d )  s ta te ?

A . A c e to a c e ta te

B . C h y lo m ic ro n s

C . F re e  fa t ty  a c id s

D . G lu c a g o n

C o r re c t  a n s w e r  = B . T r ia c y lg ly c e ro l - r ic h  c h y lo m ic ro n s  a re  s y n th e s iz e d  in  (a n d  

re le a s e d  f ro m )  th e  in te s t in e  fo llo w in g  in g e s t io n  o f  a  m e a l. A c e to a c e ta te ,  f re e  

fa t ty  a c id s , a n d  g lu c a g o n  a re  e le v a te d  in  th e  fa s te d  s ta te , n o t  th e  a b s o rp tiv e  

s ta te .

4 .2 . W h ic h  o n e  o f  th e  fo llo w in g  s ta te m e n ts  c o n c e rn in g  l iv e r  in  th e  a b s o rp tiv e  

s ta te  is  c o r re c t?

A . F ru c to s e  2 ,6 -b is p h o s p h a te  is  e le v a te d .

B . In s u lin  s t im u la te s  th e  u p ta k e  o f  g lu c o se .

C . M o s t  e n z y m e s  th a t  a re  r e g u la te d  b y  c o v a le n t  m o d if ic a t io n  a re  in  th e  

p h o s p h o ry la te d  s ta te .

D . T h e  o x id a t io n  o f  a c e ty l  c o e n z y m e  A  is  in c re a s e d .

E . T h e  s y n th e s is  o f  g lu c o k in a s e  is  re p re s s e d .

C o r r e c t  a n s w e r  = A . T h e  in c re a s e d  in s u l in  a n d  d e c re a s e d  g lu c a g o n  le v e ls  

c h a ra c te r is t ic  o f  th e  a b s o rp t iv e  s ta te  p ro m o te  th e  s y n th e s is  o f  f ru c to s e  2 ,6 -  

b is p h o s p h a te ,  w h ic h  a l lo s te r ic a l ly  a c t iv a te s  p h o s p h o f ru c to k in a s e -1  o f  

g ly c o ly s is .  M o s t  c o v a le n t ly  m o d if ie d  e n z y m e s  a re  in  th e  d e p h o s p h o ry la te d  

s ta te  a n d  a re  a c tiv e . A c e ty l  c o e n z y m e  A  is  n o t  o x id iz e d  in  th e  w e l l - f e d  s ta te  

b e c a u s e  i t  is  b e in g  u s e d  in  fa t ty  a c id  s y n th e s is .  U p ta k e  o f  g lu c o s e  (b y  g lu c o s e  

tr a n s p o r te r -2 )  in to  th e  l iv e r  is  in s u l in  in d e p e n d e n t.  S y n th e s is  o f  g lu c o k in a s e  is  

in d u c e d  b y  in s u l in  in  th e  w e ll - fe d  s ta te .

4 .3 . W h ic h  o n e  o f  th e  fo llo w in g  e n z y m e s  is  p h o s p h o ry la te d  a n d  a c t iv e  in  a n  

in d iv id u a l  w h o  h a s  b e e n  fa s t in g  fo r  12 h o u rs ?

A . A rg in a s e

B . C a rn i t in e  p a lm ito y l t ra n s fe ra s e - I



C . F a tty  a c id  s y n th a s e

D . G ly c o g e n  s y n th a s e

E . H o rm o n e -s e n s i t iv e  l ip a s e

F . P h o s p h o f ru c to k in a s e -1

G . P y ru v a te  d e h y d ro g e n a s e

C o r r e c t  a n s w e r  = E . H o rm o n e -s e n s i t iv e  l ip a s e  o f  a d ip o c y te s  is  p h o s p h o ry la te d  

a n d  a c t iv a te d  b y  p ro te in  k in a s e  A  in  r e s p o n s e  to  e p in e p h r in e . C h o ic e s  A , B , C , 

a n d  F  a re  n o t  r e g u la te d  c o v a le n tly .  C h o ic e s  D  a n d  G  a re  r e g u la te d  c o v a le n tly  

b u t  a re  in a c t iv e  i f  p h o s p h o ry la te d .

4 .4 . F o r  a  7 0 -k g  m a n , in  w h ic h  o n e  o f  th e  p e r io d s  l i s te d  b e lo w  d o  k e to n e  b o d ie s  

s u p p ly  th e  m a jo r  p o r t io n  o f  th e  c a lo r ic  n e e d s  o f  b ra in ?

A . A b s o rp t iv e  p e r io d

B . O v e rn ig h t  f a s t

C . T h re e -d a y  f a s t

D . F o u r -w e e k  fa s t

E . F iv e -m o n th  f a s t

C o r r e c t  a n s w e r  = D . K e to n e  b o d ie s ,  m a d e  f ro m  th e  a c e ty l  c o e n z y m e  A  p ro d u c t  

o f  fa t ty  a c id  o x id a tio n , in c re a s e  in  th e  b lo o d  in  fa s t in g  b u t  m u s t  r e a c h  a  c r i t ic a l  

le v e l  to  c ro s s  th e  b lo o d - b r a in  b a r r ie r .  T y p ic a l ly ,  th is  o c c u rs  in  th e  s e c o n d  to  

th i rd  w e e k  o f  a  fa s t. F a t  s to re s  in  a  7 0 -k g  (~ 1 5 4 - lb )  m a n  w o u ld  n o t  b e  a b le  to  

s u p p ly  h is  e n e rg y  n e e d s  fo r  5 m o n th s .

2 4 .5 . T h e  d ia g ra m  b e lo w  s h o w s  in p u ts  to  a n d  o u tp u ts  f ro m  p y ru v a te ,  a  c e n tra l  

m o le c u le  in  e n e rg y  m e ta b o l is m .



Phosphoenolpyruvate

AcetylLactate Pyruvate coenzyme A

Alanine Oxaloacetate

Aspartate

W h ic h  le t te r  o n  th e  d ia g ra m  r e p re s e n ts  a  r e a c t io n  th a t  r e q u ire s  b io t in  a n d  is  

a c t iv a te d  b y  a c e ty l  c o e n z y m e  A ?

C o r re c t  a n s w e r  = C . P y ru v a te  c a rb o x y la s e ,  a  m i to c h o n d r ia l  e n z y m e  o f  

g lu c o n e o g e n e s is ,  r e q u ire s  b io t in  (a n d  A T P )  a n d  is  a l lo s te r ic a l ly  a c t iv a te d  b y  

a c e ty l  c o e n z y m e  A  f ro m  fa t ty  a c id  o x id a tio n . N o n e  o f  th e  o th e r  c h o ic e s  m e e ts  

th e s e  c r i te r ia .  A  = p y ru v a te  k in a se ; B  = p y ru v a te  d e h y d ro g e n a s e  c o m p le x ; D  = 

a s p a r ta te  a m in o tra n s fe ra s e ;  E  = a la n in e  a m in o tra n s fe ra s e ;  F  = la c ta te  

d e h y d ro g e n a s e .



Diabetes Mellitus 25

Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

D ia b e te s  m e ll i tu s  (d ia b e te s )  is  n o t  o n e  d is e a s e  b u t  r a th e r  is  a  h e te ro g e n e o u s  

g ro u p  o f  m u l t i fa c to r ia l ,  p r im a r i ly  p o ly g e n ic  s y n d ro m e s  c h a ra c te r iz e d  b y  a n  

e le v a te d  fa s t in g  b lo o d  g lu c o s e  (F B G ) c a u s e d  b y  a  r e la t iv e  o r  a b s o lu te  d e f ic ie n c y  

in  in s u lin .  O v e r  2 9  m il l io n  p e o p le  in  th e  U n ite d  S ta te s  (~ 9 %  o f  th e  p o p u la tio n )  

h a v e  d ia b e te s .  O f  th is  n u m b e r ,  ~ 8  m il l io n  a re  a s  y e t  u n d ia g n o s e d .  D ia b e te s  is  th e  

le a d in g  c a u s e  o f  a d u l t  b l in d n e s s  a n d  a m p u ta t io n  a n d  a  m a jo r  c a u s e  o f  re n a l  

fa i lu re , n e rv e  d a m a g e , h e a r t  a t ta c k s ,  a n d  s tro k e s .  M o s t  c a s e s  o f  d ia b e te s  m e ll i tu s  

c a n  b e  s e p a ra te d  in to  tw o  g ro u p s  (F ig . 2 5 .1 ), ty p e  1 ( [T 1 D ]  fo rm e r ly  c a l le d  

in s u l in -d e p e n d e n t  d ia b e te s  m e ll i tu s )  a n d  ty p e  2 ( [T 2 D ]  fo rm e r ly  c a l le d  n o n 

in s u l in -d e p e n d e n t  d ia b e te s  m e ll i tu s ) .  T h e  in c id e n c e  a n d  p re v a le n c e  o f  T 2 D  is  

in c re a s in g  b e c a u s e  o f  th e  a g in g  o f  th e  U .S . p o p u la t io n  a n d  th e  in c re a s in g  

p re v a le n c e  o f  o b e s ity  a n d  s e d e n ta ry  l i f e s ty le s  ( s e e  p . 3 4 9 ) . T h e  in c re a s e  in  

c h i ld re n  w i th  T 2 D  is  p a r t ic u la r ly  d is tu rb in g .



F ig u re  2 5 .1  C o m p a r is o n  o f  ty p e  1 a n d  ty p e  2 d ia b e te s  m e ll i tu s .  [N o te : T h e  n a m e  

o f  th e  d is e a s e  r e f le c ts  th e  c l in ic a l  p r e s e n ta t io n  o f  c o p io u s  a m o u n ts  o f  g lu c o se -  

c o n ta in in g  u r in e  a n d  is  d e r iv e d  f ro m  th e  G re e k  w o rd  fo r  s ip h o n  (d ia b e te s )  a n d  

th e  L a t in  w o rd  fo r  h o n e y - s w e e t  (m e ll i tu s ) .]

II. TYPE 1

T 1 D  c o n s ti tu te s  < 1 0 %  o f  th e  ~ 2 1  m il l io n  k n o w n  c a s e s  o f  d ia b e te s  in  th e  U n ite d  

S ta te s . T h e  d is e a s e  is  c h a ra c te r iz e d  b y  a n  a b s o lu te  d e f ic ie n c y  o f  in s u l in  c a u s e d  

b y  a n  a u to im m u n e  a t ta c k  o n  th e  is le t  p c e lls  o f  th e  p a n c re a s .  In  T 1 D , th e  is le ts  o f  

L a n g e rh a n s  b e c o m e  in f i l t r a te d  w i th  a c t iv a te d  T  ly m p h o c y te s ,  le a d in g  to  a  

c o n d i t io n  c a l le d  in s u li t is .  O v e r  a  p e r io d  o f  y e a rs ,  th is  a u to im m u n e  a t ta c k  o n  th e  

p c e lls  le a d s  to  g ra d u a l  d e p le t io n  o f  th e  p -c e l l  p o p u la t io n  (F ig . 2 5 .2 ). H o w e v e r ,  

s y m p to m s  a p p e a r  a b ru p t ly  w h e n  8 0 % - 9 0 %  o f  th e  p c e lls  h a v e  b e e n  d e s tro y e d . 

A t  th is  p o in t ,  th e  p a n c re a s  fa i ls  to  r e s p o n d  a d e q u a te ly  to  in g e s t io n  o f  g lu c o se , 

a n d  in s u l in  th e ra p y  is  r e q u i re d  to  re s to re  m e ta b o l ic  c o n tro l  a n d  p r e v e n t  li fe -  

th re a te n in g  k e to a c id o s is .  p -C e ll  d e s tru c t io n  r e q u ire s  b o th  a  s t im u lu s  f ro m  th e  

e n v iro n m e n t  ( s u c h  a s  a  v ir a l  in fe c tio n )  a n d  a  g e n e t ic  d e te rm in a n t  th a t  c a u s e s  th e  

p c e lls  to  b e  m is ta k e n ly  id e n t if ie d  a s  “ n o n s e lf .” [N o te : A m o n g  m o n o z y g o tic  

( id e n tic a l)  tw in s ,  i f  o n e  s ib lin g  d e v e lo p s  T 1 D , th e  o th e r  tw in  h a s  o n ly  a  3 0 % -  

5 0 %  c h a n c e  o f  d e v e lo p in g  th e  d is e a se . T h is  c o n tra s ts  w i th  T 2 D  (se e  p . 3 4 1 ) , in



w h ic h  th e  g e n e t ic  in f lu e n c e  is  s tro n g e r  a n d , in  v ir tu a l ly  a l l  m o n o z y g o tic  

tw in s h ip s ,  th e  d is e a s e  e v e n tu a l ly  d e v e lo p s  in  b o th  in d iv id u a ls .]



IN IT IA T IN G  E V E N T  

E x p o s u re  to  a v iru s  o r tox in  
m ay s ta rt th e  p ro cess  of 
(3-cell d e s tru c tio n  in in d iv id u a ls  
w ith  a g e n e tic  p re d is p o s itio n .

S L O W  p -C E L L  
D E S T R U C T IO N  

O ver a p erio d  o f years , 
p ce lls  a re  d es tro yed , 
resu ltin g  in d ec re a s e d  
p ro d u c tio n  o f in su lin .

100

O C 
03 0
(/) o

\  \ S u b c lin ic a l

Im m u n o lo g ic  \  
tr ig g e r \

p -cell
d y s fu n c tio n

p C e lls  a re  
d es tro yed

C lin ica l th re s h o ld

0 5
Y e a rs  o f a u to im m u n e N 
d e s tru c tio n  o f p ce lls

10

C L IN IC A L  D IS E A S E  

W h en  th e  in su lin  s e c re to ry  
c a p a c ity  fa lls  b e lo w  a th re s h o ld , 
th e  s y m p to m s  o f ty p e  1 d ia b e te s  
s u d d e n ly  ap p ear.



F ig u re  2 5 .2  In s u lin  s e c re to ry  c a p a c ity  d u r in g  o n s e t  o f  ty p e  1 d ia b e te s .  [N o te : 

R a te  o f  a u to im m u n e  d e s tru c t io n  o f  P c e l ls  m a y  b e  fa s te r  o r  s lo w e r  th a n  sh o w n .]

A. Diagnosis
T h e  o n s e t  o f  T 1 D  is  ty p ic a l ly  d u r in g  c h i ld h o o d  o r  p u b e r ty ,  a n d  s y m p to m s  

d e v e lo p  s u d d e n ly . I n d iv id u a ls  w i th  T 1 D  c a n  u s u a lly  b e  r e c o g n iz e d  b y  th e  

a b ru p t  a p p e a ra n c e  o f  p o ly u r ia  ( f r e q u e n t  u r in a tio n ) ,  p o ly d ip s ia  ( e x c e s s iv e  

th ir s t) ,  a n d  p o ly p h a g ia  (e x c e s s iv e  h u n g e r ) ,  o f te n  tr ig g e re d  b y  p h y s io lo g ic  

s tre s s  s u c h  a s  a n  in fe c tio n . T h e s e  s y m p to m s  a re  u s u a lly  a c c o m p a n ie d  b y  

fa t ig u e  a n d  w e ig h t  lo s s . T h e  d ia g n o s is  is  c o n f i rm e d  b y  a  F B G  > 1 2 6  m g /d l  

(n o rm a l is  7 0 - 9 9 ) .  [N o te : F a s tin g  is  d e f in e d  as  n o  c a lo r ic  in ta k e  fo r  a t  le a s t  

8  h o u rs .]  A  F B G  o f  1 0 0 - 1 2 5  m g /d l  is  c a te g o r iz e d  a s  a n  im p a ir e d  F B G . 

In d iv id u a ls  w i th  im p a ire d  F B G  a re  c o n s id e re d  p re d ia b e t ic  a n d  a re  a t  

in c re a s e d  r is k  fo r  d e v e lo p in g  T 2 D . D ia g n o s is  c a n  a lso  b e  m a d e  o n  th e  b a s is  

o f  a  n o n fa s t in g  ( r a n d o m )  b lo o d  g lu c o s e  le v e l  > 2 0 0  m g /d l  o r  a  g ly c a te d  

h e m o g lo b in  (s e e  p . 3 4 0 )  c o n c e n tr a t io n  > 6 .5  m g /d l  (n o rm a l is  < 5 .7 )  in  a n  

in d iv id u a l  w ith  s y m p to m s  o f  h y p e rg ly c e m ia .  [N o te : T h e  o ra l  g lu c o s e  

to le ra n c e  te s t , in  w h ic h  b lo o d  g lu c o s e  is  m e a s u re d  2 h o u rs  a f te r  in g e s t io n  o f  

a  s o lu t io n  c o n ta in in g  7 5  g  o f  g lu c o s e , a lso  is  u s e d  b u t  is  le s s  c o n v e n ie n t .  I t  

is  m o s t  ty p ic a l ly  u s e d  to  s c re e n  p r e g n a n t  w o m e n  fo r  g e s ta t io n a l  d ia b e te s  

( s e e  p . 3 4 2 ) .]

W h e n  b lo o d  g lu c o s e  is  > 1 8 0  m g /d l,  th e  a b i l i ty  o f  r e n a l  s o d iu m -d e p e n d e n t  

g lu c o s e  t r a n s p o r te r s  (S G L T )  to  r e c la im  g lu c o s e  is  im p a ire d , a n d  g lu c o s e  

“ s p i l l s ” in to  u r in e . T h e  lo s s  o f  g lu c o s e  is  a c c o m p a n ie d  b y  th e  lo s s  o f  w a te r ,  

r e s u lt in g  in  th e  c h a ra c te r is t ic  p o ly u r ia  (w ith  d e h y d ra t io n )  a n d  p o ly d ip s ia  o f  

d ia b e te s .

B. Metabolic changes
T h e  m e ta b o l ic  a b n o rm a li t ie s  o f  T 1 D  r e s u l t  f ro m  a  d e f ic ie n c y  o f  in s u l in  th a t  

p ro fo u n d ly  a f fe c ts  m e ta b o l is m  in  th re e  t is s u e s : l iv e r , s k e le ta l  m u s c le ,  a n d  

w h ite  a d ip o s e  (F ig . 2 5 .3 ).



F ig u re  2 5 .3  In te r t is s u e  r e la t io n s h ip s  in  ty p e  1 d ia b e te s .  T C A  = tr ic a rb o x y lic  

a c id ; C o A  = c o e n z y m e  A ; V L D L  = v e ry - lo w -d e n s i ty  l ip o p ro te in s ;  G L U T  = 

g lu c o se  t r a n s p o r te r .

1. H y p e rg ly c e m ia  a n d  k e to n e m ia :  E le v a te d  le v e ls  o f  b lo o d  g lu c o se  a n d  

k e to n e  b o d ie s  a re  th e  h a l lm a rk s  o f  u n tr e a te d  T 1 D  (s e e  F ig . 2 5 .3 ). 

H y p e rg ly c e m ia  is  c a u s e d  b y  in c r e a s e d  h e p a t ic  p ro d u c t io n  o f  g lu c o s e  v ia  

g lu c o n e o g e n e s is ,  c o m b in e d  w ith  d im in is h e d  p e r ip h e ra l  u t i l iz a t io n  

(m u s c le  a n d  a d ip o s e  t i s s u e  h a v e  th e  in s u l in - r e g u la te d  g lu c o se  t r a n s p o r te r  

G L U T -4 ; se e  p . 9 7 ) . K e to n e m ia  r e s u l ts  f r o m  in c re a s e d  m o b i l iz a t io n  o f  

fa t ty  a c id s  (F A )  f ro m  tr ia c y lg ly c e ro l  (T A G ) in  a d ip o s e  t is s u e , c o m b in e d  

w ith  a c c e le ra te d  h e p a t ic  F A  p -o x id a t io n  a n d  s y n th e s is  o f  3- 

h y d ro x y b u ty ra te  a n d  a c e to a c e ta te  (k e to n e  b o d ie s ;  s e e  p . 1 9 6 ). [N o te : 

A c e ty l  c o e n z y m e  A  f ro m  p -o x id a t io n  is  th e  s u b s tra te  fo r  k e to g e n e s is  a n d  

th e  a l lo s te r ic  a c t iv a to r  o f  pyruvate carboxylase, a  g lu c o n e o g e n ic  

e n z y m e .]  D ia b e t ic  k e to a c id o s is  (D K A ), a  ty p e  o f  m e ta b o l ic  a c id o s is  

c a u s e d  b y  a n  im b a la n c e  b e tw e e n  k e to n e  b o d y  p ro d u c t io n  a n d  u se , o c c u rs  

in  2 5 % - 4 0 %  o f  th o s e  n e w ly  d ia g n o s e d  w ith  T 1 D  a n d  m a y  re c u r  i f  th e  

p a t ie n t  b e c o m e s  il l  (m o s t  c o m m o n ly  w ith  a n  in fe c t io n )  o r  d o e s  n o t 

c o m p ly  w i th  th e ra p y . D K A  is  t r e a te d  b y  r e p la c in g  f lu id  a n d  e le c tro ly te s



a n d  a d m in is te r in g  s h o r t- a c t in g  in s u l in  to  g ra d u a l ly  c o r r e c t  h y p e rg ly c e m ia  

w i th o u t  p re c ip i ta t in g  h y p o g ly c e m ia .

2. H y p e r tr ia c y lg ly c e ro le m ia :  N o t  a l l  o f  th e  F A  f lo o d in g  th e  l iv e r  c a n  b e  

d is p o s e d  o f  th ro u g h  o x id a t io n  a n d  k e to n e  b o d y  s y n th e s is .  T h e s e  e x c e s s  

F A  a re  c o n v e r te d  to  T A G , w h ic h  a re  p a c k a g e d  a n d  s e c re te d  in  v e ry - lo w -  

d e n s ity  l ip o p ro te in s  ( [V L D L ]  s e e  p . 2 3 0 ) . C h y lo m ic ro n s  r ic h  in  d ie ta ry  

T A G  a re  s e c re te d  b y  th e  in te s t in a l  m u c o s a l  c e l ls  f o l lo w in g  a  m e a l  ( s e e  p . 

2 2 7 ) . B e c a u s e  l ip o p ro te in  T A G  d e g ra d a t io n  c a ta ly z e d  b y  lipoprotein  

lipase  in  th e  c a p i l la ry  b e d s  o f  a d ip o s e  t i s s u e  ( s e e  p . 2 2 8 )  is  lo w  in  

d ia b e te s  ( s y n th e s is  o f  th e  e n z y m e  is  d e c re a s e d  w h e n  in s u l in  le v e ls  a re  

lo w ) , th e  p la s m a  c h y lo m ic ro n  a n d  V L D L  le v e ls  a re  e le v a te d , r e s u l t in g  in  

h y p e r t r ia c y lg ly c e ro le m ia  (s e e  F ig . 2 5 .3 ).

C. Treatment
In d iv id u a ls  w ith  T 1 D  m u s t  r e ly  o n  e x o g e n o u s  in s u l in  d e l iv e re d  

s u b c u ta n e o u s ly  (su b q )  e i th e r  b y  p e r io d ic  in je c t io n  o r  b y  c o n t in u o u s  p u m p -  

a s s is te d  in fu s io n  to  c o n tro l  th e  h y p e rg ly c e m ia  a n d  k e to n e m ia .  T w o  ty p e s  o f  

th e ra p e u tic  in je c t io n  re g im e n s  a re  c u r re n t ly  u s e d , s ta n d a rd  a n d  in te n s iv e . 

[N o te : P u m p  d e l iv e ry  is  a lso  c o n s id e re d  in te n s iv e  th e ra p y .]

1. S ta n d a rd  v e r s u s  in te n s iv e  tr e a tm e n t:  S ta n d a rd  t r e a tm e n t  is  ty p ic a l ly  tw o  

to  th re e  d a i ly  in je c t io n s  o f  r e c o m b in a n t  h u m a n  in s u lin .  M e a n  b lo o d  

g lu c o s e  le v e ls  o b ta in e d  a re  ty p ic a l ly  2 2 5 - 2 7 5  m g /d l,  w ith  a  g ly c a te d  

h e m o g lo b in  ( H b A 1c) le v e l  ( s e e  p . 3 3 ) o f  8 % - 9 %  o f  th e  to ta l  h e m o g lo b in  

(b lu e  a r ro w  in  F ig . 2 5 .4 ). [N o te : T h e  r a te  o f  f o rm a t io n  o f  H b A 1c is  

p ro p o r t io n a l  to  th e  a v e ra g e  b lo o d  g lu c o s e  c o n c e n tra t io n  o v e r  th e  

p re v io u s  3 m o n th s .  T h u s , H b A 1c p ro v id e s  a  m e a s u re  o f  h o w  w e ll  

t r e a tm e n t  h a s  n o rm a liz e d  b lo o d  g lu c o s e  o v e r  th a t  t im e  in  a  p a t ie n t  w ith  

d ia b e te s .]  In  c o n t r a s t  to  s ta n d a rd  th e ra p y , in te n s iv e  t r e a tm e n t  s e e k s  to  

m o re  c lo s e ly  n o rm a liz e  b lo o d  g lu c o s e  th ro u g h  m o re  f r e q u e n t  m o n i to r in g  

a n d  s u b s e q u e n t  in je c t io n s  o f  in s u lin ,  ty p ic a l ly  > 4  t im e s  a  d a y . M e a n  

b lo o d  g lu c o s e  le v e ls  o f  1 5 0  m g /d l  c a n  b e  a c h ie v e d , w ith  H b A 1c ~ 7 %  o f  

th e  to ta l  h e m o g lo b in  ( s e e  r e d  a r ro w  in  F ig . 2 5 .4 ). [N o te : N o rm a l  m e a n  

b lo o d  g lu c o s e  is  ~ 1 0 0  m g /d l,  a n d  H b A 1c is  < 6 %  (se e  b la c k  a r ro w  in  F ig . 

2 5 .4 ).] T h e re fo re ,  n o rm a liz a t io n  o f  g lu c o s e  v a lu e s  (e u g ly c e m ia )  is  n o t  

a c h ie v e d  e v e n  in  in te n s iv e ly  t r e a te d  p a t ie n ts .  N o n e th e le s s ,  p a t ie n ts  o n



in te n s iv e  th e ra p y  s h o w  a  > 5 0 %  re d u c t io n  in  th e  lo n g - te rm  m ic ro v a s c u la r  

c o m p lic a t io n s  o f  d ia b e te s  ( th a t  is , re t in o p a th y ,  n e p h ro p a th y ,  a n d  

n e u ro p a th y )  c o m p a re d  w ith  p a t ie n ts  r e c e iv in g  s ta n d a rd  c a re . T h is  

c o n f irm s  th a t  th e  c o m p lic a t io n s  o f  d ia b e te s  a re  re la te d  to  a n  e le v a t io n  o f  

p la s m a  g lu c o se .

F ig u re  2 5 .4  C o r re la t io n  b e tw e e n  m e a n  b lo o d  g lu c o s e  a n d  p e rc e n t  h e m o g lo b in  

A 1c in  p a t ie n ts  w i th  ty p e  1 d ia b e te s  re c e iv in g  in te n s iv e  o r  s ta n d a rd  in s u lin



2. H y p o g ly c e m ia :  O n e  o f  th e  th e ra p e u tic  g o a ls  in  c a s e s  o f  d ia b e te s  is  to  

d e c re a s e  b lo o d  g lu c o s e  le v e ls  in  a n  e f fo r t  to  m in im iz e  th e  d e v e lo p m e n t  

o f  lo n g - te rm  c o m p lic a t io n s  o f  th e  d is e a s e  ( s e e  p . 3 4 5  fo r  a  d is c u s s io n  o f  

th e  c h ro n ic  c o m p lic a t io n s  o f  d ia b e te s ) .  H o w e v e r ,  a p p ro p r ia te  d o s a g e  o f  

in s u l in  is  d if f ic u l t  to  a c h ie v e . H y p o g ly c e m ia  c a u s e d  b y  e x c e s s  in s u l in  is  

th e  m o s t  c o m m o n  c o m p lic a t io n  o f  in s u l in  th e ra p y , o c c u r r in g  in  > 9 0 %  o f  

p a t ie n ts .  T h e  f re q u e n c y  o f  h y p o g ly c e m ic  e p is o d e s ,  s e iz u re s ,  a n d  c o m a  is  

p a r t ic u la r ly  h ig h  w i th  in te n s iv e  t r e a tm e n t  re g im e n s  d e s ig n e d  to  a c h ie v e  

t ig h t  c o n tro l  o f  b lo o d  g lu c o s e  (F ig . 2 5 .5 ). In  n o rm a l  in d iv id u a ls ,  

h y p o g ly c e m ia  tr ig g e r s  a  c o m p e n s a to ry  s e c re t io n  o f  c o u n te r re g u la to ry  

h o rm o n e s , m o s t  n o ta b ly  g lu c a g o n  a n d  e p in e p h r in e , w h ic h  p ro m o te  

h e p a t ic  p ro d u c t io n  o f  g lu c o s e  ( s e e  p . 3 1 5 ) . H o w e v e r ,  p a t ie n ts  w ith  T 1 D  

a lso  d e v e lo p  a  d e f ic ie n c y  o f  g lu c a g o n  s e c re t io n . T h is  d e f e c t  o c c u rs  e a r ly  

in  th e  d is e a s e  a n d  is  a lm o s t  u n iv e r s a l ly  p r e s e n t  4  y e a r s  a f te r  d ia g n o s is .  

T h e re fo re ,  th e s e  p a t ie n ts  r e ly  o n  e p in e p h r in e  s e c re t io n  to  p r e v e n t  s e v e re  

h y p o g ly c e m ia .  H o w e v e r ,  a s  th e  d is e a s e  p ro g re s s e s ,  T 1 D  p a t ie n ts  s h o w  

d ia b e tic  a u to n o m ic  n e u ro p a th y  a n d  im p a ire d  a b i l i ty  to  s e c re te  

e p in e p h r in e  in  r e s p o n s e  to  h y p o g ly c e m ia .  T h e  c o m b in e d  d e f ic ie n c y  o f  

g lu c a g o n  a n d  e p in e p h r in e  s e c re t io n  c re a te s  a  s y m p to m -f re e  c o n d i t io n  

s o m e t im e s  c a l le d  “ h y p o g ly c e m ia  u n a w a r e n e s s .” T h u s , p a t ie n ts  w ith  

lo n g -s ta n d in g  T 1 D  a re  p a r t ic u la r ly  v u ln e ra b le  to  h y p o g ly c e m ia .  

H y p o g ly c e m ia  c a n  a lso  b e  c a u s e d  b y  s tre n u o u s  e x e rc is e .  B e c a u s e  

e x e rc is e  p ro m o te s  g lu c o s e  u p ta k e  in to  m u s c le  a n d  d e c re a s e s  th e  n e e d  fo r  

e x o g e n o u s  in s u lin ,  p a t ie n ts  a re  a d v is e d  to  c h e c k  b lo o d  g lu c o s e  le v e ls  

b e fo re  o r  a f te r  in te n s iv e  e x e rc is e  to  p r e v e n t  o r  a b o r t  h y p o g ly c e m ia .

therapy. [Note: Nondiabetic individuals are included for comparison.]



/ ----------------------------------------------------------------------------------------------------- \

INTENSIVE THERAPY
•  Intensive therapy results in a 

threefold increase in the 
frequency of hypoglycemia.

• Many clinicians believe the 
increased risk of hypoglycemia 
that accompanies intensive 
therapy is justified by the 
substantial decrease in the 
incidence of long-term 
complications, such as diabetic 
retinopathy and nephropathy.

V.

0



F ig u re  2 5 .5  E f f e c t  o f  t ig h t  g lu c o s e  c o n tro l  o n  h y p o g ly c e m ic  e p is o d e s  in  a  

p o p u la t io n  o f  p a t ie n ts  o n  in te n s iv e  th e ra p y  o r  s ta n d a rd  th e ra p y .

3. C o n tra in d ic a t io n s  fo r  t ig h t  c o n tro l:  C h ild re n  a re  n o t  p u t  o n  a  p ro g ra m  o f  

t ig h t  c o n tro l  o f  b lo o d  g lu c o s e  b e fo re  a g e  8  y e a r s  b e c a u s e  o f  th e  r is k  th a t  

e p is o d e s  o f  h y p o g ly c e m ia  m a y  a d v e r s e ly  a f f e c t  b r a in  d e v e lo p m e n t .  

E ld e r ly  p e o p le  ty p ic a l ly  d o  n o t  g o  o n  t ig h t  c o n tro l  b e c a u s e  h y p o g ly c e m ia  

c a n  c a u s e  s tro k e s  a n d  h e a r t  a t ta c k s  in  th is  p o p u la tio n .  A ls o , th e  m a jo r  

g o a l  o f  t ig h t  c o n tro l  is  to  p r e v e n t  c o m p lic a t io n s  m a n y  y e a r s  la te r .  T ig h t  

c o n tro l,  th e n , is  m o s t  w o r th w h i le  fo r  o th e rw is e  h e a l th y  p e o p le  w h o  c a n  

e x p e c t  to  l iv e  a t  le a s t  10  m o re  y e a rs .  [N o te : F o r  m o s t  n o n p re g n a n t  a d u lts  

w ith  d ia b e te s ,  th e  in d iv id u a l  t r e a tm e n t  s tra te g ie s  a n d  g o a ls  a re  b a s e d  o n  

th e  d u ra t io n  o f  d ia b e te s ,  a g e / l i f e  e x p e c ta n c y , a n d  k n o w n  c o m o rb id  

c o n d it io n s .]

III. TYPE 2

T 2 D  is  th e  m o s t  c o m m o n  fo rm  o f  th e  d is e a se , a f f l ic t in g  > 9 0 %  o f  th e  U .S . 

p o p u la t io n  w i th  d ia b e te s .  [N o te : A m e r ic a n  In d ia n s ,  A la s k a n  N a tiv e s ,  H is p a n ic  

a n d  L a tin o  A m e r ic a n s ,  A f r ic a n  A m e r ic a n s ,  a n d  A s ia n  A m e r ic a n s  h a v e  th e  

h ig h e s t  p re v a le n c e .]  T y p ic a l ly ,  T 2 D  d e v e lo p s  g ra d u a l ly  w i th o u t  o b v io u s  

s y m p to m s . T h e  d is e a s e  is  o f te n  d e te c te d  b y  ro u t in e  s c re e n in g  te s ts . H o w e v e r ,  

m a n y  in d iv id u a ls  w i th  T 2 D  h a v e  s y m p to m s  o f  p o ly u r ia  a n d  p o ly d ip s ia  o f  s e v e ra l  

w e e k s ’ d u ra t io n . P o ly p h a g ia  m a y  b e  p r e s e n t  b u t  is  le s s  c o m m o n . P a tie n ts  w ith  

T 2 D  h a v e  a  c o m b in a t io n  o f  in s u l in  re s is ta n c e  a n d  d y s fu n c t io n a l  P c e lls  (F ig . 

2 5 .6 ) b u t  d o  n o t  r e q u ire  in s u l in  to  s u s ta in  life . H o w e v e r ,  in  > 9 0 %  o f  th e s e  

p a t ie n ts ,  in s u l in  e v e n tu a l ly  w i l l  b e  r e q u ire d  to  c o n tro l  h y p e rg ly c e m ia  a n d  k e e p  

H b A 1c < 7 % . T h e  m e ta b o l ic  a l te ra t io n s  o b s e rv e d  in  T 2 D  a re  m ild e r  th a n  th o s e  

d e s c r ib e d  fo r  ty p e  1, in  p a r t  b e c a u s e  in s u l in  s e c re t io n  in  T 2 D , a l th o u g h  

in a d e q u a te ,  d o e s  r e s tr a in  k e to g e n e s is  a n d  b lu n ts  th e  d e v e lo p m e n t  o f  D K A . 

[N o te : In s u lin  s u p p re s s e s  th e  r e le a s e  o f  g lu c a g o n  (se e  p . 3 1 4 ) .]  D ia g n o s is  is  

b a s e d  o n  th e  p r e s e n c e  o f  h y p e rg ly c e m ia  as  d e s c r ib e d  a b o v e . T h e  p a th o g e n e s is  

d o e s  n o t  in v o lv e  v iru s e s  o r  a u to im m u n e  a n t ib o d ie s  a n d  is  n o t  c o m p le te ly  

u n d e rs to o d . [N o te : A n  a c u te  c o m p lic a t io n  o f  T 2 D  in  th e  e ld e r ly  is  a  

h y p e ro s m o la r  h y p e rg ly c e m ic  s ta te  c h a ra c te r iz e d  b y  s e v e re  h y p e rg ly c e m ia  a n d  

d e h y d ra t io n  a n d  a l te re d  m e n ta l  s ta tu s .]



n  Insulin resistance in 
peripheral tissues

Glucose
Decreased

ADIPOSE
TISSUE

Inadequate insulin 
secretion from ß cells

Insulin

PANCREAS



F ig u re  2 5 .6  M a jo r  fa c to rs  c o n tr ib u t in g  to  h y p e rg ly c e m ia  o b s e rv e d  in  ty p e  2 

d ia b e te s .  G L U T  = g lu c o se  tr a n s p o r te r .

T 2 D  is  c h a ra c te r iz e d  b y  h y p e rg ly c e m ia ,  in s u l in  re s is ta n c e ,  im p a ire d  in s u lin  

s e c re t io n , a n d , u l t im a te ly ,  (3-cell f a i lu re .  T h e  e v e n tu a l  n e e d  fo r  in s u lin  

th e ra p y  h a s  e l im in a te d  th e  d e s ig n a t io n  o f  T 2 D  a s  n o n - in s u l in - d e p e n d e n t  

d ia b e te s .

A. Insulin resistance
In s u l in  r e s is ta n c e  is  th e  d e c re a s e d  a b i l i ty  o f  ta rg e t  t i s s u e s ,  s u c h  a s  th e  liv e r , 

w h ite  a d ip o s e , a n d  s k e le ta l  m u s c le ,  to  r e s p o n d  p ro p e r ly  to  n o rm a l (o r  

e le v a te d )  c i r c u la t in g  c o n c e n tra t io n s  o f  in s u lin .  F o r  e x a m p le , in s u l in  

r e s is ta n c e  is  c h a ra c te r iz e d  b y  in c r e a s e d  h e p a t ic  g lu c o se  p ro d u c t io n , 

d e c re a s e d  g lu c o se  u p ta k e  b y  m u s c le  a n d  a d ip o s e  t is s u e , a n d  in c re a s e d  

a d ip o s e  l ip o ly s is  w i th  p ro d u c t io n  o f  f re e  fa t ty  a c id s  (F F A ).

1. In s u l in  r e s is ta n c e  a n d  o b e s ity :  A l th o u g h  o b e s ity  is  th e  m o s t  c o m m o n  

c a u s e  o f  in s u l in  re s is ta n c e  a n d  in c re a s e s  th e  r is k  o f  T 2 D , m o s t  p e o p le  

w i th  o b e s ity  a n d  in s u l in  r e s is ta n c e  d o  n o t  d e v e lo p  d ia b e te s .  In  th e  

a b s e n c e  o f  a  d e fe c t  in  p -c e ll  fu n c t io n , o b e s e  in d iv id u a ls  c a n  c o m p e n s a te  

fo r  in s u l in  r e s is ta n c e  w i th  e le v a te d  le v e ls  o f  in s u lin .  F o r  e x a m p le , F ig u re  

2 5 .7 A  s h o w s  th a t  in s u l in  s e c re t io n  is  tw o  to  th re e  t im e s  h ig h e r  in  o b e se  

s u b je c ts  th a n  i t  is  in  le a n  in d iv id u a ls .  T h is  h ig h e r  in s u l in  c o n c e n tra t io n  

c o m p e n s a te s  fo r  th e  d im in is h e d  e f fe c t  o f  th e  h o rm o n e  (a s  a  r e s u l t  o f  

in s u l in  r e s is ta n c e )  a n d  p ro d u c e s  b lo o d  g lu c o se  le v e ls  s im ila r  to  th o se  

o b s e rv e d  in  le a n  in d iv id u a ls  (F ig . 2 5 .7 B ).



F ig u re  2 5 .7  B lo o d  in s u l in  (A ) a n d  b lo o d  g lu c o s e  le v e ls  (B ) in  n o rm a l-w e ig h t  a n d  

o b e s e  s u b je c ts .

2 . In s u l in  r e s is ta n c e  a n d  ty p e  2 d ia b e te s :  In s u l in  r e s is ta n c e  a lo n e  w il l  n o t  

le a d  to  T 2 D . R a th e r ,  T 2 D  d e v e lo p s  in  in s u l in - r e s is ta n t  in d iv id u a ls  w h o  

a lso  s h o w  im p a ire d  (3-cell fu n c t io n . In s u l in  r e s is ta n c e  a n d  s u b s e q u e n t  r is k  

fo r  th e  d e v e lo p m e n t  o f  T 2 D  is  c o m m o n ly  o b s e rv e d  in  in d iv id u a ls  w h o  

a re  o b e s e , p h y s ic a l ly  in a c tiv e , o r e ld e r ly  a n d  in  th e  3 % - 5 %  o f  p r e g n a n t  

w o m e n  w h o  d e v e lo p  g e s ta t io n a l  d ia b e te s .  T h e s e  p a t ie n ts  a re  u n a b le  to  

s u f f ic ie n tly  c o m p e n s a te  fo r  in s u l in  r e s is ta n c e  w i th  in c re a s e d  in s u lin  

re le a s e .  F ig u re  2 5 .8  s h o w s  th e  t im e  c o u rs e  fo r  th e  d e v e lo p m e n t  o f 

h y p e rg ly c e m ia  a n d  th e  lo s s  o f  p -c e ll  fu n c t io n .
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F ig u re  2 5 .8  P ro g re s s io n  o f  b lo o d  g lu c o s e  a n d  in s u l in  le v e ls  in  p a t ie n ts  w i th  ty p e  

2 d ia b e te s .

3 . C a u s e s  o f  in s u l in  r e s is ta n c e :  In s u l in  r e s is ta n c e  in c re a s e s  w i th  w e ig h t  g a in  

a n d  d e c re a s e s  w i th  w e ig h t  lo s s , a n d  e x c e s s  a d ip o s e  t is s u e  (p a r t ic u la r ly  in  

th e  a b d o m e n )  is  k e y  in  th e  d e v e lo p m e n t  o f  in s u l in  r e s is ta n c e . A d ip o s e  is  

n o t  s im p ly  a n  e n e rg y  s to ra g e  t is s u e , b u t  a lso  a  s e c re to ry  tis s u e . W ith  

o b e s ity ,  th e re  a re  c h a n g e s  in  a d ip o s e  s e c re t io n s  th a t  r e s u l t  in  in s u lin  

r e s is ta n c e  (F ig . 2 5 .9 ). T h e s e  in c lu d e  s e c re t io n  o f  p ro in f la m m a to ry



c y to k in e s  s u c h  a s  in te r le u k in  6 a n d  tu m o r  n e c ro s is  f a c to r - a  b y  a c t iv a te d  

m a c ro p h a g e s  ( in f la m m a tio n  is  a s s o c ia te d  w ith  in s u l in  r e s is ta n c e ) ;  

in c re a s e d  s y n th e s is  o f  le p tin , a  p ro te in  w i th  p ro in f la m m a to ry  e f fe c ts  (s e e  

p . 3 5 3  fo r  a d d i t io n a l  e f fe c ts  o f  le p tin ) ;  a n d  d e c re a s e d  s e c re t io n  o f  

a d ip o n e c t in  (s e e  p . 3 5 0 ) , a  p ro te in  w i th  a n t i - in f la m m a to ry  e f fe c ts .  T h e  

n e t  r e s u l t  is  c h ro n ic ,  lo w -g ra d e  in f la m m a tio n .  O n e  e f f e c t  o f  in s u l in  

r e s is ta n c e  is  in c re a s e d  l ip o ly s is  a n d  p r o d u c t io n  o f  F F A  (s e e  F ig . 2 5 .9 ). 

F F A  a v a i la b i l i ty  d e c re a s e s  u s e  o f  g lu c o se , c o n tr ib u t in g  to  h y p e rg ly c e m ia ,  

a n d  in c re a s e s  e c to p ic  d e p o s i t io n  o f  T A G  in  l iv e r  (h e p a t ic  s te a to s is ) .  

[N o te : S te a to s is  r e s u lts  in  n o n a lc o h o lic  fa t ty  l iv e r  d is e a s e  (N A F L D ). I f  

a c c o m p a n ie d  b y  in f la m m a tio n ,  a  m o re  s e r io u s  c o n d it io n , n o n a lc o h o lic  

s te a to h e p a t i t is  (N A S H ), c a n  d e v e lo p .]  F F A  a lso  h a v e  a  p ro in f la m m a to ry  

e f fe c t.  In  th e  lo n g  te rm , F F A  im p a ir  in s u l in  s ig n a l in g . [N o te : 

A d ip o n e c t in  in c re a s e s  F A  p -o x id a t io n  ( s e e  p . 3 4 9 ) . C o n s e q u e n t ly ,  a  

d e c re a s e  in  th is  a d ip o c y te  p ro te in  c o n tr ib u te s  to  F F A  a v a i la b i l i ty .]





F ig u re  2 5 .9  O b e s ity ,  in s u l in  re s is ta n c e ,  a n d  h y p e rg ly c e m ia .  [N o te : In f la m m a tio n  

a lso  is  a s s o c ia te d  w ith  in s u l in  r e s is ta n c e .]

B. Dysfunctional p cells
In  T 2 D , th e  p a n c re a s  in i t ia l ly  re ta in s  p -c e ll  c a p a c ity ,  r e s u l t in g  in  in s u lin  

le v e ls  th a t  v a ry  f ro m  a b o v e  n o rm a l to  b e lo w  n o rm a l.  H o w e v e r ,  w ith  t im e , 

th e  p c e ll  b e c o m e s  in c re a s in g ly  d y s fu n c t io n a l  a n d  fa i ls  to  s e c re te  e n o u g h  

in s u lin  to  c o r r e c t  th e  p re v a i l in g  h y p e rg ly c e m ia .  F o r  e x a m p le , in s u l in  le v e ls  

a re  h ig h  in  ty p ic a l ,  o b e s e , T 2 D  p a t ie n ts  b u t  n o t  a s  h ig h  a s  in  s im ila r ly  o b e se  

in d iv id u a ls  w h o  d o  n o t  h a v e  d ia b e te s .  T h u s , th e  n a tu ra l  p ro g re s s io n  o f  th e  

d is e a s e  r e s u lts  in  a  d e c l in in g  a b i l i ty  to  c o n tro l  h y p e rg ly c e m ia  w ith  

e n d o g e n o u s  s e c re t io n  o f  in s u l in  (F ig . 2 5 .1 0 ). D e te r io r a t io n  o f  p -c e ll  

fu n c t io n  m a y  b e  a c c e le ra te d  b y  th e  to x ic  e f fe c ts  o f  s u s ta in e d  h y p e rg ly c e m ia  

a n d  e le v a te d  F F A  a n d  a  p ro in f la m m a to ry  e n v iro n m e n t .

Insulin Hyper
resistance insulinemia

Genetics
Obesity
Sedentary lifestyle 
Aging MICROVASCULAR COMPLICATIONS (retinopathy, neuropathy,

nephropathy) ____

MACROVASCULAR COMPLICATIONS (cardiovascular disease,
stroke)

F ig u re  2 5 .1 0  T y p ic a l  p ro g re s s io n  o f  ty p e  2 d ia b e te s .

C. Metabolic changes
T h e  a b n o rm a li t ie s  o f  g lu c o s e  a n d  T A G  m e ta b o l is m  in  T 2 D  a re  th e  r e s u l t  o f  

in s u lin  r e s is ta n c e  e x p re s s e d  p r im a r i ly  in  l iv e r , s k e le ta l  m u s c le ,  a n d  w h ite  

a d ip o s e  t i s s u e  (F ig . 2 5 .1 1 ).



F ig u re  2 5 .1 1  In te r t is s u e  re la t io n s h ip s  in  ty p e  2 d ia b e te s .  [N o te : K e to g e n e s is  is  

r e s tr a in e d  a s  lo n g  a s  in s u l in  a c t io n  is  a d e q u a te .]  T C A  = t r ic a rb o x y lic  a c id ; C o A  

=  c o e n z y m e  A ; V L D L  =  v e ry - lo w -d e n s i ty  l ip o p ro te in s .

1. H y p e rg ly c e m ia :  H y p e rg ly c e m ia  is  c a u s e d  b y  in c re a s e d  h e p a t ic  

p ro d u c t io n  o f  g lu c o se , c o m b in e d  w i th  d im in is h e d  u s e  o f  g lu c o se  b y  

m u s c le  a n d  a d ip o s e  t is s u e s .  K e to n e m ia  is  u s u a l ly  m in im a l  o r  a b s e n t  in  

p a t ie n ts  w i th  T 2 D  b e c a u s e  th e  p re s e n c e  o f  in s u lin ,  e v e n  in  th e  p re s e n c e  

o f  in s u l in  r e s is ta n c e ,  r e s tr a in s  h e p a t ic  k e to g e n e s is .

2. D y s l ip id e m ia :  In  th e  liv e r ,  F F A  a re  c o n v e r te d  to  T A G , w h ic h  a re  

p a c k a g e d  a n d  s e c re te d  in  V L D L . D ie ta ry  T A G - r i c h  c h y lo m ic ro n s  a re  

s y n th e s iz e d  a n d  s e c re te d  b y  th e  in te s t in a l  m u c o s a l  c e lls  fo l lo w in g  a  m e a l. 

B e c a u s e  l ip o p ro te in  T A G  d e g ra d a t io n  c a ta ly z e d  b y  lipoprotein lipase  in  

a d ip o s e  t i s s u e  is  lo w  in  d ia b e te s ,  th e  p la s m a  c h y lo m ic ro n  a n d  V L D L  

le v e ls  a re  e le v a te d , r e s u l t in g  in  h y p e r t r ia c y lg ly c e ro le m ia  (s e e  F ig . 2 5 .1 0 ). 

L o w  le v e ls  o f  h ig h -d e n s i ty  l ip o p ro te in s  a re  a lso  a s s o c ia te d  w i th  T 2 D , 

l ik e ly  a s  a  r e s u l t  o f  in c re a s e d  d e g ra d a tio n .



D. Treatment
T h e  g o a l  in  tr e a tin g  T 2 D  is  to  m a in ta in  b lo o d  g lu c o s e  c o n c e n tra t io n s  w ith in  

n o rm a l  l im i ts  a n d  to  p r e v e n t  th e  d e v e lo p m e n t  o f  lo n g - te rm  c o m p lic a tio n s .  

W e ig h t  re d u c t io n ,  e x e rc is e ,  a n d  m e d ic a l  n u tr i t io n  th e ra p y  (d ie ta ry  

m o d if ic a t io n s )  o f te n  c o r r e c t  th e  h y p e rg ly c e m ia  o f  n e w ly  d ia g n o s e d  T 2 D . 

O ra l  h y p o g ly c e m ic  a g e n ts , s u c h  a s  m e tfo rm in  (d e c re a s e s  h e p a t ic  

g lu c o n e o g e n e s is ) ,  s u lfo n y lu re a s  ( in c re a s e  in s u l in  s e c re t io n ;  s e e  p . 3 1 0 ) , 

th ia z o l id in e d io n e s  (d e c re a s e  F F A  le v e ls  a n d  in c re a s e  p e r ip h e ra l  in s u lin  

s e n s it iv i ty ) ,  a-glucosidase  in h ib i to r s  (d e c re a s e  a b s o rp t io n  o f  d ie ta ry  

c a rb o h y d ra te ) ,  a n d  S G L T  in h ib i to r s  (d e c re a s e  r e n a l  r e a b s o rp t io n  o f  

g lu c o se ) ,  o r  s u b q  in s u l in  th e ra p y  m a y  b e  r e q u ire d  to  a c h ie v e  s a tis fa c to ry  

p la s m a  g lu c o s e  le v e ls .  [N o te : B a r ia tr ic  s u rg e ry  in  m o rb id ly  o b e s e  

in d iv id u a ls  w ith  T 2 D  h a s  b e e n  s h o w n  to  r e s u l t  in  d is e a s e  r e m is s io n  in  m o s t  

p a t ie n ts .  R e m is s io n  m a y  n o t  b e  p e rm a n e n t.]

IV. CHRONIC EFFECTS AND PREVENTION

A s  n o te d  p re v io u s ly , a v a i la b le  th e ra p ie s  m o d e ra te  th e  h y p e rg ly c e m ia  o f  d ia b e te s  

b u t  f a i l  to  c o m p le te ly  n o rm a liz e  m e ta b o l is m . T h e  lo n g -s ta n d in g  e le v a t io n  o f  

b lo o d  g lu c o s e  is  a s s o c ia te d  w i th  th e  c h ro n ic  v a s c u la r  c o m p lic a t io n s  o f  d ia b e te s  

in c lu d in g  c a rd io v a s c u la r  d is e a s e  (C V D ) a n d  s tro k e  (m a c ro v a s c u la r  

c o m p lic a tio n s )  a s  w e l l  a s  re t in o p a th y ,  n e p h ro p a th y ,  a n d  n e u ro p a th y  

(m ic ro v a s c u la r ) .  In te n s iv e  in s u l in  t r e a tm e n t  (s e e  p . 3 4 0 )  d e la y s  th e  o n s e t  a n d  

s lo w s  th e  p ro g re s s io n  o f  s o m e  lo n g - te rm  c o m p lic a tio n s .  F o r  e x a m p le , th e  

in c id e n c e  o f  r e t in o p a th y  d e c re a s e s  a s  c o n tro l  o f  b lo o d  g lu c o s e  im p ro v e s  a n d  

H b A 1c le v e ls  d e c re a s e  (F ig . 2 5 .1 2 ). [N o te : D a ta  c o n c e rn in g  th e  e f f e c t  o f  t ig h t  

c o n tro l  o n  C V D  in  T 2 D  a re  le s s  c le a r .]  T h e  b e n e f i ts  o f  t ig h t  c o n tro l  o f  b lo o d  

g lu c o s e  o u tw e ig h  th e  in c r e a s e d  r is k  o f  s e v e re  h y p o g ly c e m ia  in  m o s t  p a t ie n ts .  

H o w  h y p e rg ly c e m ia  c a u s e s  th e  c h ro n ic  c o m p lic a t io n s  o f  d ia b e te s  is  u n c le a r .  In  

c e lls  in  w h ic h  g lu c o s e  u p ta k e  is  n o t  d e p e n d e n t  o n  in s u lin ,  e le v a te d  b lo o d  g lu c o s e  

le a d s  to  in c r e a s e d  in t r a c e l lu la r  g lu c o s e  a n d  its  m e ta b o l i te s .  F o r  e x a m p le , 

in c re a s e d  in t r a c e l lu la r  s o rb i to l  c o n tr ib u te s  to  c a ta r a c t  f o rm a t io n  ( s e e  p . 1 4 0 ) in  

d ia b e te s .  A d d it io n a l ly ,  h y p e rg ly c e m ia  p ro m o te s  g ly c a t io n  o f  c e l lu la r  p ro te in s  in  

a  r e a c t io n  a n a lo g o u s  to  th e  fo rm a t io n  o f  H b A 1c. T h e s e  g ly c a te d  p ro te in s  u n d e rg o

a d d i t io n a l  r e a c t io n s  a n d  b e c o m e  a d v a n c e d  g ly c a t io n  e n d  p ro d u c ts  (A G E )  th a t  

m e d ia te  s o m e  o f  th e  e a r ly  m ic ro v a s c u la r  c h a n g e s  o f  d ia b e te s  a n d  c a n  r e d u c e



w o u n d  h e a l in g . S o m e  A G E  b in d  to  a  m e m b ra n e  r e c e p to r  (R A G E ), c a u s in g  th e  

re le a s e  o f  p ro in f la m m a to ry  m o le c u le s .  T h e re  is  c u r re n t ly  n o  p re v e n ta t iv e  

t r e a tm e n t  fo r  T 1 D . T h e  r is k  fo r  T 2 D  c a n  b e  s ig n if ic a n t ly  d e c re a s e d  b y  a  

c o m b in e d  r e g im e n  o f  m e d ic a l  n u tr i t io n  th e ra p y , w e ig h t  lo s s , e x e rc is e ,  a n d  

a g g re s s iv e  c o n tro l  o f  h y p e r te n s io n  a n d  d y s lip id e m ia s .  F o r  e x a m p le , F ig u re  2 5 .1 3  

s h o w s  th e  in c id e n c e  o f  d is e a s e  in  n o rm a l  a n d  o v e rw e ig h t  in d iv id u a ls  w ith  

v a ry in g  d e g re e s  o f  e x e rc is e .



f-

The benefits of an improvement 
in glycémie control occurred over 
the entire range of HbAic values. 
Thus, any improvement in 
glycémie control is beneficial.

Length of follow-up (years)



F ig u re  2 5 .1 2  R e la t io n s h ip  o f  g ly c e m ic  c o n tro l  a n d  d ia b e tic  re t in o p a th y .  H b A 1c = 

g ly c a te d  h e m o g lo b in .
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F ig u re  2 5 .1 3  E f f e c t  o f  b o d y  m a ss  in d e x  a n d  e x e rc is e  o n  th e  d e v e lo p m e n t  o f  ty p e  

2 d ia b e te s .



V. CHAPTER SUMMARY

D ia b e te s  m e ll i tu s  is  a  h e te ro g e n e o u s  g ro u p  o f  s y n d ro m e s  c h a ra c te r iz e d  b y  

a n  e le v a t io n  o f  fa s t in g  b lo o d  g lu c o s e  th a t  is  c a u s e d  b y  a  r e la t iv e  o r  a b s o lu te  

d e f ic ie n c y  o f  in s u l in  (F ig . 2 5 .1 4 ). D ia b e te s  is  th e  le a d in g  c a u s e  o f  a d u l t  

b l in d n e s s  a n d  a m p u ta t io n  a n d  a  m a jo r  c a u s e  o f  r e n a l  f a i lu re , n e rv e  d a m a g e , 

h e a r t  a t ta c k s ,  a n d  s tro k e . D ia b e te s  c a n  b e  c la s s i f ie d  in to  tw o  g ro u p s , ty p e  1 

(T 1 D ) a n d  ty p e  2 (T 2 D ) . T 1 D  c o n s ti tu te s  ~ 1 0 %  o f  > 2 9  m il l io n  c a s e s  o f  

d ia b e te s  in  th e  U n ite d  S ta te s . T h e  d is e a s e  is  c h a ra c te r iz e d  b y  a n  a b s o lu te  

d e f ic ie n c y  o f  in s u l in  c a u s e d  b y  a n  a u to im m u n e  a t ta c k  o n  th e  p a n c re a t ic  p 

c e lls . T h is  d e s tru c t io n  r e q u ire s  a n  e n v i ro n m e n ta l  s t im u lu s  ( s u c h  a s  a  v ir a l  

in fe c tio n )  a n d  a  g e n e t ic  d e te rm in a n t  th a t  c a u s e s  th e  p c e l l  to  b e  m is ta k e n ly  

id e n t if ie d  as  “n o n s e lf .” T h e  m e ta b o l ic  a b n o rm a li t ie s  o f  T 1 D  in c lu d e  

h y p e rg ly c e m ia ,  d ia b e tic  k e to a c id o s is  (D K A ), a n d  h y p e r t r ia c y lg ly c e ro le m ia  

th a t  r e s u l t  f ro m  a  d e f ic ie n c y  o f  in s u lin .  T h o s e  w i th  T 1 D  m u s t  r e ly  o n  

e x o g e n o u s  in s u l in  d e l iv e re d  s u b c u ta n e o u s ly  to  c o n tro l  h y p e rg ly c e m ia  a n d  

k e to a c id o s is .  T 2 D  h a s  a  s tro n g  g e n e t ic  c o m p o n e n t.  I t  r e s u lts  f ro m  a  

c o m b in a t io n  o f  in s u l in  r e s is ta n c e  a n d  d y s fu n c t io n a l  P c e lls .  In s u lin  

r e s is ta n c e  is  th e  d e c re a s e d  a b i l i ty  o f  ta rg e t  t is s u e s ,  s u c h  a s  l iv e r , w h ite  

a d ip o se , a n d  s k e le ta l  m u s c le ,  to  r e s p o n d  p ro p e r ly  to  n o rm a l  (o r  e le v a te d )  

c i r c u la t in g  c o n c e n tra t io n s  o f  in s u lin .  O b e s ity  is  th e  m o s t  c o m m o n  c a u s e  o f  

in s u l in  r e s is ta n c e . H o w e v e r ,  m o s t  p e o p le  w i th  o b e s ity  a n d  in s u lin  

r e s is ta n c e  d o  n o t  d e v e lo p  d ia b e te s .  In  th e  a b s e n c e  o f  a  d e f e c t  in  p -c e ll  

fu n c t io n , o b e s e  in d iv id u a ls  w i th o u t  d ia b e te s  c a n  c o m p e n s a te  fo r  in s u lin  

r e s is ta n c e  w i th  e le v a te d  le v e ls  o f  in s u lin .  In s u lin  re s is ta n c e  a lo n e  w i l l  n o t  

le a d  to  T 2 D . R a th e r ,  T 2 D  d e v e lo p s  in  in s u l in - r e s is ta n t  in d iv id u a ls  w h o  a lso  

s h o w  im p a ire d  P -c e ll fu n c t io n . T h e  a c u te  m e ta b o l ic  a l te ra t io n s  o b s e rv e d  in  

T 2 D  a re  m ild e r  th a n  th o s e  d e s c r ib e d  fo r  th e  in s u l in -d e p e n d e n t  fo rm  o f  th e  

d is e a se , in  p a r t  b e c a u s e  in s u l in  s e c re t io n  in  T 2 D , a l th o u g h  in a d e q u a te ,  d o e s  

r e s tr a in  k e to g e n e s is  a n d  b lu n ts  th e  d e v e lo p m e n t  o f  D K A . A v a ila b le  

t r e a tm e n ts  fo r  d ia b e te s  m o d e ra te  th e  h y p e rg ly c e m ia  b u t  fa i l  to  c o m p le te ly  

n o rm a liz e  m e ta b o l is m . T h e  lo n g -s ta n d in g  e le v a t io n  o f  b lo o d  g lu c o s e  is  

a s s o c ia te d  w i th  th e  c h ro n ic  c o m p lic a t io n s  o f  d ia b e te s  in c lu d in g  

c a rd io v a s c u la r  d is e a s e  a n d  s tro k e  (m a c ro v a s c u la r )  a s  w e l l  as  re t in o p a th y ,  

n e p h ro p a th y , a n d  n e u ro p a th y  (m ic ro v a s c u la r ) .
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F ig u re  2 5 .1 4  K e y  c o n c e p t  m a p  fo r  d ia b e te s .  [N o te : D a ta  a re  f ro m  2 0 1 4 .]  G L U T  

= g lu c o s e  t r a n s p o r te r .



Study Questions

Choose th e  O N E  b e s t  a n s w e r .

5 .1 . T h re e  p a t ie n ts  b e in g  e v a lu a te d  fo r  g e s ta t io n a l  d ia b e te s  a re  g iv e n  a n  o ra l  

g lu c o s e  to le ra n c e  te s t . B a s e d  o n  th e  d a ta  s h o w n  b e lo w , w h ic h  p a t ie n t  is  

p re d ia b e tic ?

A . P a t ie n t  # 1

B . P a t ie n t  # 2

C . P a t ie n t  # 3

D . N o n e

C o r re c t  a n s w e r  = B . P a t ie n t  # 2  h a s  a  n o rm a l  fa s t in g  b lo o d  g lu c o s e  (F B G ) b u t  

a n  im p a ire d  g lu c o s e  to le ra n c e  (G T ) as  re f le c te d  in  h e r  b lo o d  g lu c o s e  le v e l  a t  2 

h o u rs  a n d , so , is  d e s c r ib e d  a s  p re d ia b e tic .  P a t ie n t  # 1  h a s  a  n o rm a l  F B G  a n d  

G T , w h e re a s  p a t ie n t  # 3  h a s  d ia b e te s .



5 .2 . R e la tiv e  o r  a b s o lu te  la c k  o f  in s u l in  in  h u m a n s  w o u ld  r e s u l t  in  w h ic h  o n e  o f  

th e  fo llo w in g  r e a c t io n s  in  th e  l iv e r?

A . D e c re a s e d  a c t iv i ty  o f  h o rm o n e -s e n s i t iv e  l ip a s e

B . D e c re a s e d  g lu c o n e o g e n e s is  f ro m  la c ta te

C . D e c re a s e d  g ly c o g e n o ly s is

D . In c re a s e d  fo rm a t io n  o f  3 -h y d ro x y b u ty ra te

E . In c re a s e d  g ly c o g e n e s is

C o r r e c t  a n s w e r  = D . L o w  in s u l in  le v e ls  f a v o r  th e  l iv e r  p ro d u c in g  k e to n e  

b o d ie s ,  u s in g  a c e ty l  c o e n z y m e  A  g e n e ra te d  b y  p -o x id a tio n  o f  th e  fa t ty  a c id s  

p ro v id e d  b y  h o rm o n e -s e n s i t iv e  l ip a s e  (H S L )  in  a d ip o s e  t i s s u e  (n o t  l iv e r ) .  L o w  

in s u l in  a lso  c a u s e s  a c t iv a t io n  o f  H S L ,  d e c re a s e d  g ly c o g e n  s y n th e s is ,  a n d  

in c re a s e d  g lu c o n e o g e n e s is  a n d  g ly c o g e n o ly s is .

5 .3 . W h ic h  o n e  o f  th e  fo llo w in g  is  c h a ra c te r is t ic  o f  u n tr e a te d  d ia b e te s  re g a rd le s s

o f  th e  ty p e ?

A . H y p e rg ly c e m ia

B . K e to a c id o s is

C . L o w  le v e ls  o f  h e m o g lo b in  A 1c

D . N o rm a l  le v e ls  o f  C -p e p t id e

E . O b e s ity

F . S im p le  in h e r i ta n c e  p a t te rn

C o r r e c t  a n s w e r  = A . E le v a te d  b lo o d  g lu c o s e  o c c u rs  in  ty p e  1 d ia b e te s  (T 1 D ) as 

a  r e s u l t  o f  a  la c k  o f  in s u lin .  In  ty p e  2 d ia b e te s  (T 2 D ) , h y p e rg ly c e m ia  is  d u e  to  a  

d e fe c t  in  p -c e l l  fu n c t io n  a n d  in s u l in  r e s is ta n c e . T h e  h y p e rg ly c e m ia  r e s u l ts  in  

e le v a te d  h e m o g lo b in  A 1c le v e ls .  K e to a c id o s is  is  r a re  in  T 2 D , w h e re a s  o b e s ity  

is  ra re  in  T 1 D . C  (c o n n e c t in g ) -p e p t id e  is  a  m e a s u re  o f  in s u l in  s y n th e s is .  I t 

w o u ld  b e  v ir tu a l ly  a b s e n t  in  T 1 D  a n d  in i t ia l ly  in c r e a s e d  th e n  d e c re a s e d  in  

T 2 D . B o th  fo rm s  o f  th e  d is e a s e  s h o w  c o m p le x  g e n e tic s .

5 .4 . A n  o b e s e  in d iv id u a l  w ith  ty p e  2 d ia b e te s  ty p ic a l ly :

A . b e n e f i ts  f ro m  re c e iv in g  in s u l in  a b o u t  6 h o u rs  a f te r  a  m e a l.

B . h a s  a  lo w e r  p la s m a  le v e l  o f  g lu c a g o n  th a n  d o e s  a  n o rm a l  in d iv id u a l .



C . h a s  a  lo w e r  p la s m a  le v e l  o f  in s u l in  th a n  d o e s  a  n o rm a l  in d iv id u a l  e a r ly  

in  th e  d is e a s e  p ro c e s s .

D . s h o w s  im p ro v e m e n t  in  g lu c o s e  to le ra n c e  i f  b o d y  w e ig h t  is  r e d u c e d .

E . s h o w s  s u d d e n  o n s e t  o f  s y m p to m s .

C o r r e c t  a n s w e r  = D . M a n y  in d iv id u a ls  w i th  ty p e  2 d ia b e te s  a re  o b e se , a n d  

a lm o s t  a l l  s h o w  s o m e  im p ro v e m e n t  in  b lo o d  g lu c o s e  w ith  w e ig h t  re d u c t io n . 

S y m p to m s  u s u a lly  d e v e lo p  g ra d u a l ly .  T h e s e  p a t ie n ts  h a v e  e le v a te d  in s u lin  

le v e ls  a n d  u s u a l ly  d o  n o t  r e q u ire  in s u l in  (c e r ta in ly  n o t  6 h o u rs  a f te r  a  m e a l)  

u n t i l  la te  in  th e  d is e a se . G lu c a g o n  le v e ls  a re  ty p ic a l ly  n o rm a l.
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Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

O b e s ity  is  a  d is o rd e r  o f  b o d y  w e ig h t  r e g u la to ry  s y s te m s  c h a ra c te r iz e d  b y  an  

a c c u m u la t io n  o f  e x c e s s  b o d y  fa t. In  p r im it iv e  s o c ie t ie s ,  in  w h ic h  d a i ly  life  

re q u ire d  a  h ig h  le v e l  o f  p h y s ic a l  a c t iv i ty  a n d  fo o d  w a s  o n ly  a v a i la b le  

in te rm itte n tly ,  a  g e n e t ic  te n d e n c y  fa v o r in g  s to ra g e  o f  e x c e s s  c a lo r ie s  as  f a t  m a y  

h a v e  h a d  a  s u rv iv a l  v a lu e . T o d a y , h o w e v e r ,  th e  s e d e n ta ry  l i f e s ty le  a n d  

a b u n d a n c e  a n d  w id e  v a r ie ty  o f  p a la ta b le ,  in e x p e n s iv e  fo o d s  in  in d u s tr ia l iz e d  

s o c ie t ie s  h a s  u n d o u b te d ly  c o n tr ib u te d  to  a n  o b e s ity  e p id e m ic . A s  a d ip o s i ty  h a s  

in c re a s e d , so  h a s  th e  r is k  o f  d e v e lo p in g  a s s o c ia te d  d is e a se s ,  s u c h  a s  ty p e  2 

d ia b e te s  (T 2 D ), c a rd io v a s c u la r  d is e a s e  (C V D ), h y p e r te n s io n ,  c a n c e r ,  a n d  

a r th r i t is .  P a r t ic u la r ly  a la rm in g  is  th e  e x p lo s io n  o f  o b e s ity  in  c h i ld re n  a n d  

a d o le s c e n ts ,  w h ic h  h a s  s h o w n  a  th re e fo ld  in c re a s e  in  p r e v a le n c e  o v e r  th e  la s t  

fo u r  d e c a d e s . [N o te : A p p ro x im a te ly  1 7 %  o f  th o s e  a g e  2 - 1 9  y e a r s  a re  o b e s e .]  In  

th e  U n ite d  S ta te s , th e  l i f e t im e  r is k  o f  b e c o m in g  o v e rw e ig h t  o r  o b e s e  is  ~ 5 0 %  

a n d  2 5 % , re s p e c t iv e ly .  O b e s i ty  h a s  in c re a s e d  g lo b a lly ,  a n d , b y  s o m e  e s tim a te s ,  

th e re  a re  m o re  o b e s e  th a n  u n d e rn o u r is h e d  in d iv id u a ls  w o r ld w id e .

II. ASSESSMENT

B e c a u s e  th e  a m o u n t  o f  b o d y  f a t  is  d if f ic u l t  to  m e a s u re  d ire c tly ,  i t  is  u s u a lly  

d e te rm in e d  f ro m  a n  in d i r e c t  m e a s u re ,  th e  b o d y  m a ss  in d e x  (B M I) , w h ic h  h a s  

b e e n  s h o w n  to  c o r re la te  w i th  th e  a m o u n t  o f  b o d y  f a t  in  m o s t  in d iv id u a ls .  [N o te : 

E x c e p tio n s  a re  a th le te s  w h o  h a v e  la rg e  a m o u n ts  o f  le a n  m u s c le  m a ss .]  

M e a s u r in g  th e  w a is t  s iz e  w ith  a  ta p e  m e a s u re  is  a lso  u s e d  to  s c re e n  fo r  o b e s ity ,



b e c a u s e  th is  m e a s u re m e n t  re f le c ts  th e  a m o u n t  o f  f a t  in  th e  c e n tra l  a b d o m in a l  

a re a  o f  th e  b o d y . T h e  p re s e n c e  o f  e x c e s s  c e n tra l  f a t  is  a s s o c ia te d  w i th  a n  

in c re a s e d  r is k  fo r  m o rb id i ty  a n d  m o r ta l i ty ,  in d e p e n d e n t  o f  th e  B M I. [N o te : A  

w a is t  s iz e  > 4 0  in  (m e n )  a n d  > 3 5  in  (w o m e n )  is  c o n s id e re d  a  r is k  fa c to r .]

A. Body mass index
T h e  B M I (d e f in e d  as  w e ig h t  in  k g /[h e ig h t  in  m ] 2) p ro v id e s  a  m e a s u re  o f  

r e la t iv e  w e ig h t ,  a d ju s te d  fo r  h e ig h t.  T h is  a l lo w s  c o m p a r is o n s  w ith in  a n d  

b e tw e e n  p o p u la tio n s .  T h e  h e a l th y  ra n g e  fo r  th e  B M I is  b e tw e e n  1 8 .5  a n d  

2 4 .9 . I n d iv id u a ls  w i th  a  B M I b e tw e e n  2 5  a n d  2 9 .9  a re  c o n s id e re d  

o v e rw e ig h t ,  th o s e  w ith  a  B M I > 3 0  a re  d e f in e d  a s  o b e s e , a n d  a  B M I > 4 0  is  

c o n s id e re d  s e v e re ly  (m o rb id ly )  o b e s e  (F ig . 2 6 .1 ). T h e s e  c u to f fs  a re  b a s e d  

o n  s tu d ie s  e x a m in in g  th e  r e la t io n s h ip  o f  B M I to  p re m a tu re  d e a th  a n d  a re  

s im ila r  in  m e n  a n d  w o m e n . N e a r ly  tw o  th ird s  o f  U .S . a d u lts  a re  o v e rw e ig h t ,  

a n d  m o re  th a n  o n e  th i rd  o f  th o s e  a re  o b e s e . C h ild re n  w ith  a  B M I- fo r -a g e  

a b o v e  th e  9 5 th  p e rc e n t i le  a re  c o n s id e re d  o b e se .
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F ig u re  2 6 .1  T o  u s e  th is  b o d y  m a s s  in d e x  (B M I)  c h a r t ,  f in d  h e ig h t  in  th e  le f t -h a n d  

c o lu m n . M o v e  a c ro s s  th e  ro w  to  w e ig h t .  H e ig h t  a n d  w e ig h t  in te r s e c t  a t  th e  

in d iv id u a l ’s B M I. [N o te : T o  c a lc u la te  B M I u s in g  p o u n d s  a n d  in c h e s ,  u s e  B M I = 

w e ig h t  in  p o u n d s /(h e ig h t  in  in c h e s )2 x 7 0 3 . A n y o n e  > 1 0 0  p o u n d s  o v e rw e ig h t  is  

c o n s id e re d  m o rb id ly  o b e s e .]

B. Anatomic differences in fat deposition
T h e  a n a to m ic  d is tr ib u t io n  o f  b o d y  fa t  h a s  a  m a jo r  in f lu e n c e  o n  a s s o c ia te d  

h e a l th  r is k s .  A  w a is t /h ip  r a t io  (W H R ) > 0 .8  fo r  w o m e n  a n d  > 1 .0  fo r  m e n  is  

d e f in e d  a s  a n d ro id , a p p le - s h a p e d , o r  u p p e r -b o d y  o b e s ity  a n d  is  a s s o c ia te d  

w ith  m o re  f a t  d e p o s i t io n  in  th e  t r u n k  (F ig . 2 6 .2 A ). In  c o n tra s t ,  a  lo w e r  

W H R  re f le c ts  a  p re p o n d e ra n c e  o f  f a t  d is tr ib u te d  in  th e  h ip s  a n d  th ig h s  a n d  

is  c a l le d  g y n o id , p e a r - s h a p e d ,  o r  lo w e r -b o d y  o b e s ity .  I t  is  d e f in e d  a s  a  

W H R  o f  < 0 .8  fo r  w o m e n  a n d  < 1 .0  fo r  m e n . T h e  p e a r  sh a p e , m o re  

c o m m o n ly  fo u n d  in  w o m e n , p re s e n ts  a  m u c h  lo w e r  r is k  o f  m e ta b o l ic  

d is e a se , a n d  s o m e  s tu d ie s  in d ic a te  th a t  i t  m a y  a c tu a lly  b e  p ro te c tiv e .  T h u s , 

th e  c l in ic ia n  c a n  u s e  s im p le  in d ic e s  o f  b o d y  s h a p e  to  id e n tify  th o s e  w h o  

m a y  b e  a t  h ig h e r  r is k  fo r  m e ta b o l ic  d is e a s e s  a s s o c ia te d  w i th  o b e s ity .



Body shape

Apple shape : 
upper-body 

obesity

Pear shape = 
lower-body 

obesity

H  Location of 
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F ig u re  2 6 .2  A . In d iv id u a ls  w i th  u p p e r -b o d y  o b e s ity  ( le f t)  h a v e  g re a te r  h e a l th  

r is k s  th a n  in d iv id u a ls  w i th  lo w e r -b o d y  o b e s ity  ( r ig h t) .  B . V is c e r a l  f a t  is  lo c a te d  

in s id e  th e  a b d o m in a l  c a v i ty ,  p a c k e d  in  b e tw e e n  th e  in te rn a l  o rg a n s . 

S u b c u ta n e o u s  f a t  is  fo u n d  u n d e rn e a th  th e  sk in .

A b o u t  8 0 % - 9 0 %  o f  h u m a n  b o d y  f a t  is  s to re d  in  s u b c u ta n e o u s  (s u b q )  

d e p o ts  in  th e  a b d o m in a l  (u p p e r  b o d y )  a n d  th e  g lu te a l - fe m o ra l  ( lo w e r  b o d y )  

re g io n s . T h e  re m a in in g  1 0 % - 2 0 %  is  in  v is c e ra l  d e p o ts  lo c a te d  d e e p  w ith in  

th e  a b d o m in a l  c a v i ty  (F ig . 2 6 .2 B ). E x c e s s  f a t  in  v is c e ra l  a n d  a b d o m in a l  

s u b q  s to re s  in c re a s e s  h e a l th  r is k s  a s s o c ia te d  w i th  o b e s ity .

C. Biochemical differences in regional fat depots
T h e  re g io n a l  ty p e s  o f  f a t  d e s c r ib e d  a b o v e  a re  b io c h e m ic a l ly  d if fe re n t .  S u b q  

a d ip o c y te s  f ro m  th e  lo w e r  b o d y , p a r t ic u la r ly  in  w o m e n , a re  la rg e r ,  v e ry  

e f f ic ie n t  a t  f a t  ( t r ia c y lg ly c e ro l  [T A G ])  d e p o s it io n , a n d  te n d  to  m o b i l iz e  

fa t ty  a c id s  (F A ) m o re  s lo w ly  th a n  s u b q  a d ip o c y te s  f ro m  th e  u p p e r  b o d y . 

V is c e r a l  a d ip o c y te s  a re  th e  m o s t  m e ta b o l ic a l ly  a c tiv e . In  o b e s e  in d iv id u a ls ,  

b o th  a b d o m in a l  s u b c u ta n e o u s  a n d  v is c e ra l  d e p o ts  h a v e  h ig h  ra te s  o f  

l ip o ly s is  a n d  c o n tr ib u te  to  in c r e a s e d  a v a i la b i l i ty  o f  f re e  fa t ty  a c id s  (F F A ). 

T h e s e  m e ta b o l ic  d if f e re n c e s  m a y  c o n tr ib u te  to  th e  h ig h e r  h e a l th  r is k  fo u n d  

in  in d iv id u a ls  w ith  u p p e r  b o d y  (a b d o m in a l)  o b e s ity .  [N o te : F F A  im p a ir  

in s u l in  s ig n a l in g  a n d  a re  p ro in f la m m a to ry  (s e e  p . 3 4 3 ) .]

1. E n d o c r in e  fu n c tio n : W h i te  a d ip o s e  t is s u e , o n c e  th o u g h t  to  b e  a  p a s s iv e  

r e s e rv o ir  o f  T A G , is  n o w  k n o w n  to  p la y  a n  a c t iv e  ro le  in  b o d y  w e ig h t  

r e g u la to ry  s y s te m s . F o r  e x a m p le , th e  a d ip o c y te  is  a n  e n d o c r in e  c e l l  th a t  

s e c re te s  a  n u m b e r  o f  p ro te in  r e g u la to r s  ( a d ip o k in e s ) ,  s u c h  as  th e  

h o rm o n e s  le p t in  a n d  a d ip o n e c tin .  L e p tin  r e g u la te s  a p p e t i te  as  w e l l  as  

m e ta b o l is m  (s e e  p . 3 5 2 ) . A d ip o n e c t in  re d u c e s  F F A  le v e ls  in  th e  b lo o d  

(b y  in c re a s in g  F A  o x id a t io n  in  m u s c le s )  a n d  h a s  b e e n  a s s o c ia te d  w ith  

im p ro v e d  l ip id  p ro f i le s ,  in c re a s e d  in s u l in  s e n s it iv i ty  re s u lt in g  in  b e t te r  

g ly c e m ic  c o n tro l,  a n d  r e d u c e d  in f la m m a tio n  in  p a t ie n ts  w i th  d ia b e te s . 

[N o te : A d ip o n e c t in  le v e ls  d e c re a s e  a s  b o d y  w e ig h t  in c re a s e s ,  w h e re a s  

le p t in  le v e ls  in c re a s e .]

2. Im p o r ta n c e  o f  p o r ta l  c i rc u la t io n : W ith  o b e s ity ,  th e re  is  in c r e a s e d  re le a s e



o f  F F A  a n d  s e c re t io n  o f  p ro in f la m m a to ry  c y to k in e s ,  s u c h  as  in te r le u k in  6 

( IL -6 )  a n d  tu m o r  n e c ro s is  f a c to r - a  (T N F -a ) ,  f ro m  a d ip o s e  t is s u e . [N o te : 

C y to k in e s  a re  s m a l l  p ro te in s  th a t  r e g u la te  th e  im m u n e  s y s te m .]  O n e  

h y p o th e s is  fo r  w h y  a b d o m in a l  a d ip o s e  d e p o ts  h a v e  s u c h  a  la rg e  in f lu e n c e  

o n  m e ta b o l ic  d y s fu n c t io n  in  o b e s ity  is  th a t  th e  F F A  a n d  c y to k in e s  

re le a s e d  f ro m  th e s e  d e p o ts  e n te r  th e  p o r ta l  v e in  a n d , th e re fo re ,  h a v e  

d ir e c t  a c c e s s  to  th e  l iv e r . In  th e  l iv e r , th e y  m a y  le a d  to  in s u l in  re s is ta n c e  

( s e e  p . 3 4 3 )  a n d  in c re a s e d  h e p a t ic  s y n th e s is  o f  T A G , w h ic h  a re  re le a s e d  

as  c o m p o n e n ts  o f  v e ry - lo w -d e n s i ty  l ip o p ro te in  p a r t ic le s  a n d  c o n tr ib u te  to  

th e  h y p e r t r ia c y lg ly c e ro le m ia  a s s o c ia te d  w ith  o b e s ity .  B y  c o n tra s t ,  F F A  

f ro m  lo w e r  b o d y  s u b q  a d ip o s e  d e p o ts  e n te r  th e  g e n e ra l  c irc u la t io n , w h e re  

th e y  c a n  b e  o x id iz e d  in  m u s c le  a n d , th e re fo re ,  r e a c h  th e  l iv e r  in  lo w e r  

c o n c e n tra t io n .

D. Adipocyte size and number
A s  T A G  a re  s to re d , a d ip o c y te s  c a n  e x p a n d  to  a n  a v e ra g e  o f  tw o  to  th re e  

t im e s  th e ir  n o rm a l  v o lu m e  (F ig . 2 6 .3 ). H o w e v e r ,  th e  a b i l i ty  o f  f a t  c e l ls  to  

e x p a n d  is  l im ite d . W ith  p ro lo n g e d  o v e rn u tr i t io n , p re a d ip o c y te s  w ith in  

a d ip o s e  t i s s u e  a re  s t im u la te d  to  p ro l i f e ra te  a n d  d if f e re n t ia te  in to  m a tu re  fa t  

c e lls , in c re a s in g  th e  n u m b e r  o f  a d ip o c y te s .  T h u s , m o s t  o b e s ity  is  d u e  to  a  

c o m b in a t io n  o f  in c re a s e d  f a t  c e ll  s iz e  (h y p e r tro p h y )  a n d  n u m b e r  

(h y p e rp la s ia ) .  O b e s e  in d iv id u a ls  c a n  h a v e  u p  to  f iv e  t im e s  th e  n o rm a l  

n u m b e r  o f  a d ip o c y te s .  [N o te : L ik e  o th e r  tis s u e s ,  th e  a d ip o s e  t is s u e  

u n d e rg o e s  c o n t in u o u s  re m o d e lin g .  C o n tra ry  to  e a r ly  d o g m a , w e  n o w  k n o w  

th a t  a d ip o c y te s  c a n  d ie . T h e  e s t im a te d  a v e ra g e  l i f e s p a n  o f  a n  a d ip o c y te  is  

10  y e a rs .]  I f  e x c e s s  c a lo r ie s  c a n n o t  b e  a c c o m m o d a te d  w i th in  a d ip o s e  t is s u e , 

th e  e x c e s s  F A  “ s p il l  o v e r ” in to  o th e r  t is s u e s ,  s u c h  a s  m u s c le  a n d  th e  liv e r . 

T h e  a m o u n t  o f  th is  e c to p ic  f a t  is  s tro n g ly  a s s o c ia te d  w ith  in s u l in  re s is ta n c e . 

W ith  w e ig h t  lo s s  in  a n  o b e s e  in d iv id u a l ,  th e  s iz e  o f  th e  f a t  c e l ls  is  r e d u c e d , 

b u t  th e  n u m b e r  is  n o t  u s u a l ly  a f fe c te d . T h u s , a  n o rm a l  a m o u n t  o f  b o d y  fa t  is  

a c h ie v e d  b y  d e c re a s in g  th e  s iz e  o f  th e  f a t  c e l l  b e lo w  n o rm a l.  H o w e v e r ,  

s m a l l  f a t  c e l ls  a re  v e ry  e f f ic ie n t  a t  r e a c c u m u la t in g  fa t, a n d  th is  m a y  d r iv e  

a p p e t i te  a n d  w e ig h t  re g a in .



Modest weight gain or loss in a non- 
obese person mainly affects the size, 
but not the number, of adipocytes.

Weight
gain

Weight 
gain

When adipocytes 
reach their maximum 
size, further weight 
gain is achieved by 
recruitment and 
proliferation of new 
preadipocytes. Weight

gain

Weight loss occurs mainly by a 
decrease in adipocyte size.



F ig u re  2 6 .3  H y p e r tro p h ic  ( in c re a s e d  s iz e )  a n d  h y p e rp la s t ic  ( in c re a s e d  n u m b e r )  

c h a n g e s  to  a d ip o c y te s  a re  th o u g h t  to  o c c u r  in  s e v e re  o b e s ity .

III. BODY WEIGHT REGULATION

T h e  b o d y  w e ig h t  o f  m o s t  in d iv id u a ls  te n d s  to  b e  r e la t iv e ly  s ta b le  o v e r  tim e . T h is  

o b s e rv a t io n  p ro m p te d  th e  h y p o th e s is  th a t  e a c h  in d iv id u a l  h a s  a  b io lo g ic a l ly  

p r e d e te rm in e d  “ s e t  p o in t” fo r  b o d y  w e ig h t .  T h e  b o d y  a t te m p ts  to  a d d  to  a d ip o s e  

s to re s  w h e n  th e  b o d y  w e ig h t  fa l ls  b e lo w  th e  s e t  p o in t  a n d  to  lo s e  a d ip o s e  f ro m  

s to re s  w h e n  th e  b o d y  w e ig h t  r is e s  a b o v e  th e  s e t  p o in t .  T h u s , th e  b o d y  d e fe n d s  

th e  s e t  p o in t .  F o r  e x a m p le , w i th  w e ig h t  lo s s , a p p e t i te  in c re a s e s  a n d  e n e rg y  

e x p e n d i tu re  fa lls , w h e re a s  w i th  o v e r fe e d in g , a p p e t i te  fa lls  a n d  e n e rg y  

e x p e n d i tu re  m a y  s l ig h t ly  in c re a s e  (F ig . 2 6 .4 ). H o w e v e r ,  a  s t r ic t  s e t  p o in t  m o d e l  

e x p la in s  n e i th e r  w h y  s o m e  in d iv id u a ls  fa i l  to  r e v e r t  to  th e ir  s ta r t in g  w e ig h t  a f te r  

a  p e r io d  o f  o v e re a t in g  n o r  th e  c u r r e n t  e p id e m ic  o f  o b e s ity .



F ig u re  2 6 .4  W e ig h t  c h a n g e s  fo l lo w in g  e p is o d e s  o f  o v e r fe e d in g  o r  u n d e r fe e d in g  

fo l lo w e d  b y  fe e d in g  w ith  n o  r e s tr ic t io n s .



A. Genetic contributions
I t  is  n o w  e v id e n t  th a t  g e n e t ic  m e c h a n is m s  p la y  a  m a jo r  ro le  in  d e te rm in in g  

b o d y  w e ig h t .

1. B io lo g ic  o r ig in : T h e  im p o r ta n c e  o f  g e n e t ic s  a s  a  d e te rm in a n t  o f  o b e s ity  is  

in d ic a te d  b y  th e  o b s e rv a t io n  th a t  c h i ld re n  w h o  a re  a d o p te d  u s u a lly  s h o w  

a  b o d y  w e ig h t  th a t  c o r re la te s  w i th  th e ir  b io lo g ic  r a th e r  th a n  a d o p tiv e  

p a re n ts .  F u r th e rm o re ,  id e n t ic a l  tw in s  h a v e  v e ry  s im ila r  B M I (F ig . 2 6 .5 ), 

w h e th e r  r e a re d  to g e th e r  o r  a p a r t ,  a n d  th e ir  B M I  a re  m o re  s im ila r  th a n  

th o s e  o f  n o n id e n t ic a l ,  d iz y g o tic  tw in s .

F ig u re  2 6 .5  Id e n t ic a l  tw in s  w ith  c o m b in e d  w e ig h t  o f  1 ,3 0 0  lb . N o te  s im ila r i ty  in  

b o d y  sh a p e .



2. M u ta t io n s : R a re , s in g le  g e n e  m u ta t io n s  c a n  c a u s e  h u m a n  o b e s ity .  F o r  

e x a m p le , m u ta t io n s  in  th e  g e n e  fo r  le p t in  ( c a u s in g  d e c re a s e d  p ro d u c t io n )  

o r  its  r e c e p to r  (d e c re a s e d  fu n c t io n )  r e s u l t  in  h y p e rp h a g ia  ( in c re a s e d  

a p p e t i te  fo r  a n d  c o n s u m p tio n  o f  fo o d )  a n d  s e v e re  o b e s ity  (F ig . 2 6 .6 ), 

u n d e r s c o r in g  th e  im p o r ta n c e  o f  th e  le p t in  s y s te m  in  re g u la t in g  h u m a n  

b o d y  w e ig h t  (s e e  IV  b e lo w ) .  [N o te : M o s t  o b e s e  h u m a n s  h a v e  e le v a te d  

le p t in  le v e ls  b u t  a re  r e s is ta n t  to  th e  a p p e t i te - r e g u la t in g  e f fe c ts  o f  th is  

h o rm o n e .]



F ig u re  2 6 .6  A . P a t ie n t  w i th  le p t in  d e f ic ie n c y  b e fo re  in i t ia t io n  o f  th e ra p y  a t  a g e  5 

y e a rs .  B . P a t ie n t  a t  a g e  9  y e a r s  a f te r  4 8  m o n th s  o f  th e ra p y  w ith  s u b c u ta n e o u s  

in je c t io n s  o f  r e c o m b in a n t  le p tin .



B. Environmental and behavioral contributions
T h e  e p id e m ic  o f  o b e s ity  o c c u r r in g  o v e r  th e  la s t  s e v e ra l  d e c a d e s  c a n n o t  b e  

s im p ly  e x p la in e d  b y  c h a n g e s  in  g e n e t ic  fa c to rs , w h ic h  a re  s ta b le  o n  th is  

s h o r t  t im e  sc a le . C le a r ly ,  e n v i ro n m e n ta l  fa c to rs ,  s u c h  as  th e  re a d y  

a v a i la b i l i ty  o f  p a la ta b le ,  e n e rg y -d e n s e  fo o d s , p la y  a  ro le . F u r th e rm o re , 

s e d e n ta ry  l i f e s ty le s  d e c re a s e  p h y s ic a l  a c t iv i ty  a n d  e n h a n c e  th e  te n d e n c y  to  

g a in  w e ig h t .  E a tin g  b e h a v io r s ,  s u c h  a s  p o r t io n  s iz e , v a r ie ty  o f  fo o d s  

c o n s u m e d , a n  in d iv id u a l ’s fo o d  p re fe re n c e s ,  a n d  th e  n u m b e r  o f  p e o p le  

p r e s e n t  d u r in g  e a tin g , a lso  in f lu e n c e  fo o d  c o n s u m p tio n .  H o w e v e r ,  i t  is  

im p o r ta n t  to  n o te  th a t  m a n y  in d iv id u a ls  in  th is  s a m e  e n v i ro n m e n t  d o  n o t  

b e c o m e  o b e se . T h e  s u s c e p t ib i l i ty  to  o b e s ity  a p p e a rs  to  b e  e x p la in e d , a t  le a s t  

in  p a r t ,  b y  a n  in te ra c t io n  o f  a n  in d iv id u a l ’s g e n e s  a n d  h is  o r  h e r  

e n v i ro n m e n t  a n d  c a n  b e  in f lu e n c e d  b y  a d d i t io n a l  f a c to rs  s u c h  a s  m a te rn a l  

u n d e r -  o r  o v e rn u tr i t io n  th a t  m a y  “ s e t” th e  b o d y  r e g u la to ry  s y s te m s  to  

d e fe n d  a  h ig h e r  o r  lo w e r  le v e l  o f  b o d y  fa t. T h u s , e p ig e n e t ic  c h a n g e s  ( s e e  p . 

4 7 6 )  l ik e ly  in f lu e n c e  th e  r is k  fo r  o b e s ity .

IV. MOLECULAR INFLUENCES

T h e  c a u s e  o f  o b e s ity  c a n  b e  s u m m a r iz e d  in  a  d e c e p t iv e ly  s im p le  a p p l ic a t io n  o f  

th e  f i r s t  la w  o f  th e rm o d y n a m ic s :  O b e s ity  r e s u lts  w h e n  e n e rg y  (c a lo r ic )  in ta k e  

e x c e e d s  e n e rg y  e x p e n d i tu re .  H o w e v e r ,  th e  m e c h a n is m  u n d e r ly in g  th is  im b a la n c e  

in v o lv e s  a  c o m p le x  in te r a c t io n  o f  b io c h e m ic a l ,  n e u ro lo g ic ,  e n v iro n m e n ta l ,  a n d  

p s y c h o lo g ic  fa c to rs . T h e  b a s ic  n e u ra l  a n d  h u m o ra l  p a th w a y s  th a t  r e g u la te  

a p p e tite , e n e rg y  e x p e n d i tu re ,  a n d  b o d y  w e ig h t  in v o lv e  s y s te m s  th a t  r e g u la te  

s h o r t- te rm  fo o d  in ta k e  (m e a l to  m e a l) ,  a n d  s ig n a ls  fo r  th e  lo n g - te rm  (d a y  to  d ay , 

w e e k  to  w e e k , y e a r  to  y e a r )  r e g u la t io n  o f  b o d y  w e ig h t  (F ig . 2 6 .7 ).
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F ig u re  2 6 .7  S o m e  s ig n a ls  th a t  in f lu e n c e  a p p e t i te  a n d  s a tie ty  in  u n d e rn o u r is h e d  

(A ) a n d  o v e rn o u r is h e d  (B ) s ta te s . C C K  = c h o le c y s to k in in ;  P Y Y  = p e p t id e  Y Y .

A. Long-term signals
L o n g - te rm  s ig n a ls  r e f le c t  th e  s ta tu s  o f  f a t  (T A G ) s to re s .

1. L e p tin : L e p tin  is  a n  a d ip o c y te  p e p t id e  h o rm o n e  th a t  is  m a d e  a n d  s e c re te d  

in  p ro p o r t io n  to  th e  s iz e  o f  f a t  s to re s . I t  a c ts  o n  th e  b r a in  to  r e g u la te  fo o d  

in ta k e  a n d  e n e rg y  e x p e n d i tu re .  W h e n  w e  c o n s u m e  m o re  c a lo r ie s  th a n  w e  

n e e d , b o d y  fa t  in c re a s e s ,  a n d  le p t in  p r o d u c t io n  b y  a d ip o c y te s  in c re a s e s .  

T h e  b o d y  a d a p ts  b y  in c re a s in g  e n e rg y  u s e  ( in c re a s in g  a c t iv i ty )  a n d  

d e c re a s in g  a p p e t i te  (a n  a n o re x ig e n ic  e f fe c t) .  W h e n  b o d y  fa t  d e c re a s e s ,  

th e  o p p o s ite  e f fe c ts  o c c u r . U n fo r tu n a te ly ,  m o s t  o b e s e  in d iv id u a ls  a re  

le p t in  r e s is ta n t ,  a n d  th e  le p t in  s y s te m  m a y  b e  b e t te r  a t  p re v e n t in g  w e ig h t  

lo s s  th a n  p re v e n t in g  w e ig h t  g a in . [N o te : L e p t in ’s e f fe c ts  a re  m e d ia te d  

th ro u g h  b in d in g  to  r e c e p to r s  in  th e  a rc u a te  n u c le u s  o f  th e  h y p o th a la m u s .]

2. In su lin : O b e s e  in d iv id u a ls  a re  a lso  h y p e r in s u l in e m ic .  L ik e  le p tin ,  in s u lin  

a c ts  o n  h y p o th a la m ic  n e u ro n s  to  d a m p e n  a p p e t i te .  (S e e  C h a p te r  2 3  fo r  

th e  e f fe c ts  o f  in s u l in  o n  m e ta b o l is m .)  [N o te : O b e s ity  is  a s s o c ia te d  w ith  

in s u l in  re s is ta n c e  (s e e  p . 3 4 2 ) .]

B. Short-term signals
S h o r t- te rm  s ig n a ls  f ro m  th e  g a s tro in te s t in a l  (G I)  t r a c t  c o n tro l  h u n g e r  a n d  

s a tie ty , w h ic h  a f f e c t  th e  s iz e  a n d  n u m b e r  o f  m e a ls  o v e r  a  t im e  c o u rs e  o f  

m in u te s  to  h o u rs . In  th e  a b s e n c e  o f  fo o d  in ta k e  (b e tw e e n  m e a ls ) ,  th e  

s to m a c h  p ro d u c e s  g h re l in ,  a n  o re x ig e n ic  ( a p p e t i te - s t im u la t in g )  h o rm o n e  

th a t  d r iv e s  h u n g e r .  A s  fo o d  is  c o n s u m e d , G I h o rm o n e s ,  in c lu d in g  

c h o le c y s to k in in  a n d  p e p t id e  Y Y , a m o n g  o th e rs ,  in d u c e  s a tie ty  (a n  

a n o re x ig e n ic  e f fe c t) ,  th e re b y  te rm in a t in g  e a tin g , th ro u g h  a c t io n s  o n  g a s tr ic  

e m p ty in g  a n d  n e u ra l  s ig n a ls  to  th e  h y p o th a la m u s .  W ith in  th e  h y p o th a la m u s ,  

n e u ro p e p t id e s  ( s u c h  as  o re x ig e n ic  n e u ro p e p t id e  Y  [N P Y ] a n d  a n o re x ig e n ic  

a - m e la n o c y te - s t im u la t in g  h o rm o n e  [ a -M S H ])  a n d  n e u ro tra n s m it te r s  ( s u c h  

as  a n o re x ig e n ic  s e ro to n in  a n d  d o p a m in e )  a re  im p o r ta n t  in  re g u la t in g  h u n g e r  

a n d  s a tie ty . L o n g - te rm  a n d  s h o r t- te rm  s ig n a ls  in te ra c t ,  in s o fa r  a s  le p t in  

in c re a s e s  s e c re t io n  o f  a -M S H  a n d  d e c re a s e s  s e c re t io n  o f  N P Y . T h u s , th e re



a re  m a n y  c o m p le x  r e g u la to ry  lo o p s  th a t  c o n tro l  th e  s iz e  a n d  n u m b e r  o f  

m e a ls  in  r e la t io n s h ip  to  th e  s ta tu s  o f  b o d y  fa t  s to re s . [N o te : a -M S H , a  

c le a v a g e  p ro d u c t  o f  p ro o p io m e la n o c o r t in ,  b in d s  to  th e  m e la n o c o r t in -4  

re c e p to r  (M C 4 R ) . L o s s -o f - fu n c t io n  m u ta t io n s  to  M C 4 R  a re  a s s o c ia te d  w ith  

e a r ly -o n s e t  o b e s ity .]

V. METABOLIC EFFECTS

T h e  p r im a ry  m e ta b o l ic  e f fe c ts  o f  o b e s ity  in c lu d e  d y s lip id e m ia s ,  g lu c o s e  

in to le ra n c e , a n d  in s u l in  re s is ta n c e  e x p re s s e d  p r im a r i ly  in  th e  l iv e r , s k e le ta l  

m u s c le ,  a n d  a d ip o s e  t is s u e . T h e s e  m e ta b o l ic  a b n o rm a li t ie s  r e f le c t  m o le c u la r  

s ig n a ls  o r ig in a t in g  f ro m  th e  in c r e a s e d  m a ss  o f  a d ip o c y te s  ( s e e  F ig . 2 5 .9 , p . 3 4 3 , 

a n d  F ig . 2 6 .7 ). [N o te : A b o u t  3 0 %  o f  o b e s e  in d iv id u a ls  d o  n o t  s h o w  th e se  

m e ta b o l ic  a b n o rm a li t ie s .]

A. Metabolic syndrome
A b d o m in a l  o b e s ity  is  a s s o c ia te d  w i th  a  c lu s te r  o f  m e ta b o l ic  a b n o rm a li t ie s  

(h y p e rg ly c e m ia , in s u l in  r e s is ta n c e , h y p e r in s u l in e m ia ,  d y s l ip id e m ia  [ lo w  

le v e ls  o f  h ig h -d e n s i ty  l ip o p ro te in  (H D L )  a n d  e le v a te d  T A G ], a n d  

h y p e r te n s io n )  th a t  is  r e f e r r e d  to  as  th e  m e ta b o l ic  s y n d ro m e  (F ig . 2 6 .8 ). I t  is  

a  r is k  fa c to r  fo r  C V D  a n d  T 2 D . T h e  lo w -g ra d e , c h ro n ic ,  s y s te m ic  

in f la m m a tio n  s e e n  w i th  o b e s ity  c o n tr ib u te s  to  th e  p a th o g e n e s is  o f  in s u l in  

r e s is ta n c e  a n d  T 2 D  a n d  l ik e ly  p la y s  a  ro le  in  m e ta b o l ic  s y n d ro m e . In  

o b e s ity ,  a d ip o c y te s  r e le a s e  p ro in f la m m a to ry  m e d ia to r s  s u c h  a s  IL -6  a n d  

T N F -a .  A d d it io n a l ly ,  le v e ls  o f  a d ip o n e c tin ,  w h ic h  n o rm a lly  d a m p e n s  

in f la m m a tio n  a n d  s e n s it iz e s  t i s s u e s  to  in s u lin ,  a re  lo w .
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F ig u re  2 6 .8  B o d y  m a s s  in d e x  a n d  c h a n g e s  in  b lo o d  lip id s . H D L  = h ig h -d e n s i ty  

l ip o p ro te in .

B. Nonalcoholic liver disease
O b e s ity  is  a s s o c ia te d  w i th  e c to p ic  d e p o s i t io n  o f  T A G  in  th e  l iv e r  (h e p a t ic  

s te a to s is )  a n d  r e s u l ts  in  in c re a s e d  r is k  fo r  n o n a lc o h o lic  fa t ty  l iv e r  d is e a se



( [N A F L D ] , s e e  p . 3 4 3 ) .

VI. OBESITY AND HEALTH

O b e s ity  is  c o r re la te d  w ith  a n  in c re a s e d  r is k  o f  d e a th  (F ig . 2 6 .9 ) a n d  is  a  r is k  

fa c to r  fo r  a  n u m b e r  o f  c h ro n ic  c o n d it io n s ,  in c lu d in g  T 2 D , d y s lip id e m ia s ,  

h y p e r te n s io n ,  C V D , s o m e  c a n c e rs ,  g a l ls to n e s ,  a r th r i t is ,  g o u t, p e lv ic  f lo o r  

d is o rd e rs  ( fo r  e x a m p le , u r in a ry  in c o n tin e n c e ) ,  N A F L D , a n d  s le e p  a p n e a . T h e  

r e la t io n s h ip  b e tw e e n  o b e s ity  a n d  a s s o c ia te d  m o rb id i t ie s  is  s t ro n g e r  a m o n g  

in d iv id u a ls  a g e  < 5 5  y e a rs .  A f te r  a g e  7 4  y e a rs ,  th e re  is  n o  lo n g e r  a n  a s s o c ia t io n  

b e tw e e n  in c r e a s e d  B M I a n d  m o r ta l i ty .  [N o te : O b e s ity  a lso  h a s  s o c ia l  

c o n s e q u e n c e s  ( fo r  e x a m p le , s t ig m a tiz a t io n  a n d  d is c r im in a tio n ) .]  W e ig h t  lo s s  in  

o b e s e  in d iv id u a ls  le a d s  to  d e c re a s e d  b lo o d  p re s s u re ,  p la s m a  T A G , a n d  b lo o d  

g lu c o s e  le v e ls .  H D L  in c re a s e .



F ig u re  2 6 .9  B o d y  m a s s  in d e x  a n d  th e  r e la t iv e  r is k  o f  d e a th .

VII. WEIGHT REDUCTION

W e ig h t  r e d u c t io n  c a n  h e lp  r e d u c e  th e  c o m p lic a t io n s  o f  o b e s ity .  T o  a c h ie v e  

w e ig h t  r e d u c t io n , th e  o b e s e  p a t ie n t  m u s t  d e c re a s e  e n e rg y  in ta k e  o r  in c re a s e  

e n e rg y  e x p e n d itu re ,  a l th o u g h  d e c re a s in g  e n e rg y  in ta k e  is  th o u g h t  to  c o n tr ib u te  

m o re  to  in d u c in g  w e ig h t  lo s s . T y p ic a l ly ,  a  p la n  fo r  w e ig h t  r e d u c t io n  c o m b in e s  

d ie ta ry  c h a n g e ; in c re a s e d  p h y s ic a l  a c t iv i ty ;  a n d  b e h a v io ra l  m o d if ic a tio n ,  w h ic h  

c a n  in c lu d e  n u tr i t io n  e d u c a t io n  a n d  m e a l  p la n n in g , r e c o rd in g  fo o d  in ta k e  

th ro u g h  fo o d  d ia r ie s ,  m o d ify in g  fa c to rs  th a t  le a d  to  o v e re a tin g , a n d  re le a rn in g



c u e s  to  s a tie ty .  M e d ic a tio n s  o r  s u rg e ry  m a y  b e  r e c o m m e n d e d . O n c e  w e ig h t  lo s s  

is  a c h ie v e d , w e ig h t  m a in te n a n c e  is  a  s e p a ra te  p ro c e s s  th a t  r e q u ire s  v ig i la n c e  

b e c a u s e  th e  m a jo r i ty  o f  p a t ie n ts  r e g a in  w e ig h t  a f te r  th e y  s to p  th e ir  w e ig h t- lo s s  

e f fo r ts .

B. Caloric restriction
D ie t in g  is  th e  m o s t  c o m m o n ly  p r a c t ic e d  a p p ro a c h  to  w e ig h t  c o n tro l.  

B e c a u s e  1 lb  o f  a d ip o s e  t i s s u e  c o r re s p o n d s  to  ~ 3 ,5 0 0  k c a l , th e  e f f e c t  th a t  

c a lo r ic  r e s tr ic t io n  w i l l  h a v e  o n  th e  a m o u n t  o f  a d ip o s e  t i s s u e  c a n  b e  

e s t im a te d . W e ig h t  lo s s  o n  c a lo r ie - r e s t r ic te d  d ie ts  is  d e te rm in e d  p r im a r i ly  b y  

c a lo r ic  in ta k e  a n d  n o t  n u tr ie n t  c o m p o s i t io n . [N o te : H o w e v e r ,  c o m p o s i t io n a l  

a s p e c ts  c a n  a f f e c t  g ly c e m ic  c o n tro l  a n d  th e  b lo o d  l ip id  p ro f i le .]  C a lo r ic  

r e s tr ic t io n  is  in e f fe c t iv e  o v e r  th e  lo n g  te rm  fo r  m a n y  in d iv id u a ls .  O v e r  9 0 %  

o f  p e o p le  w h o  a t te m p t to  lo s e  w e ig h t  r e g a in  th e  lo s t  w e ig h t  w h e n  d ie ta ry  

in te rv e n t io n  is  s u s p e n d e d . N o n e th e le s s ,  a l th o u g h  fe w  in d iv id u a ls  w i l l  r e a c h  

th e ir  id e a l  w e ig h t  w ith  t r e a tm e n t,  w e ig h t  lo s s e s  o f  1 0 %  o f  b o d y  w e ig h t  o v e r  

a  6 -m o n th  p e r io d  o f te n  r e d u c e  b lo o d  p re s s u re  a n d  l ip id  le v e ls  a n d  e n h a n c e  

c o n tro l  o f  T 2 D .

A. Physical activity
A n  in c re a s e  in  p h y s ic a l  a c t iv i ty  c a n  c re a te  a n  e n e rg y  d e f ic it .  A lth o u g h  

a d d in g  e x e rc is e  to  a  h y p o c a lo r ic  r e g im e n  m a y  n o t  p ro d u c e  a  g re a te r  w e ig h t  

lo s s  in i t ia l ly ,  e x e rc is e  is  a  k e y  c o m p o n e n t  o f  p ro g ra m s  d ir e c te d  a t  

m a in ta in in g  w e ig h t  lo s s . In  a d d i t io n , p h y s ic a l  a c t iv i ty  in c re a s e s  

c a rd io p u lm o n a ry  f i tn e s s  a n d  r e d u c e s  th e  r is k  o f  C V D , in d e p e n d e n t  o f  

w e ig h t  lo s s . P e rs o n s  w h o  c o m b in e  c a lo r ic  r e s tr ic t io n  a n d  e x e rc is e  w ith  

b e h a v io ra l  t r e a tm e n t  m a y  e x p e c t  to  lo s e  ~ 5 % - 1 0 %  o f  in i t ia l  b o d y  w e ig h t  

o v e r  a  p e r io d  o f  4 - 6  m o n th s .  S tu d ie s  s h o w  th a t  in d iv id u a ls  w h o  m a in ta in  

th e ir  e x e rc is e  p ro g ra m  re g a in  le s s  w e ig h t  a f te r  th e ir  in i t ia l  w e ig h t  lo s s .

C. Pharmacologic treatment
T h e  U .S . F o o d  a n d  D ru g  A d m in is t r a t io n  h a s  a p p ro v e d  s e v e ra l  w e ig h t- lo s s  

m e d ic a t io n s  fo r  u s e  in  a d u lts . T h e y  in c lu d e  o r l i s ta t  (d e c re a s e s  a b s o rp t io n  o f



d ie ta ry  fa t) , lo r c a s e r in  a n d  p h e n te rm in e  in  c o m b in a t io n  w ith  to p ir a m a te  

(p ro m o te  s a t ie ty  th ro u g h  s e ro to n in  s ig n a l in g ) ,  l i r a g lu t id e  (d e c re a s e s  

a p p e t i te  b y  a c t iv a t in g  th e  g lu c a g o n - l ik e  p e p t id e  1 re c e p to r ) ,  a n d  b u p ro p r io n  

in  c o m b in a t io n  w ith  n a l t r e x o n e  ( in c re a s e  m e ta b o l is m  b y  in c re a s in g  

n o re p in e p h r in e ) .  T h e ir  e f fe c ts  o n  w e ig h t  r e d u c t io n  te n d  to  b e  m o d e s t .  

[N o te : P h a rm a c o lo g ic  a c t iv a t io n  o f  b ro w n  a d ip o c y te s  (s e e  p . 7 9 ) is  b e in g  

e x p lo re d .]

D. Surgical treatment
G a s tr ic  b y p a s s  a n d  r e s tr ic t io n  s u rg e r ie s  a re  e f f e c tiv e  in  c a u s in g  w e ig h t  lo s s  

in  s e v e re ly  o b e s e  in d iv id u a ls .  T h ro u g h  m e c h a n is m s  th a t  r e m a in  p o o r ly  

u n d e rs to o d , th e s e  o p e ra t io n s  g re a t ly  im p ro v e  g ly c e m ic  c o n tro l  in  m o rb id ly  

o b e s e  d ia b e tic  in d iv id u a ls .  [N o te : Im p la n ta t io n  o f  a  d e v ic e  th a t  e le c tr ic a l ly  

s t im u la te s  th e  v a g u s  n e rv e  to  d e c re a s e  fo o d  in ta k e  h a s  b e e n  a p p ro v e d .]



VIII. CHAPTER SUMMARY

O b e s ity ,  th e  a c c u m u la t io n  o f  e x c e s s  b o d y  fa t, re s u lts  w h e n  e n e rg y  (c a lo r ic )  

in ta k e  e x c e e d s  e n e rg y  e x p e n d i tu re  (F ig . 2 6 .1 0 ). O b e s ity  is  in c re a s in g  in  

in d u s tr ia l iz e d  c o u n tr ie s  b e c a u s e  o f  a  r e d u c t io n  in  d a i ly  e n e rg y  e x p e n d i tu re  

a n d  a n  in c re a s e  in  e n e rg y  in ta k e  re s u l t in g  f ro m  th e  in c re a s in g  a v a i la b i l i ty  

o f  p a la ta b le ,  in e x p e n s iv e  fo o d s . T h e  b o d y  m a s s  in d e x  (B M I)  is  e a s y  to  

d e te rm in e  a n d  h ig h ly  c o r re la te d  to  b o d y  fa t. N e a r ly  6 9 %  o f  U .S . a d u l ts  a re  

o v e rw e ig h t  (B M I > 2 5 ) , a n d  > 3 3 %  o f  th is  g ro u p  a re  o b e s e  (B M I  > 3 0 ). T h e  

a n a to m ic  d is tr ib u t io n  o f  b o d y  fa t  h a s  a  m a jo r  in f lu e n c e  o n  a s s o c ia te d  h e a l th  

r isk s . E x c e s s  f a t  lo c a te d  in  th e  a b d o m e n  (u p p e r  b o d y , a p p le  s h a p e ) , as 

r e f le c te d  in  w a is t  s iz e , is  a s s o c ia te d  w ith  g re a te r  r is k  fo r  h y p e r te n s io n ,  

in s u l in  r e s is ta n c e , d ia b e te s ,  d y s lip id e m ia ,  a n d  c o ro n a ry  h e a r t  d is e a s e  as  

c o m p a re d  to  f a t  lo c a te d  in  th e  h ip s  a n d  th ig h s  ( lo w e r  b o d y , p e a r  s h a p e ) . A  

p e r s o n ’s w e ig h t  is  d e te rm in e d  b y  g e n e t ic  a n d  e n v iro n m e n ta l  fa c to rs . 

A p p e t i te  is  in f lu e n c e d  b y  a f fe re n t ,  o r  in c o m in g ,  s ig n a ls  ( th a t  is , n e u ra l  

s ig n a ls , c i r c u la t in g  h o rm o n e s  s u c h  as  le p tin ,  a n d  m e ta b o l i te s )  th a t  a re  

in te g ra te d  b y  th e  h y p o th a la m u s .  T h e s e  d iv e r s e  s ig n a ls  p ro m p t  r e le a s e  o f  

h y p o th a la m ic  p e p t id e s  ( s u c h  as  n e u ro p e p t id e  Y  a n d  a - m e la n o c y te -  

s t im u la t in g  h o rm o n e )  a n d  a c t iv a te  o u tg o in g , e f f e r e n t  n e u ra l  s ig n a ls . 

O b e s ity  is  c o r re la te d  w i th  a n  in c re a s e d  r is k  o f  d e a th  a n d  is  a lso  a  r is k  fa c to r  

fo r  a  n u m b e r  o f  c h ro n ic  c o n d it io n s .  W e ig h t  r e d u c t io n  is  a c h ie v e d  b e s t  w ith  

n e g a t iv e  e n e rg y  b a la n c e , th a t  is , b y  d e c re a s in g  c a lo r ic  in ta k e  a n d  in c re a s in g  

p h y s ic a l  a c tiv i ty . V ir tu a l ly  a l l  d ie ts  th a t  l im i t  p a r t ic u la r  g ro u p s  o f  fo o d s  o r  

m a c ro n u tr ie n ts  le a d  to  s h o r t- te rm  w e ig h t  lo s s . L o n g - te rm  m a in te n a n c e  o f  

w e ig h t  lo s s  is  d if f ic u l t  to  a c h ie v e . M o d e s t  r e d u c t io n  in  fo o d  in ta k e  o c c u rs  

w ith  p h a rm a c o lo g ic  t r e a tm e n t.  S u rg ic a l  p ro c e d u re s ,  s u c h  a s  g a s tr ic  b y p a s s ,  

d e s ig n e d  to  l im i t  fo o d  in ta k e  a re  a n  o p tio n  fo r  th e  s e v e re ly  o b e s e  p a t ie n t  

w h o  h a s  n o t  r e s p o n d e d  to  o th e r  t r e a tm e n ts .



F ig u re  2 6 .1 0  K e y  c o n c e p t  m a p  fo r  o b e s ity . [N o te : B o d y  m a s s  in d e x  m a y  a lso  b e  

c a lc u la te d  b y  w e ig h t  in  p o u n d s /(h e ig h t  in  in c h e s )2 x 7 0 3 .]

Study Questions

Choose th e  O N E  b e s t  a n s w e r .

o r  Q u e s tio n s  2 6 .1  a n d  2 6 .2 , u s e  th e  fo llo w in g  s c e n a r io .

A  4 0 -y e a r -o ld  w o m a n , 5 ft, 1 in  (1 5 5  c m ) ta l l  a n d  w e ig h in g  1 8 8  lb  (8 5 .5  k g ) , 

s e e k s  y o u r  a d v ic e  o n  h o w  to  lo s e  w e ig h t .  H e r  w a is t  m e a s u re d  4 1  in  a n d  h e r  h ip s  

3 9  in . T h e  r e m a in d e r  o f  th e  p h y s ic a l  e x a m in a t io n  a n d  th e  b lo o d  la b o ra to ry  d a ta  

w e re  a l l  w ith in  th e  n o rm a l r a n g e . H e r  o n ly  c h i ld  (w h o  is  a g e  14  y e a rs ) ,  h e r  s is te r , 

a n d  b o th  o f  h e r  p a re n ts  a re  o v e rw e ig h t .  T h e  p a t ie n t  r e c a lls  b e in g  o v e rw e ig h t  

th ro u g h o u t  h e r  c h i ld h o o d  a n d  a d o le s c e n c e . O v e r  th e  p a s t  15  y e a rs ,  sh e  h a d  b e e n  

o n  s e v e n  d if f e r e n t  d ie ts  fo r  p e r io d s  o f  2 w e e k s  to  3 m o n th s ,  lo s in g  f ro m  5 to  25  

lb  e a c h  tim e . O n  d is c o n t in u a t io n  o f  th e  d ie ts , sh e  r e g a in e d  w e ig h t ,  r e tu rn in g  to  

1 8 5 - 1 9 0  lb .



6 .1 . C a lc u la te  a n d  in te rp r e t  th e  b o d y  m a s s  in d e x  fo r  th e  p a t ie n t .

B o d y  m a s s  in d e x  (B M I)  = w e ig h t  in  k g /(h e ig h t  in  m ) 2 = 8 5 .5 /1 .5 5 2 = 3 5 .6 . 

B e c a u s e  h e r  B M I is  > 3 0 , th e  p a t ie n t  is  c la s s i f ie d  a s  o b e se .

6 .2 . W h ic h  o n e  o f  th e  fo l lo w in g  s ta te m e n ts  b e s t  d e s c r ib e s  th e  p a t ie n t?

A . S h e  h a s  a p p ro x im a te ly  th e  s a m e  n u m b e r  o f  a d ip o c y te s  a s  a n  in d iv id u a l  

o f  n o rm a l  w e ig h t ,  b u t  e a c h  a d ip o c y te  is  la rg e r .

B . S h e  s h o w s  a n  a p p le  p a t te rn  o f  f a t  d is tr ib u tio n .

C . S h e  w o u ld  b e  e x p e c te d  to  s h o w  h ig h e r - th a n -n o rm a l  le v e ls  o f  

a d ip o n e c tin .

D . S h e  w o u ld  b e  e x p e c te d  to  s h o w  lo w e r - th a n -n o rm a l  le v e ls  o f  c i r c u la t in g  

le p tin .

E . S h e  w o u ld  b e  e x p e c te d  to  s h o w  lo w e r - th a n -n o rm a l  le v e ls  o f  c i r c u la t in g  

tr ia c y lg ly c e ro ls .

C o r r e c t  a n s w e r  = B . H e r  w a is t /h ip  r a t io  (W H R ) is  1 .0 5  (4 1 /3 9 ) .  A p p le  s h a p e  is  

d e f in e d  a s  a  W H R  o f  > 0 .8  fo r  w o m e n  a n d  > 1 .0  fo r  m e n . T h e re fo re ,  sh e  h a s  a n  

a p p le  p a t te rn  o f  f a t  d is tr ib u tio n , m o re  c o m m o n ly  s e e n  in  m a le s .  C o m p a re d  

w ith  o th e r  w o m e n  o f  th e  s a m e  b o d y  w e ig h t  w h o  h a v e  a  g y n o id  (p e a r - s h a p e d )  

f a t  p a t te rn , h e r  a n d ro id  f a t  p a t te rn  p la c e s  h e r  a t  g re a te r  r is k  fo r  d ia b e te s , 

h y p e r te n s io n ,  d y s lip id e m ia ,  a n d  c o ro n a ry  h e a r t  d is e a se . I n d iv id u a ls  w ith  

m a rk e d  o b e s ity  a n d  a  h is to ry  d a t in g  to  e a r ly  c h i ld h o o d  h a v e  a  f a t  d e p o t  m a d e  

u p  o f  to o  m a n y  a d ip o c y te s ,  e a c h  fu lly  lo a d e d  w ith  t r ia c y lg ly c e ro l  (T A G ). 

P la s m a  le p t in  le v e ls  a re  p ro p o r t io n a l  to  f a t  m a s s , s u g g e s tin g  th a t  r e s is ta n c e  to  

le p tin , r a th e r  th a n  its  d e f ic ie n c y , o c c u rs  in  h u m a n  o b e s ity .  A d ip o n e c t in  le v e ls  

d e c re a s e  w i th  in c re a s in g  f a t  m a ss . T h e  e le v a te d  c i r c u la t in g  f re e  fa t ty  a c id s  

c h a ra c te r is t ic  o f  o b e s ity  a re  c a r r ie d  to  th e  l iv e r  a n d  c o n v e r te d  to  T A G . T h e  

T A G  a re  re le a s e d  as  c o m p o n e n ts  o f  v e ry - lo w -d e n s i ty  l ip o p ro te in s ,  r e s u l t in g  in  

e le v a te d  p la s m a  T A G  le v e ls ,  o r  a re  s to re d  in  th e  l iv e r , r e s u l t in g  in  h e p a t ic  

s te a to s is .



UNIT VI 
Medical Nutrition



Nutrition: Overview and Macronutrients 
27

Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

N u tr ie n ts  a re  th e  c o n s ti tu e n ts  o f  fo o d  n e c e s s a ry  to  s u s ta in  th e  n o rm a l  fu n c t io n s  

o f  th e  b o d y . A l l  e n e rg y  ( c a lo r ie s )  is  p ro v id e d  b y  th re e  c la s s e s  o f  n u tr ie n ts :  fa ts , 

c a rb o h y d ra te s ,  a n d  p ro te in  (F ig . 2 7 .1 ). B e c a u s e  th e  in ta k e  o f  th e s e  e n e rg y - r ic h  

m o le c u le s  is  la rg e r  (g  a m o u n ts )  th a n  th a t  o f  th e  o th e r  d ie ta ry  n u tr ie n ts ,  th e y  a re  

c a l le d  m a c ro n u tr ie n ts .  T h is  c h a p te r  fo c u s e s  o n  th e  k in d s  a n d  a m o u n ts  o f  

m a c ro n u tr ie n ts  th a t  a re  n e e d e d  to  m a in ta in  o p t im a l  h e a l th  a n d  p r e v e n t  c h ro n ic  

d is e a se . T h o s e  n u tr ie n ts  n e e d e d  in  le s s e r  a m o u n ts  (m g  o r  |ig ) , v i ta m in s  a n d  

m in e ra ls ,  a re  c a l le d  m ic ro n u tr ie n ts  a n d  a re  c o n s id e re d  in  C h a p te r s  2 8  a n d  29 .



F ig u re  2 7 .1  E s s e n t ia l  n u tr ie n ts  o b ta in e d  f ro m  th e  d ie t. [N o te : E th a n o l  m a y  

p ro v id e  a  s ig n if ic a n t  c o n tr ib u t io n  to  th e  d a i ly  c a lo r ic  in ta k e  o f  s o m e  in d iv id u a ls .]

II. DIETARY REFERENCE INTAKES

C o m m it te e s  o f  U .S . a n d  C a n a d ia n  e x p e r ts  o rg a n iz e d  b y  th e  F o o d  a n d  N u tr i t io n  

B o a rd  o f  th e  In s t i tu te  o f  M e d ic in e  o f  th e  N a tio n a l  A c a d e m y  o f  S c ie n c e s  h a v e



c o m p ile d  D ie ta ry  R e fe re n c e  In ta k e s  (D R I) , w h ic h  a re  e s t im a te s  o f  th e  a m o u n ts  

o f  n u tr ie n ts  r e q u i re d  to  p r e v e n t  d e f ic ie n c ie s  a n d  m a in ta in  o p t im a l  h e a l th  a n d  

g ro w th . T h e  D R I  e x p a n d s  o n  th e  R e c o m m e n d e d  D ie ta ry  A l lo w a n c e s  (R D A ), 

w h ic h  h a v e  b e e n  p u b li s h e d  w ith  p e r io d ic  r e v is io n s  s in c e  1 9 4 1 . U n lik e  th e  R D A , 

th e  D R I  e s ta b lis h e s  u p p e r  l im i ts  o n  th e  c o n s u m p tio n  o f  s o m e  n u tr ie n ts  a n d  

in c o rp o ra te s  th e  ro le  o f  n u tr ie n ts  in  l i f e lo n g  h e a l th ,  g o in g  b e y o n d  d e f ic ie n c y  

d is e a se s .  B o th  th e  D R I  a n d  th e  R D A  re fe r  to  lo n g - te rm  a v e ra g e  d a i ly  n u tr ie n t  

in ta k e s ,  b e c a u s e  i t  is  n o t  n e c e s s a ry  to  c o n s u m e  th e  fu ll  R D A  e v e ry  d ay .

A. Definition
T h e  D R I  c o n s is ts  o f  fo u r  d ie ta ry  r e fe re n c e  s ta n d a rd s  fo r  th e  in ta k e  o f  

n u tr ie n ts  d e s ig n a te d  fo r  s p e c if ic  l i f e  s ta g e  (a g e )  g ro u p s , p h y s io lo g ic  s ta te s , 

a n d  g e n d e r  (F ig . 2 7 .2 ).

V.

Estimated Average 
Requirement_____

*
Recommended 
Dietary Allowance

Adequate Intake

Tolerable Upper 
Intake Level

F ig u re  2 7 .2  C o m p o n e n ts  o f  th e  D ie ta ry  R e fe re n c e  In ta k e s  (D R I).

1. E s t im a te d  a v e ra g e  r e q u ire m e n t:  T h e  a v e ra g e  d a i ly  n u tr ie n t  in ta k e  le v e l



e s tim a te d  to  m e e t  th e  r e q u i re m e n t  o f  o n e  h a lf  o f  th e  h e a l th y  in d iv id u a ls  

in  a  p a r t ic u la r  l i f e  s ta g e  a n d  g e n d e r  g ro u p  is  th e  E s t im a te d  A v e ra g e  

R e q u i r e m e n t  (E A R ) . I t  is  u s e fu l  in  e s t im a t in g  th e  a c tu a l  r e q u ire m e n ts  in  

g ro u p s  a n d  in d iv id u a ls .

2. R e c o m m e n d e d  d ie ta ry  a l lo w a n c e :  T h e  R D A  is  th e  a v e ra g e  d a i ly  n u tr ie n t  

in ta k e  le v e l  th a t  is  s u f f ic ie n t  to  m e e t  th e  re q u ire m e n ts  o f  n e a r ly  a l l  ( 9 7 % -  

9 8 % ) in d iv id u a ls  in  a  p a r t ic u la r  l i f e  s ta g e  a n d  g e n d e r  g ro u p . T h e  R D A  is 

n o t  th e  m in im a l  r e q u i re m e n t  fo r  h e a l th y  in d iv id u a ls ,  b u t  i t  is  

in te n t io n a l ly  s e t  to  p ro v id e  a  m a rg in  o f  s a fe ty  fo r  m o s t  in d iv id u a ls .  T h e  

E A R  s e rv e s  as  th e  fo u n d a t io n  fo r  s e t t in g  th e  R D A . I f  th e  s ta n d a rd  

d e v ia t io n  (S D ) o f  th e  E A R  is  a v a i la b le  a n d  th e  r e q u i re m e n t  fo r  th e  

n u tr ie n t  is  n o rm a lly  d is tr ib u te d , th e  R D A  is  s e t  a t  2 S D  a b o v e  th e  E A R  

( th a t  is , R D A  = E A R  + 2 S D EAR).

3. A d e q u a te  in ta k e : A n  A d e q u a te  In ta k e  (A I)  is  s e t  in s te a d  o f  a n  R D A  if  

s u f f ic ie n t  s c ie n tif ic  e v id e n c e  is  n o t  a v a i la b le  to  c a lc u la te  a n  E A R  o r 

R D A . T h e  A I  is  b a s e d  o n  e s t im a te s  o f  n u tr ie n t  in ta k e  b y  a  g ro u p  (o r  

g ro u p s )  o f  a p p a re n t ly  h e a l th y  p e o p le .  F o r  e x a m p le , th e  A I  fo r  y o u n g  

in fa n ts ,  fo r  w h o m  h u m a n  m i lk  is  th e  r e c o m m e n d e d  s o le  s o u rc e  o f  fo o d  

fo r  th e  f i r s t  6 m o n th s ,  is  b a s e d  o n  th e  e s t im a te d  d a ily  m e a n  n u tr ie n t  

in ta k e  s u p p lie d  b y  h u m a n  m i lk  fo r  h e a l th y , fu l l - te rm  in fa n ts  w h o  a re  

e x c lu s iv e ly  b re a s t- fe d .

4 . T o le ra b le  u p p e r  in ta k e  le v e l: T h e  h ig h e s t  a v e ra g e  d a ily  n u tr ie n t  in ta k e  

le v e l  th a t  is  l ik e ly  to  p o s e  n o  r is k  o f  a d v e rs e  h e a l th  e f fe c ts  to  a lm o s t  a ll  

in d iv id u a ls  in  th e  g e n e ra l  p o p u la t io n  is  th e  T o le ra b le  U p p e r  In ta k e  L e v e l  

(U L , o r  T U L ) . A s  in ta k e  in c re a s e s  a b o v e  th e  U L , th e  p o te n t ia l  r i s k  o f  

a d v e rs e  e f fe c ts  m a y  in c re a s e . T h e  U L  is  u s e fu l  b e c a u s e  o f  th e  in c re a s e d  

a v a i la b i l i ty  o f  fo r t i f ie d  fo o d s  a n d  th e  in c re a s e d  u s e  o f  d ie ta ry  

s u p p le m e n ts .  F o r  s o m e  n u tr ie n ts ,  th e re  m a y  b e  in s u f f ic ie n t  d a ta  o n  w h ic h  

to  d e v e lo p  a  U L .

B. Using the dietary reference intakes
M o s t n u tr ie n ts  h a v e  a  s e t  o f  D R I  (F ig . 2 7 .3 ). U s u a l ly  a  n u tr ie n t  h a s  a n  E A R  

a n d  a  c o r re s p o n d in g  R D A . M o s t  a re  s e t  b y  a g e  a n d  g e n d e r  a n d  m a y  b e  

in f lu e n c e d  b y  s p e c ia l  fa c to rs , s u c h  a s  p re g n a n c y  a n d  la c ta t io n  in  w o m e n  

(s e e  p . 3 7 2 ) . W h e n  th e  d a ta  a re  n o t  s u f f ic ie n t  to  e s t im a te  a n  E A R  (o r  an  

R D A ), a n  A I  is  d e s ig n a te d . In ta k e s  b e lo w  th e  E A R  n e e d  to  b e  im p ro v e d



b e c a u s e  th e  p ro b a b i l i ty  o f  a d e q u a c y  is  < 5 0 %  (F ig . 2 7 .4 ). In ta k e s  b e tw e e n  

th e  E A R  a n d  R D A  l ik e ly  n e e d  to  b e  im p ro v e d  b e c a u s e  th e  p ro b a b i l i ty  o f  

a d e q u a c y  is  < 9 8 % , a n d  in ta k e s  a t  o r  a b o v e  th e  R D A  c a n  b e  c o n s id e re d  

a d e q u a te .  In ta k e s  a b o v e  th e  A I  c a n  b e  c o n s id e re d  a d e q u a te .  In ta k e s  

b e tw e e n  th e  U L  a n d  th e  R D A  c a n  b e  c o n s id e re d  to  h a v e  n o  r is k  fo r  a d v e rs e  

e f fe c ts . [N o te : B e c a u s e  th e  D R I  is  d e s ig n e d  to  m e e t  th e  n u tr i t io n a l  n e e d s  o f  

th e  h e a l th y , i t  d o e s  n o t  in c lu d e  a n y  s p e c ia l  n e e d s  o f  th e  s ic k .]



r ---------------------------------------------------------------------------------------

MICRO
NUTRIENT

EAR, RDA, 
or AI

---------------------------------------------1

UL

Thiamine EAR, RDA __

Riboflavin EAR, RDA —

Niacin EAR, RDA UL

Vitamin B6 EAR, RDA UL

Folate EAR, RDA UL

Vitamin B12 EAR, RDA —

Pantothenic acid A I —

Biotin A I —

Choline A I UL

Vitamin C EAR, RDA UL

Vitamin A EAR, RDA UL

Vitamin D EAR, RDA UL

Vitamin E EAR, RDA UL

Vitamin K A I —

Boron UL

Calcium EAR, RDA UL

Chromium A I —

Copper EAR, RDA UL

Fluoride A I UL

Iodine EAR, RDA UL

Iron EAR, RDA UL

Magnesium EAR, RDA UL

Manganese A I UL

Molybdenum EAR, RDA UL

Nickel — UL

Phosphorus EAR, RDA UL

Selenium EAR, RDA UL

Vanadium — UL

Zinc EAR, RDA UL



F ig u re  2 7 .3  D ie ta ry  R e fe re n c e  In ta k e s  fo r  v i ta m in s  a n d  m in e ra ls  in  in d iv id u a ls  

a g e  1 y e a r  a n d  o ld e r . [N o te : A n  R D A  h a s  b e e n  s e t  fo r  c a rb o h y d ra te  a n d  p ro te in  

(m a c ro n u tr ie n ts )  b u t  n o t  fo r  fa t .]  E A R  = E s t im a te d  A v e ra g e  R e q u ire m e n t ;  R D A  

= R e c o m m e n d e d  D ie ta ry  A llo w a n c e ;  A I  =  A d e q u a te  In ta k e ; U L  =  T o le ra b le  

U p p e r  In ta k e  L e v e l;  —  = n o  v a lu e  e s ta b lis h e d .

F ig u re  2 7 .4  C o m p a r is o n  o f  th e  c o m p o n e n ts  o f  th e  D ie ta ry  R e fe re n c e  In ta k e s . 

E A R  = e s t im a te d  a v e ra g e  re q u ire m e n t ;  R D A  = re c o m m e n d e d  d ie ta ry  a l lo w a n c e ;  

A I  =  a d e q u a te  in ta k e ; U L  =  to le ra b le  u p p e r  in ta k e  le v e l.

III. ENERGY REQUIREMENT IN HUMANS

T h e  E s t im a te d  E n e rg y  R e q u i r e m e n t  (E E R ) is  th e  a v e ra g e  d ie ta ry  e n e rg y  in ta k e  

p r e d ic te d  to  m a in ta in  a n  e n e rg y  b a la n c e  ( th a t  is , th e  c a lo r ie s  c o n s u m e d  a re  e q u a l 

to  th e  e n e rg y  e x p e n d e d )  in  a  h e a l th y  a d u l t  o f  a  d e f in e d  a g e , g e n d e r , a n d  h e ig h t  

w h o s e  w e ig h t  a n d  le v e l  o f  p h y s ic a l  a c t iv i ty  a re  c o n s is te n t  w ith  g o o d  h e a lth . 

D if f e re n c e s  in  th e  g e n e t ic s ,  b o d y  c o m p o s i t io n , m e ta b o l is m , a n d  b e h a v io r  o f  

in d iv id u a ls  m a k e  i t  d if f ic u l t  to  a c c u ra te ly  p r e d ic t  a  p e r s o n ’s c a lo r ic  

re q u ire m e n ts .  H o w e v e r ,  so m e  s im p le  a p p ro x im a t io n s  c a n  p ro v id e  u s e fu l  

e s tim a te s .  F o r  e x a m p le , s e d e n ta ry  a d u lts  r e q u ire  ~ 3 0  k c a l /k g /d a y  to  m a in ta in  

b o d y  w e ig h t ,  m o d e ra te ly  a c t iv e  a d u lts  r e q u ire  3 5  k c a l /k g /d a y ,  a n d  v e ry  a c t iv e  

a d u lts  r e q u ire  4 0  k c a l /k g /d a y .

A. Energy content of food



T h e  e n e rg y  c o n te n t  o f  fo o d  is  c a lc u la te d  f ro m  th e  h e a t  r e le a s e d  b y  th e  to ta l  

c o m b u s t io n  o f  fo o d  in  a  c a lo r im e te r .  I t  is  e x p re s s e d  in  k i lo c a lo r ie s  (k c a l, o r  

C a l) . T h e  s ta n d a rd  c o n v e r s io n  fa c to rs  fo r  d e te rm in in g  th e  m e ta b o l ic  c a lo r ic  

v a lu e  o f  fa t, p ro te in ,  a n d  c a rb o h y d ra te  a re  s h o w n  in  F ig u re  2 7 .5 . N o te  th a t  

th e  e n e rg y  c o n te n t  o f  f a t  is  m o re  th a n  tw ic e  th a t  o f  c a rb o h y d ra te  o r  p ro te in ,  

w h e re a s  th e  e n e rg y  c o n te n t  o f  e th a n o l  is  in te rm e d ia te  b e tw e e n  th o s e  o f  fa t  

a n d  c a rb o h y d ra te .  [N o te : T h e  jo u le  (J) is  a  u n i t  o f  e n e rg y  w id e ly  u s e d  in  

c o u n tr ie s  o th e r  th a n  th e  U n ite d  S ta te s . O n e  c a l  = 4 .2  J; 1 k c a l  (1  C a l, 1 fo o d  

c a lo r ie )  = 4 .2  k J . F o r  u n ifo rm ity , m a n y  s c ie n tis ts  a re  p ro m o tin g  th e  u s e  o f  

jo u le s  r a th e r  th a n  c a lo r ie s  in  th e  U n ite d  S ta te s . H o w e v e r ,  k c a l  s t i l l  

p r e d o m in a te s  a n d  is  u s e d  th r o u g h o u t  th is  te x t.]

Carbohydrate

Protein

Fat

Alcohol

kcal/g

F ig u re  2 7 .5  A v e ra g e  e n e rg y  a v a i la b le  f ro m  th e  m a c ro n u tr ie n ts  a n d  a lc o h o l.

B. Use of food energy in the body
T h e  e n e rg y  g e n e ra te d  b y  m e ta b o l is m  o f  th e  m a c ro n u tr ie n ts  is  u s e d  fo r  th re e  

e n e rg y - re q u ir in g  p ro c e s s e s  th a t  o c c u r  in  th e  b o d y : re s t in g  m e ta b o l ic  ra te  

(R M R ), p h y s ic a l  a c t iv i ty ,  a n d  th e  th e rm ic  e f f e c t  o f  fo o d . T h e  n u m b e r  o f  

k c a l  e x p e n d e d  b y  th e s e  p ro c e s s e s  in  a  2 4 -h o u r  p e r io d  is  th e  to ta l  e n e rg y  

e x p e n d i tu re  (T E E ).

1. R e s tin g  m e ta b o l ic  ra te : R M R  is  th e  e n e rg y  e x p e n d e d  b y  a n  in d iv id u a l  in  

a  re s t in g , p o s ta b s o rp t iv e  s ta te . I t  r e p re s e n ts  th e  e n e rg y  re q u ire d  to  c a r ry  

o u t  th e  n o rm a l  b o d y  fu n c t io n s ,  s u c h  a s  re s p ir a t io n ,  b lo o d  f lo w , a n d  io n



t r a n s p o r t .  R M R  c a n  b e  d e te rm in e d  b y  m e a s u r in g  o x y g e n  (O 2) c o n s u m e d  

o r  c a rb o n  d io x id e  (C O 2) p ro d u c e d  ( in d ir e c t  c a lo r im e try ) .  [N o te : T h e  ra t io  

o f  C O 2 to  O 2 is  th e  r e s p ir a to ry  q u o tie n t  (R Q ). I t  r e f le c ts  th e  s u b s t r a te  

b e in g  o x id iz e d  fo r  e n e rg y  (F ig . 2 7 .6 ).] R M R  a lso  c a n  b e  e s t im a te d  u s in g  

e q u a t io n s  th a t  in c lu d e  s e x  a n d  a g e  (R M R  re f le c ts  le a n  m u s c le  m a ss , 

w h ic h  is  h ig h e s t  in  m e n  a n d  th e  y o u n g )  a s  w e l l  as  h e ig h t  a n d  w e ig h t .  A  

c o m m o n ly  u s e d  ro u g h  e s t im a te  is  1 k c a l /k g /h o u r  fo r  m e n  a n d  0 .9  

k c a l /k g /h o u r  fo r  w o m e n . [N o te : A  b a s a l  m e ta b o l ic  ra te  (B M R ) c a n  b e  

d e te rm in e d  i f  m o re  s tr in g e n t  e n v i ro n m e n ta l  c o n d i t io n s  a re  u s e d , b u t  i t  is  

n o t  ro u t in e ly  d o n e . R M R  is  ~ 1 0 %  h ig h e r  th a n  th e  B M R .]  In  a n  a d u lt ,  th e  

2 4 -h o u r  R M R , k n o w n  as  th e  re s t in g  e n e rg y  e x p e n d i tu re  (R E E ), is  ~ 1 ,8 0 0  

k c a l  fo r  m e n  (7 0  k g )  a n d  1 ,3 0 0  k c a l  fo r  w o m e n  (5 0  k g ) . F ro m  6 0 % - 7 5 %  

o f  th e  T E E  in  s e d e n ta ry  in d iv id u a ls  is  a t t r ib u ta b le  to  th e  R E E  (F ig . 2 7 .7 ). 

[N o te : H o s p i ta l iz e d  in d iv id u a ls  a re  c o m m o n ly  h y p e rc a ta b o l ic ,  a n d  th e  

R M R  is  m u l t ip l ie d  b y  a n  in ju ry  fa c to r  th a t  r a n g e s  f ro m  1 .0  (m ild  

in fe c tio n )  to  2 .0  ( s e v e re  b u rn s )  in  c a lc u la t in g  th e ir  T E E .]

S U B S T R A T E R Q

C a r b o h y d r a te 1 .0 0

P ro te in 0 .8 4

F a t 0 .7 1
4

F ig u re  2 7 .6  T h e  re s p ir a to ry  q u o tie n t  (R Q ). [N o te : F o r  p ro te in ,  th e  n it ro g e n  is  

r e m o v e d  a n d  e x c re te d , a n d  th e  a - k e to  a c id s  a re  o x id iz e d .]



F ig u re  2 7 .7  E s t im a te d  to ta l  e n e rg y  e x p e n d i tu re  in  a  h e a l th y  2 0 -y e a r -o ld  w o m a n , 

5 ft, 4  in  (1 6 5  c m ) ta ll ,  w e ig h in g  1 1 0  lb  (5 0  k g ) , a n d  e n g a g e d  in  l ig h t  a c tiv i ty .

2. P h y s ic a l  a c tiv i ty :  M u s c u la r  a c t iv i ty  p ro v id e s  th e  g r e a te s t  v a r ia t io n  in  th e  

T E E . T h e  a m o u n t  o f  e n e rg y  c o n s u m e d  d e p e n d s  o n  th e  d u ra t io n  a n d  

in te n s i ty  o f  th e  e x e rc is e .  T h is  e n e rg y  c o s t is  e x p re s s e d  a s  a  m u l t ip le  o f  

th e  R M R  ( ra n g e  is  1 .1  to  > 8 .0 )  th a t  is  r e fe r re d  to  as  th e  p h y s ic a l  a c t iv i ty  

ra t io  (P A R )  o r  th e  m e ta b o l ic  e q u iv a le n t  o f  th e  ta s k  (M E T ). In  g e n e ra l ,  a  

l ig h tly  a c t iv e  p e r s o n  r e q u ire s  ~ 3 0 % - 5 0 %  m o re  c a lo r ie s  th a n  th e  R M R  

(se e  F ig . 2 7 .7 ), w h e re a s  a  h ig h ly  a c t iv e  in d iv id u a l  m a y  re q u ire  > 1 0 0 %  

c a lo r ie s  a b o v e  th e  R M R .



3. T h e rm ic  e f f e c t  o f  fo o d : T h e  p r o d u c t io n  o f  h e a t  b y  th e  b o d y  in c re a s e s  as 

m u c h  a s  3 0 %  a b o v e  th e  re s t in g  le v e l  d u r in g  th e  d ig e s t io n  a n d  a b s o rp t io n  

o f  fo o d . T h is  is  c a l le d  th e  th e rm ic  e f f e c t  o f  fo o d , o r  d ie t- in d u c e d  

th e rm o g e n e s is .  T h e  th e rm ic  r e s p o n s e  to  fo o d  in ta k e  m a y  a m o u n t  to  5 % -  

1 0 %  o f  th e  T E E .

IV. ACCEPTABLE MACRONUTRIENT 
DISTRIBUTION RANGES

A c c e p ta b le  M a c ro n u tr ie n t  D is tr ib u t io n  R a n g e s  (A M D R )  a re  d e f in e d  a s  a  ra n g e  

o f  in ta k e s  fo r  a  p a r t ic u la r  m a c ro n u tr ie n t  th a t  is  a s s o c ia te d  w i th  r e d u c e d  r is k  o f  

c h ro n ic  d is e a s e  w h ile  p ro v id in g  a d e q u a te  a m o u n ts  o f  e s s e n t ia l  n u tr ie n ts .  T h e  

A M D R  fo r  a d u lts  is  4 5 % - 6 5 %  o f  th e ir  to ta l  c a lo r ie s  f ro m  c a rb o h y d ra te s ,  2 0 % -  

3 5 %  f ro m  fa t, a n d  1 0 % - 3 5 %  f ro m  p ro te in  (F ig . 2 7 .8 ). T h e  b io lo g ic  p ro p e r t ie s  o f  

d ie ta ry  fa t, c a rb o h y d ra te ,  a n d  p ro te in  a re  d e s c r ib e d  b e lo w .



r-------------------------------------------------------------------------------------------------------

MACRONUTRIENT
AMDR 

(percent 
of energy)

Fat 20-35

7f\ CO-6 Polyunsaturated 
fatty acids

5-10

CO-3 Polyunsaturated 0.6-1.2*

V^fatty acids

\  Approximately 10% of the total fat 
can come from longer-chain, CO-3 
or co-6 fatty acids.

Carbohydrate 45-65

•  RDA
Men and women: 130 g/day

No more than 10% of total calories 
should come from added sugars.

Fiber
•  Al

Men: 38 g/day; women: 25 g/day

Protein 10-35

•  RDA
Men: 56 g/day; women: 46 g/day



F ig u re  2 7 .8  A c c e p ta b le  M a c ro n u tr ie n t  D is tr ib u t io n  R a n g e s  (A M D R )  in  a d u lts . 

[N o te : * A  g ro w in g  b o d y  o f  e v id e n c e  s u g g e s ts  th a t  h ig h e r  le v e ls  o f  « - 3  

p o ly u n s a tu r a te d  fa t ty  a c id s  p ro v id e  p ro te c t io n  a g a in s t  c o ro n a ry  h e a r t  d is e a se .]  

R D A  = re c o m m e n d e d  d ie ta ry  a l lo w a n c e ;  A I  = a d e q u a te  in ta k e .

V. DIETARY FATS

T h e  in c id e n c e  o f  a  n u m b e r  o f  c h ro n ic  d is e a s e s  is  s ig n if ic a n t ly  in f lu e n c e d  b y  th e  

k in d s  a n d  a m o u n ts  o f  n u tr ie n ts  c o n s u m e d  (F ig . 2 7 .9 ). D ie ta ry  fa ts  m o s t  s t ro n g ly  

in f lu e n c e  th e  in c id e n c e  o f  c o ro n a ry  h e a r t  d is e a s e  (C H D ), b u t  e v id e n c e  l in k in g  

d ie ta ry  f a t  a n d  th e  r is k  fo r  c a n c e r  o r  o b e s ity  is  m u c h  w e a k e r .



F ig u re  2 7 .9  In f lu e n c e  o f  n u tr i t io n  o n  s o m e  c o m m o n  c a u s e s  o f  d e a th  in  th e  

U n ite d  S ta te s  in  th e  y e a r  2 0 1 0 . R e d  in d ic a te s  c a u s e s  o f  d e a th  in  w h ic h  th e  d ie t  

p la y s  a  s ig n if ic a n t  ro le . B lu e  in d ic a te s  c a u s e s  o f  d e a th  in  w h ic h  e x c e s s iv e  

a lc o h o l c o n s u m p tio n  p la y s  a  p a r t .  [N o te : * D ie t  p la y s  a  ro le  in  o n ly  s o m e  fo rm s  

o f  c a n c e r .]

E a r l ie r  r e c o m m e n d a tio n s  e m p h a s iz e d  d e c re a s in g  th e  to ta l  a m o u n t  o f  

d ie ta ry  fa t. U n fo r tu n a te ly ,  th is  r e s u l te d  in  in c re a s e d  c o n s u m p tio n  o f  r e f in e d  

g ra in s  a n d  a d d e d  s u g a rs .  D a ta  n o w  s h o w  th a t  th e  ty p e  o f  f a t  is  a  m o re  

im p o r ta n t  r is k  fa c to r  th a n  th e  to ta l  a m o u n t  o f  fa t.



A. Plasma lipids and coronary heart disease
P la s m a  c h o le s te ro l  m a y  a r is e  f ro m  th e  d ie t  o r  f ro m  e n d o g e n o u s  

b io s y n th e s is .  In  e i th e r  c a se , c h o le s te ro l  is  t r a n s p o r te d  b e tw e e n  th e  t i s s u e s  in  

c o m b in a t io n  w i th  p ro te in  a n d  p h o s p h o lip id s  a s  l ip o p ro te in s .

1. L o w -d e n s i ty  a n d  h ig h -d e n s i ty  l ip o p ro te in s :  T h e  le v e l  o f  p la s m a  

c h o le s te ro l  is  n o t  p re c is e ly  r e g u la te d  b u t,  r a th e r , v a r ie s  in  r e s p o n s e  to  

d ie t. E le v a te d  le v e ls  o f  to ta l  c h o le s te ro l  (h y p e rc h o le s te ro le m ia )  r e s u l t  in  

a n  in c r e a s e d  r is k  fo r  C H D  (F ig . 2 7 .1 0 ). A  m u c h  s tro n g e r  c o r re la t io n  

e x is ts  b e tw e e n  C H D  a n d  th e  le v e l  o f  c h o le s te ro l  in  lo w -d e n s i ty  

l ip o p ro te in s  ( [L D L -C ]  s e e  p . 2 3 4 ) . A s  L D L -C  in c re a s e s ,  C H D  in c re a s e s .  

In  c o n tra s t ,  e le v a te d  le v e ls  o f  h ig h -d e n s i ty  l ip o p ro te in  c h o le s te ro l  (H D L 

C ) h a v e  b e e n  a s s o c ia te d  w ith  a  d e c re a s e d  r is k  fo r  h e a r t  d is e a s e  (s e e  p . 

2 3 5 ) . [N o te : E le v a te d  p la s m a  tr ia c y lg ly c e ro l  (T A G ) is  a s s o c ia te d  w ith  

C H D , b u t  a  c a u s a t iv e  r e la t io n s h ip  h a s  y e t  to  b e  d e m o n s tra te d .]  A b n o rm a l  

le v e ls  o f  p la s m a  l ip id s  (d y s lip id e m ia s )  a c t  in  c o m b in a t io n  w i th  sm o k in g , 

o b e s ity ,  s e d e n ta ry  l i f e s ty le ,  in s u l in  re s is ta n c e ,  a n d  o th e r  r is k  fa c to rs  to  

in c re a s e  th e  r is k  o f  C H D .



F ig u re  2 7 .1 0  C o r re la t io n  o f  th e  d e a th  ra te  f ro m  c o ro n a ry  h e a r t  d is e a s e  w i th  th e  

c o n c e n tra t io n  o f  p la s m a  c h o le s te ro l .  [N o te : T h e  d a ta  w e re  o b ta in e d  f ro m  a  

m u l t iy e a r  s tu d y  o f  m e n  w ith  th e  d e a th  r a te  a d ju s te d  fo r  a g e .]

2. B e n e f i ts  o f  lo w e r in g  p la s m a  c h o le s te ro l:  D ie ta ry  o r  d ru g  t r e a tm e n t  o f  

h y p e rc h o le s te ro le m ia  h a s  b e e n  s h o w n  to  b e  e f f e c tiv e  in  d e c re a s in g  L D L -  

C , in c re a s in g  H D L -C , a n d  re d u c in g  th e  r is k  fo r  c a rd io v a s c u la r  e v e n ts . 

T h e  d ie t- in d u c e d  c h a n g e s  in  p la s m a  c h o le s te ro l  c o n c e n tra t io n s  a re  

m o d e s t ,  ty p ic a l ly  1 0 % - 2 0 % , w h e re a s  t r e a tm e n t  w i th  s ta t in  d ru g s  

d e c re a s e s  p la s m a  c h o le s te ro l  b y  3 0 % - 6 0 %  (se e  p . 2 2 4 ) . [N o te : D ie ta ry



a n d  d ru g  t r e a tm e n t  c a n  a lso  lo w e r  T A G .]

B. Dietary fats and plasma lipids
T A G  a re  q u a n t i ta t iv e ly  th e  m o s t  im p o r ta n t  c la s s  o f  d ie ta ry  fa ts . T h e  

in f lu e n c e  o f  T A G  o n  b lo o d  l ip id s  is  d e te rm in e d  b y  th e  c h e m ic a l  n a tu re  o f  

th e ir  c o n s t i tu e n t  fa t ty  a c id s . T h e  a b s e n c e  o r  p r e s e n c e  a n d  n u m b e r  o f  d o u b le  

b o n d s  ( s a tu ra te d  v e r s u s  m o n o -  a n d  p o ly u n s a tu ra te d ) ,  th e  lo c a t io n  o f  th e  

d o u b le  b o n d s  ( « - 6  v e r s u s  « - 3 ) ,  a n d  th e  c is  v e r s u s  tr a n s  c o n f ig u ra t io n  o f  th e  

u n s a tu ra te d  fa t ty  a c id s  a re  th e  m o s t  im p o r ta n t  s t ru c tu ra l  fe a tu re s  th a t  

in f lu e n c e  b lo o d  lip id s .

1. S a tu ra te d  fa ts : T A G  c o m p o s e d  p r im a r i ly  o f  f a t ty  a c id s  w h o s e  

h y d ro c a rb o n  c h a in s  d o  n o t  c o n ta in  a n y  d o u b le  b o n d s  a re  r e f e r r e d  to  as  

s a tu ra te d  fa ts . C o n s u m p tio n  o f  s a tu ra te d  fa ts  is  p o s i t iv e ly  a s s o c ia te d  w ith  

h ig h  le v e ls  o f  to ta l  p la s m a  c h o le s te ro l  a n d  L D L -C  a n d  a n  in c re a s e d  r is k  

o f  C H D . T h e  m a in  s o u rc e s  o f  s a tu ra te d  fa t ty  a c id s  a re  d a iry  a n d  m e a t  

p ro d u c ts  a n d  s o m e  v e g e ta b le  o ils , s u c h  a s  c o c o n u t  a n d  p a lm  o ils  (a  m a jo r  

s o u rc e  o f  f a t  in  L a t in  A m e r ic a  a n d  A s ia ,  a l th o u g h  n o t  in  th e  U n ite d  

S ta te s ) . M a n y  e x p e r ts  s t ro n g ly  a d v is e  l im i t in g  in ta k e  o f  s a tu ra te d  fa ts  to  

< 1 0 %  o f  to ta l  c a lo r ic  in ta k e  a n d  re p la c in g  th e m  w ith  u n s a tu ra te d  fa ts  

( a n d  w h o le  g ra in s ) .

S a tu ra te d  fa t ty  a c id s  w i th  c a rb o n  c h a in  le n g th s  o f  1 4  (m y r is t ic )  a n d  16 

(p a lm it ic )  a re  m o s t  p o te n t  in  in c re a s in g  th e  p la s m a  c h o le s te ro l  le v e l.  S te a r ic  

a c id  (1 8  c a rb o n s , fo u n d  in  m a n y  fo o d s  in c lu d in g  c h o c o la te )  h a s  l i t t le  e f f e c t  

o n  b lo o d  c h o le s te ro l .

2. M o n o u n s a tu r a te d  fa ts : T A G  c o n ta in in g  p r im a r i ly  fa t ty  a c id s  w i th  o n e  

d o u b le  b o n d  a re  r e f e r r e d  to  a s  m o n o u n s a tu r a te d  fa ts . M o n o u n s a tu ra te d  

fa t ty  a c id s  (M U F A )  a re  g e n e ra lly  o b ta in e d  f ro m  p la n t-b a s e d  o ils . W h e n  

s u b s t i tu te d  fo r  s a tu ra te d  fa t ty  a c id s  in  th e  d ie t, M U F A  lo w e r  b o th  to ta l  

p la s m a  c h o le s te ro l  a n d  L D L -C  a n d  m a in ta in  o r  in c re a s e  H D L -C . T h is  

a b i l i ty  o f  M U F A  to  f a v o ra b ly  m o d ify  l ip o p ro te in  le v e ls  m a y  e x p la in ,  in  

p a r t ,  th e  o b s e rv a t io n  th a t  M e d ite r r a n e a n  c u l tu re s ,  w i th  d ie ts  r ic h  in  o liv e  

o il  (h ig h  in  m o n o u n s a tu r a te d  o le ic  a c id ) , s h o w  a  lo w  in c id e n c e  o f  C H D . 

[N o te : A lth o u g h  th e re  is  n o  A M D R  fo r  M U F A , a  c o m m o n



r e c o m m e n d a tio n  is  1 0 % - 2 0 %  o f  c a lo r ic  in ta k e .]

a. T h e  M e d ite r r a n e a n  d ie t: T h e  M e d ite r r a n e a n  d ie t  is  a n  e x a m p le  o f  a  d ie t  

r ic h  in  M U F A  ( f ro m  o liv e  o il)  a n d  p o ly u n s a tu r a te d  fa t ty  a c id s  o r  

P U F A  ( f ro m  f is h  o ils , p la n t  o ils , a n d  s o m e  n u ts )  b u t  lo w  in  s a tu ra te d  

fa t. F o r  e x a m p le , F ig u re  2 7 .1 1  s h o w s  th e  c o m p o s i t io n  o f  th e  

M e d ite r r a n e a n  d ie t  in  c o m p a r is o n  w ith  b o th  a  W e s te rn  d ie t  s im ila r  to  

th a t  c o n s u m e d  in  th e  U n ite d  S ta te s  a n d  a  ty p ic a l  lo w - fa t  d ie t. T h e  

M e d ite r r a n e a n  d ie t  c o n ta in s  s e a s o n a lly  f re s h  fo o d , w ith  a n  a b u n d a n c e  

o f  p la n t  m a te r ia l ,  lo w  a m o u n ts  o f  r e d  m e a t, a n d  o liv e  o il  a s  th e  

p r in c ip a l  s o u rc e  o f  fa t. T h e  M e d ite r r a n e a n  d ie t  is  a s s o c ia te d  w ith  

d e c re a s e d  p la s m a  to ta l  c h o le s te ro l  a n d  L D L -C , d e c re a s e d  T A G , a n d  

in c re a s e d  H D L -C  w h e n  c o m p a re d  w ith  a  ty p ic a l  W e s te rn  d ie t  h ig h e r  

in  s a tu ra te d  fa ts .



F ig u re  2 7 .1 1  C o m p o s i t io n  o f  ty p ic a l  M e d ite r r a n e a n ,  W e s te rn ,  a n d  lo w - fa t  d ie ts .

3. P o ly u n s a tu r a te d  fa ts : T A G  c o n ta in in g  p r im a r i ly  fa t ty  a c id s  w i th  m o re  

th a n  o n e  d o u b le  b o n d  a re  r e f e r r e d  to  a s  p o ly u n s a tu r a te d  fa ts . T h e  e f fe c ts  

o f  P U F A  o n  c a rd io v a s c u la r  d is e a s e  a re  in f lu e n c e d  b y  th e  lo c a t io n  o f  th e  

d o u b le  b o n d s  w ith in  th e  m o le c u le .

a. « - 6  F a tty  a c id s : T h e s e  a re  lo n g -c h a in  P U F A , w i th  th e  f i r s t  d o u b le  b o n d  

b e g in n in g  a t  th e  s ix th  b o n d  p o s i t io n  w h e n  s ta r t in g  f ro m  th e  m e th y l  ( « )  

e n d  o f  th e  fa t ty  a c id  m o le c u le .  [N o te : T h e y  a re  a lso  c a l le d  n -6  fa t ty



a c id s  (s e e  p . 1 8 2 ) .]  C o n s u m p tio n  o f  fa ts  c o n ta in in g  « - 6  P U F A , 

p r in c ip a l ly  l in o le ic  a c id  (1 8 :2  [9 ,1 2 ]) , o b ta in e d  f ro m  v e g e ta b le  o ils , 

lo w e rs  p la s m a  c h o le s te ro l  w h e n  s u b s t i tu te d  fo r  s a tu ra te d  fa ts . P la s m a  

L D L -C  is  lo w e re d , b u t  H D L -C , w h ic h  p ro te c ts  a g a in s t  C H D , is  a lso  

lo w e re d , p a r t ia l ly  o f f s e tt in g  th e  b e n e f i ts  o f  lo w e r in g  L D L -C . N u ts , 

a v o c a d o s , o liv e s , s o y b e a n s , a n d  v a r io u s  o ils , in c lu d in g  s u n f lo w e r  a n d  

c o rn  o il, a re  c o m m o n  s o u rc e s  o f  th e s e  fa t ty  a c id s . T h e  A M D R  fo r  

l in o le ic  a c id  is  5 % - 1 0 % . [N o te : T h e  lo w e r  r e c o m m e n d a tio n  fo r  in ta k e  

o f  P U F A  re la t iv e  to  M U F A  is  b e c a u s e  o f  c o n c e rn  th a t  f re e  r a d i c a l -  

m e d ia te d  o x id a t io n  (p e ro x id a tio n )  o f  P U F A  m a y  le a d  to  d e le te r io u s  

p ro d u c ts .]

b . « - 3  F a tty  a c id s : T h e s e  a re  lo n g -c h a in  P U F A , w i th  th e  f ir s t  d o u b le  b o n d  

b e g in n in g  a t  th e  th i rd  b o n d  p o s i t io n  f ro m  th e  m e th y l  ( « )  e n d . D ie ta ry  

« - 3  P U F A  s u p p re s s  c a rd ia c  a r rh y th m ia s ,  r e d u c e  p la s m a  T A G , 

d e c re a s e  th e  te n d e n c y  fo r  th ro m b o s is ,  lo w e r  b lo o d  p re s s u re ,  a n d  

s u b s ta n t ia l ly  r e d u c e  r is k  o f  c a rd io v a s c u la r  m o r ta l i ty  (F ig . 2 7 .1 2 ), b u t  

th e y  h a v e  l i t t le  e f f e c t  o n  L D L -C  o r  H D L -C  le v e ls .  E v id e n c e  s u g g e s ts  

th a t  th e y  h a v e  a n t i- in f la m m a to ry  e f fe c ts .  T h e  « - 3  P U F A , p r in c ip a l ly  

a - l in o le n ic  a c id , 1 8 :3 (9 ,1 2 ,1 5 ) ,  a re  fo u n d  in  p la n t  o ils , s u c h  as  f la x s e e d  

a n d  c a n o la ,  a n d  s o m e  n u ts , s u c h  as  w a ln u ts .  T h e  A M D R  fo r  a -  

l in o le n ic  a c id  is  0 .6 % - 1 .2 % . F is h  o il  c o n ta in s  th e  lo n g -c h a in  « - 3  

d o c o s a h e x a e n o ic  a c id  (D H A , 2 2 :6 )  a n d  e ic o s a p e n ta e n o ic  a c id  (E P A , 

2 0 :5 ) . T w o  fa t ty  f is h  (fo r  e x a m p le , s a lm o n )  m e a ls  p e r  w e e k  a re  

re c o m m e n d e d . F o r  p a t ie n ts  w i th  d o c u m e n te d  C H D , 1 g /d a y  o f  f is h  o ils  

is  r e c o m m e n d e d , w h ile  2 - 4  g /d a y  is  p r e s c r ib e d  to  lo w e r  T A G . [N o te : 

D H A  is  in c lu d e d  in  in f a n t  fo rm u la s  to  p ro m o te  b r a in  d e v e lo p m e n t .]  

L in o le ic  a n d  a - l in o le n ic  a c id s  a re  e s s e n t ia l  fa t ty  a c id s  (E F A )  re q u ire d  

fo r  m e m b ra n e  f lu id ity  a n d  s y n th e s is  o f  e ic o s a n o id s  ( s e e  p . 2 1 3 ) . E F A  

d e f ic ie n c y , c a u s e d  p r im a r i ly  b y  fa t  m a la b s o rp t io n ,  is  c h a ra c te r iz e d  b y  

s c a ly  d e rm a ti t is  a s  a  r e s u l t  o f  th e  d e p le t io n  o f  s k in  c e ra m id e s  w ith



lo n g -c h a in  fa t ty  a c id s  (s e e  p . 2 0 6 ) .

F ig u re  2 7 .1 2  D o s e  r e s p o n s e s  o f  p h y s io lo g ic  e f fe c ts  o f  f is h  o il  (w -3 ) in ta k e . E P A



= e ic o s a p e n ta e n o ic  a c id  (2 0 :5 ) ; D H A  = d o c o s a h e x a e n o ic  a c id  (2 2 :6 ) .

4 . T ra n s  fa t ty  a c id s : T ra n s  fa t ty  a c id s  (F ig . 2 7 .1 3 ) a re  c h e m ic a l ly  c la s s i f ie d  

as  u n s a tu ra te d  fa t ty  a c id s  b u t  b e h a v e  m o re  l ik e  s a tu ra te d  fa t ty  a c id s  in  th e  

b o d y  b e c a u s e  th e y  e le v a te  L D L -C  a n d  lo w e r  H D L -C , th e re b y  in c re a s in g  

th e  r is k  o f  C H D . T ra n s  fa t ty  a c id s  d o  n o t  o c c u r  n a tu ra l ly  in  p la n ts  b u t  

o c c u r  in  s m a l l  a m o u n ts  in  a n im a ls .  H o w e v e r ,  tr a n s  fa t ty  a c id s  a re  fo rm e d  

d u r in g  th e  h y d ro g e n a t io n  o f  v e g e ta b le  o ils  ( fo r  e x a m p le , in  th e  

m a n u fa c tu re  o f  m a rg a r in e  a n d  p a r t ia l ly  h y d ro g e n a te d  v e g e ta b le  o il) . 

T ra n s  fa t ty  a c id s  a re  a  m a jo r  c o m p o n e n t  o f  m a n y  c o m m e rc ia l  b a k e d  

g o o d s , s u c h  a s  c o o k ie s ,  a n d  m o s t  d e e p - f r ie d  fo o d s . M a n y  m a n u fa c tu re r s  

h a v e  r e fo rm u la te d  th e ir  p ro d u c ts  to  b e  f re e  o f  tr a n s  fa ts . In  2 0 0 6 , th e  U .S . 

F o o d  a n d  D ru g  A d m in is t r a t io n  r e q u ire d  th a t  N u tr i t io n  F a c ts  la b e ls  (s e e  p . 

3 7 0 )  p o r tr a y  th e  tr a n s  fa t  c o n te n t  o f  p a c k a g e d  fo o d . B y  2 0 1 8 , v ir tu a l ly  n o  

in d u s tr ia l  tr a n s  fa t ty  a c id s  w il l  b e  p e rm it te d  in  fo o d .



V.



F ig u re  2 7 .1 3  S tru c tu re  o f  c is  a n d  tra n s  fa t ty  a c id s .

5. D ie ta ry  c h o le s te ro l:  C h o le s te ro l  is  fo u n d  o n ly  in  a n im a l  p ro d u c ts .  T h e  

e f fe c t  o f  d ie ta ry  c h o le s te ro l  o n  p la s m a  c h o le s te ro l  (F ig . 2 7 .1 4 ) is  le s s  

im p o r ta n t  th a n  th e  a m o u n t  a n d  ty p e s  o f  fa t ty  a c id s  c o n s u m e d . M a n y  

e x p e r ts  r e c o m m e n d  < 3 0 0  m g /d a y . H o w e v e r ,  h a v in g  a n  u p p e r  l im i t  h a s  

b e c o m e  c o n tro v e rs ia l .

F ig u re  2 7 .1 4  R e s p o n s e  o f  p la s m a  lo w -d e n s i ty  l ip o p ro te in  (L D L )  c h o le s te ro l



concentrations to an increase in dietary cholesterol intake.

C. Other dietary factors affecting coronary heart disease
M o d e ra te  c o n s u m p tio n  o f  a lc o h o l  (u p  to  1 d r in k /d a y  fo r  w o m e n  a n d  u p  to  2 

d r in k s /d a y  fo r  m e n )  d e c re a s e s  th e  r is k  o f  C H D , b e c a u s e  th e re  is  a  p o s it iv e  

c o r re la t io n  b e tw e e n  m o d e ra te  a lc o h o l ( e th a n o l)  c o n s u m p tio n  a n d  th e  

p la s m a  c o n c e n tra t io n  o f  H D L -C . H o w e v e r ,  b e c a u s e  o f  th e  p o te n t ia l  d a n g e rs  

o f  a lc o h o l a b u s e , h e a l th  p ro fe s s io n a ls  a re  r e lu c ta n t  to  r e c o m m e n d  in c re a s e d  

a lc o h o l c o n s u m p tio n  to  th e ir  p a t ie n ts .  R e d  w in e  m a y  p ro v id e  

c a rd io p ro te c t iv e  b e n e f i ts  in  a d d i t io n  to  th o s e  r e s u l t in g  f ro m  its  a lc o h o l 

c o n te n t  ( fo r  e x a m p le , r e d  w in e  c o n ta in s  p h e n o l ic  c o m p o u n d s  th a t  in h ib i t  

l ip o p ro te in  o x id a tio n ; se e  p . 2 3 5 ) . [N o te : T h e s e  a n t io x id a n ts  a re  a lso  

p r e s e n t  in  r a is in s  a n d  g ra p e  ju ic e .]  F ig u re  2 7 .1 5  s u m m a r iz e s  th e  e f fe c ts  o f  

d ie ta ry  fa ts . [N o te : R e c e n t  s tu d ie s  ( in c lu d in g  m e ta -a n a ly s e s )  h a v e  r a is e d  

q u e s tio n s  c o n c e rn in g  th e  c u r re n t  g u id e lin e s  fo r  d ie ta ry  f a t  in  th e  p r e v e n t io n  

o f  C H D .]

F ig u re  2 7 .1 5  E f fe c ts  o f  d ie ta ry  fa ts . L D L  =  lo w -d e n s i ty  l ip o p ro te in ;  H D L  = 

h ig h -d e n s i ty  l ip o p ro te in ;  D H A  = d o c o s a h e x a e n o ic  a c id .

VI. DIETARY CARBOHYDRATES



T h e  p r im a ry  ro le  o f  d ie ta ry  c a rb o h y d ra te s  is  to  p ro v id e  e n e rg y . A l th o u g h  s e l f 

r e p o r te d  c a lo r ic  in ta k e  in  th e  U n ite d  S ta te s  p e a k e d  in  2 0 0 3  a n d  is  n o w  d e c l in in g , 

th e  in c id e n c e  o f  o b e s ity  h a s  d ra m a tic a l ly  in c re a s e d  (s e e  p . 3 4 9 ) . D u r in g  th is  

s a m e  p e r io d , c a rb o h y d ra te  c o n s u m p tio n  h a s  s ig n if ic a n t ly  in c r e a s e d  (a s  fa t  

c o n s u m p tio n  d e c re a s e d ) ,  le a d in g  s o m e  o b s e rv e r s  to  l in k  o b e s ity  w ith  

c a rb o h y d ra te  c o n s u m p tio n .  H o w e v e r ,  o b e s ity  h a s  a lso  b e e n  r e la te d  to  

in c re a s in g ly  in a c t iv e  l i f e s ty le s  a n d  to  c a lo r ie -d e n s e  fo o d s  s e rv e d  in  e x p a n d e d  

p o r t io n  s iz e . C a rb o h y d ra te s  a re  n o t  in h e re n t ly  fa t te n in g .

A. Classification
D ie ta ry  c a rb o h y d ra te s  a re  c la s s i f ie d  a s  s im p le  s u g a rs  (m o n o s a c c h a r id e s  a n d  

d is a c c h a r id e s ) ,  c o m p le x  s u g a rs  (p o ly s a c c h a r id e s ) ,  a n d  f ib e r .

1. M o n o s a c c h a r id e s :  G lu c o s e  a n d  f ru c to s e  a re  th e  p r in c ip a l

m o n o s a c c h a r id e s  fo u n d  in  fo o d . G lu c o s e  is  a b u n d a n t  in  f ru its ,  s w e e t  

c o rn , c o rn  sy ru p , a n d  h o n e y . F re e  f ru c to s e  is  fo u n d  to g e th e r  w i th  f re e  

g lu c o s e  in  h o n e y  a n d  f ru its  ( fo r  e x a m p le , a p p le s ) .  

a. H ig h - f ru c to s e  c o rn  sy ru p : H ig h - f ru c to s e  c o rn  s y ru p s  (H F C S )  a re  c o rn  

s y ru p s  th a t  h a v e  u n d e rg o n e  e n z y m a tic  p ro c e s s in g  to  c o n v e r t  th e ir  

g lu c o s e  in to  f ru c to s e  a n d  h a v e  th e n  b e e n  m ix e d  w ith  p u re  c o rn  s y ru p  

(1 0 0 %  g lu c o s e )  to  p ro d u c e  a  d e s ir e d  s w e e tn e s s .  In  th e  U n ite d  S ta te s , 

H F C S  5 5  (c o n ta in in g  5 5 %  f ru c to s e  a n d  4 2 %  g lu c o s e )  is  c o m m o n ly  

u s e d  a s  a  s u b s t i tu te  fo r  s u c ro s e  in  b e v e ra g e s ,  in c lu d in g  s o f t  d r in k s , 

w ith  H F C S  4 2  u s e d  in  p ro c e s s e d  fo o d s . T h e  c o m p o s i t io n  a n d  

m e ta b o l is m  o f  H F C S  a n d  s u c ro s e  a re  s im ila r ,  th e  m a jo r  d if fe re n c e  

b e in g  th a t  H F C S  is  in g e s te d  a s  a  m ix tu re  o f  m o n o s a c c h a r id e s  (F ig . 

2 7 .1 6 ). M o s t  s tu d ie s  h a v e  s h o w n  n o  s ig n if ic a n t  d if f e re n c e  b e tw e e n  

s u c ro s e  a n d  H F C S  m e a ls  in  e i th e r  p o s tp r a n d ia l  g lu c o s e  o r  in s u lin  

r e s p o n s e s .  [N o te : T h e  r is e  in  th e  u s e  o f  H F C S  p a ra l le ls  th e  r is e  in  

o b e s ity ,  b u t  a  c a u s a l  r e la t io n s h ip  h a s  n o t  b e e n  d e m o n s tra te d .]





F ig u re  2 7 .1 6  D ig e s t io n  o f  s u c ro s e  (A ) o r  h ig h - f ru c to s e  c o rn  s y ru p  (H F C S )  55  

(B ) le a d s  to  a b s o rp t io n  o f  g lu c o s e  p lu s  f ru c to s e .

2. D is a c c h a r id e s :  T h e  m o s t  a b u n d a n t  d is a c c h a r id e s  a re  s u c ro s e  (g lu c o s e  + 

f ru c to s e ) ,  la c to s e  (g lu c o s e  + g a la c to s e ) ,  a n d  m a lto s e  (g lu c o s e  + g lu c o se ) .  

S u c ro s e  is  o rd in a ry  ta b le  s u g a r  a n d  is  a b u n d a n t  in  m o la s s e s  a n d  m a p le  

sy ru p . L a c to s e  is  th e  p r in c ip a l  s u g a r  fo u n d  in  m ilk . M a lto s e  is  a  p ro d u c t  

o f  e n z y m ic  d ig e s t io n  o f  p o ly s a c c h a r id e s .  I t  is  a lso  fo u n d  in  s ig n if ic a n t  

q u a n ti t ie s  in  b e e r  a n d  m a l t  l iq u o rs .  T h e  te rm  “ s u g a r ” r e fe r s  to  

m o n o s a c c h a r id e s  a n d  d is a c c h a r id e s .  “A d d e d  s u g a r s ” a re  th o s e  s u g a rs  a n d  

s y ru p s  ( s u c h  a s  H F C S )  a d d e d  to  fo o d s  d u r in g  p ro c e s s in g  o r  p re p a ra tio n .

3. P o ly s a c c h a r id e s :  C o m p le x  c a rb o h y d ra te s  a re  p o ly s a c c h a r id e s  (m o s t  o f te n  

p o ly m e rs  o f  g lu c o s e )  th a t  d o  n o t  h a v e  a  s w e e t  ta s te . S ta rc h  is  a n  e x a m p le  

o f  a  c o m p le x  c a rb o h y d ra te  th a t  is  fo u n d  in  a b u n d a n c e  in  p la n ts .  C o m m o n  

s o u rc e s  in c lu d e  w h e a t  a n d  o th e r  g ra in s , p o ta to e s ,  d r ie d  p e a s  a n d  b e a n s  

( le g u m e s ) ,  a n d  v e g e ta b le s .

4 . F ib e r : D ie ta ry  f ib e r  is  d e f in e d  as  th e  n o n d ig e s t ib le ,  n o n s ta rc h  

c a rb o h y d ra te s  a n d  l ig n in  (a  n o n c a rb o h y d ra te  p o ly m e r  o f  a ro m a tic  

a lc o h o ls )  p r e s e n t  in ta c t  in  p la n ts .  S o lu b le  f ib e r  is  th e  e d ib le  p a r t  o f  p la n ts  

th a t  is  r e s is ta n t  to  d ig e s t io n  a n d  a b s o rp t io n  in  th e  h u m a n  s m a l l  in te s t in e  

b u t  is  c o m p le te ly  o r  p a r t ia l ly  f e rm e n te d  b y  b a c te r ia  to  s h o r t- c h a in  fa t ty  

a c id s  in  th e  la rg e  in te s t in e . In s o lu b le  f ib e r  p a s s e s  th ro u g h  th e  d ig e s t iv e  

t r a c k  la rg e ly  u n c h a n g e d .  D ie ta ry  f ib e r  p ro v id e s  l i t t le  e n e rg y  b u t  h a s  

s e v e ra l  b e n e f ic ia l  e f fe c ts . F ir s t ,  i t  a d d s  b u lk  to  th e  d ie t  (F ig . 2 7 .1 7 ). F ib e r  

c a n  a b s o rb  1 0 - 1 5  t im e s  its  o w n  w e ig h t  in  w a te r ,  d ra w in g  f lu id  in to  th e  

lu m e n  o f  th e  in te s t in e  a n d  in c re a s in g  b o w e l  m o t i l i ty  a n d  p ro m o tin g  

b o w e l  m o v e m e n ts  ( la x a tio n ) .  S o lu b le  f ib e r  d e la y s  g a s tr ic  e m p ty in g  a n d  

c a n  r e s u l t  in  a  s e n s a t io n  o f  fu lln e s s  ( s a tie ty ) .  T h is  d e la y e d  e m p ty in g  a lso  

r e s u lts  in  r e d u c e d  s p ik e s  in  b lo o d  g lu c o s e  fo l lo w in g  a  m e a l.  S e c o n d , 

c o n s u m p tio n  o f  s o lu b le  f ib e r  h a s  b e e n  s h o w n  to  lo w e r  L D L -C  le v e ls  b y  

in c re a s in g  f e c a l  b i le  a c id  e x c re t io n  a n d  in te r f e r in g  w ith  b i le  a c id  

r e a b s o rp t io n  (s e e  p . 2 2 5 ) . F o r  e x a m p le , d ie ts  r ic h  ( 2 5 - 5 0  g /d a y )  in  th e  

s o lu b le  f ib e r  o a t  b r a n  a re  a s s o c ia te d  w ith  a  m o d e s t ,  b u t  s ig n if ic a n t ,  

r e d u c t io n  in  r is k  fo r  C H D  b y  lo w e r in g  to ta l  c h o le s te ro l  a n d  L D L -C  

le v e ls . A ls o , f ib e r - r ic h  d ie ts  d e c re a s e  th e  r is k  fo r  c o n s tip a tio n , 

h e m o r rh o id s ,  a n d  d iv e r t ic u lo s is .  T h e  A I  fo r  d ie ta ry  f ib e r  is  2 5  g /d a y  fo r  

w o m e n  a n d  3 8  g /d a y  fo r  m e n . H o w e v e r ,  m o s t  A m e r ic a n  d ie ts  a re  fa r



lo w e r  in  f ib e r  a t  ~ 1 5  g /d a y . [N o te : “ F u n c t io n a l  f ib e r ” is  th e  te rm  u s e d  fo r  

is o la te d  f ib e r  th a t  h a s  p ro v e n  h e a l th  b e n e f i ts  s u c h  a s  c o m m e rc ia l ly  

a v a i la b le  f ib e r  s u p p le m e n ts .]



F ig u re  2 7 .1 7  A c tio n s  o f  d ie ta ry  f ib e r . [N o te : i n c r e a s i n g  b o w e l  m o t i l i ty  

d e c re a s e s  e x p o s u re  t im e  o f  th e  in te s t in e s  to  c a rc in o g e n s .]



B. Dietary carbohydrate and blood glucose
S o m e  c a rb o h y d ra te -c o n ta in in g  fo o d s  p ro d u c e  a  r a p id  r is e  fo l lo w e d  b y  a  

s te e p  fa l l  in  b lo o d  g lu c o s e  c o n c e n tra t io n ,  w h e re a s  o th e rs  r e s u l t  in  a  g ra d u a l  

r is e  fo l lo w e d  b y  a  s lo w  d e c l in e  (F ig . 2 7 .1 8 ). T h u s , th e y  d if fe r  in  th e ir  

g ly c e m ic  r e s p o n s e  (G R ). [N o te : F ib e r  b lu n ts  th e  G R .]  T h e  g ly c e m ic  in d e x  

(G I)  ra n k s  c a rb o h y d ra te - r ic h  fo o d s  o n  a  s c a le  o f  0 - 1 0 0  b a s e d  o n  th e  G R  

th e y  c a u s e  r e la t iv e  to  th e  G R  c a u s e d  b y  th e  s a m e  a m o u n t  (5 0  g ) o f  

c a rb o h y d ra te  e a te n  in  th e  fo rm  o f  w h ite  b r e a d  o r  g lu c o s e . A  lo w  G I is  < 5 5 , 

w h e re a s  a  h ig h  G I is  > 7 0 . E v id e n c e  s u g g e s ts  th a t  a  lo w -G I  d ie t  im p ro v e s  

g ly c e m ic  c o n tro l  in  d ia b e tic  in d iv id u a ls .  F o o d  w ith  a  lo w  G I te n d s  to  c re a te  

a  s e n s e  o f  s a t ie ty  o v e r  a  lo n g e r  p e r io d  o f  t im e  a n d  m a y  b e  h e lp fu l  in  

l im i t in g  c a lo r ic  in ta k e . [N o te : H o w  m u c h  a  ty p ic a l  s e rv in g  s iz e  o f  a  fo o d  

r a is e s  b lo o d  g lu c o s e  is  r e f e r r e d  to  a s  th e  g ly c e m ic  lo a d  (G L ). A  fo o d  (fo r  

e x a m p le , c a r ro ts )  c a n  h a v e  a  h ig h  G I a n d  a  lo w  G L .]



F ig u re  2 7 .1 8  B lo o d  g lu c o s e  c o n c e n tra t io n s  fo llo w in g  in g e s t io n  o f  fo o d  w ith  a  

lo w  o r  h ig h  g ly c e m ic  in d e x  (G I) . [N o te : T h e  G I is  d e f in e d  a s  th e  a re a  u n d e r  th e  

b lo o d  g lu c o s e  c u rv e .]

C. Carbohydrate requirements
C a rb o h y d ra te s  a re  n o t  e s s e n t ia l  n u tr ie n ts ,  b e c a u s e  th e  c a rb o n  s k e le to n s  o f  

m o s t  a m in o  a c id s  c a n  b e  c o n v e r te d  in to  g lu c o s e  (s e e  p . 2 6 1 ) . H o w e v e r ,  th e  

a b s e n c e  o f  d ie ta ry  c a rb o h y d ra te  le a d s  to  k e to g e n e s is  (s e e  p . 1 9 5 ) a n d  

d e g ra d a t io n  o f  b o d y  p ro te in  w h o s e  c o n s t i tu e n t  a m in o  a c id s  p ro v id e  c a rb o n  

s k e le to n s  fo r  g lu c o n e o g e n e s is  (s e e  p . 1 1 8 ). T h e  R D A  fo r  c a rb o h y d ra te  is  

s e t  a t  1 3 0  g /d a y  fo r  a d u l ts  a n d  c h i ld re n , b a s e d  o n  th e  a m o u n t  o f  g lu c o s e  

u s e d  b y  c a rb o h y d ra te -d e p e n d e n t  t is s u e s ,  s u c h  a s  th e  b r a in  a n d  e ry th ro c y te s .  

H o w e v e r ,  th is  le v e l  o f  in ta k e  is  u s u a lly  e x c e e d e d . A d u lts  s h o u ld  c o n s u m e  

4 5 % - 6 5 %  o f  th e ir  to ta l  c a lo r ie s  f ro m  c a rb o h y d ra te s .  I t  is  n o w  

re c o m m e n d e d  th a t  a d d e d  s u g a rs  r e p re s e n t  n o  m o re  th a n  1 0 %  o f  to ta l  e n e rg y  

in ta k e  b e c a u s e  o f  c o n c e rn s  th a t  th e y  m a y  d is p la c e  n u tr ie n t- r ic h  fo o d s  f ro m  

th e  d ie t. [N o te : A d d e d  s u g a rs  a re  a s s o c ia te d  w i th  in c re a s e d  b o d y  w e ig h t  

a n d  ty p e  2 d ia b e te s .]

D. Simple sugars and disease
T h e re  is  n o  d ir e c t  e v id e n c e  th a t  th e  c o n s u m p tio n  o f  s im p le  s u g a rs  n a tu ra lly  

p r e s e n t  in  fo o d  is  h a rm fu l .  C o n tra ry  to  fo lk lo re ,  d ie ts  h ig h  in  s u c ro s e  d o  n o t  

le a d  to  d ia b e te s  o r  h y p o g ly c e m ia .  A ls o  c o n tra ry  to  p o p u la r  b e l ie f ,  

c a rb o h y d ra te s  a re  n o t  in h e re n t ly  fa t te n in g . T h e y  y ie ld  4  k c a l /g  ( th e  s a m e  as  

p ro te in  a n d  le s s  th a n  o n e  h a l f  th a t  o f  fa t; s e e  F ig . 2 7 .5 ) a n d  r e s u l t  in  f a t  

s y n th e s is  o n ly  w h e n  c o n s u m e d  in  e x c e s s  o f  th e  b o d y ’s e n e rg y  n e e d s . 

H o w e v e r ,  th e re  is  a n  a s s o c ia t io n  b e tw e e n  s u c ro s e  c o n s u m p tio n  a n d  d e n ta l  

c a r ie s , p a r t ic u la r ly  in  th e  a b s e n c e  o f  f lu o r id e  t r e a tm e n t  (s e e  p . 4 0 5 ) .

VII. DIETARY PROTEIN

T h e  A M D R  fo r  p ro te in  is  1 0 % - 3 5 % . D ie ta ry  p ro te in  p ro v id e s  th e  e s s e n t ia l  

a m in o  a c id s  (s e e  F ig . 2 0 .2 , p . 2 6 2 ) . N in e  o f  th e  2 0  a m in o  a c id s  n e e d e d  fo r  th e



s y n th e s is  o f  b o d y  p ro te in s  a re  e s s e n t ia l  ( th a t  is , th e y  c a n n o t  b e  s y n th e s iz e d  in  

h u m a n s ) .

A. Protein quality
T h e  q u a l i ty  o f  a  d ie ta ry  p ro te in  is  a  m e a s u re  o f  its  a b i l i ty  to  p ro v id e  th e  

e s s e n t ia l  a m in o  a c id s  (E A A )  r e q u i re d  fo r  t i s s u e  m a in te n a n c e .  M o s t 

g o v e rn m e n t  a g e n c ie s  h a v e  a d o p te d  th e  P ro te in  D ig e s t ib i l i ty - C o r r e c te d  

A m in o  A c id  S c o re  (P D C A A S )  a s  th e  s ta n d a rd  b y  w h ic h  to  e v a lu a te  p ro te in  

q u a lity . P D C A A S  is  b a s e d  o n  th e  p ro f i le  o f  E A A  a f te r  c o r re c t in g  fo r  th e  

d ig e s t ib i l i ty  o f  th e  p ro te in .  T h e  h ig h e s t  p o s s ib le  s c o re  u n d e r  th e s e  

g u id e lin e s  is  1 .0 0 . T h is  a m in o  a c id  s c o re  p ro v id e s  a  m e th o d  to  b a la n c e  

in ta k e s  o f  p o o re r -q u a l i ty  p ro te in s  w ith  h ig h -q u a l i ty  d ie ta ry  p ro te in s .

1. P ro te in s  f ro m  a n im a l  s o u rc e s : P ro te in s  f ro m  a n im a l  s o u rc e s  (m e a t, 

p o u ltry ,  m ilk , a n d  f ish )  h a v e  a  h ig h  q u a l i ty  b e c a u s e  th e y  c o n ta in  a l l  th e  

E A A  in  p ro p o r t io n s  s im ila r  to  th o s e  r e q u ire d  fo r  s y n th e s is  o f  h u m a n  

t is s u e  p ro te in s  (F ig . 2 7 .1 9 ), a n d  th e y  a re  m o re  re a d i ly  d ig e s te d . [N o te : 

G e la t in  p r e p a re d  f ro m  a n im a l  c o l la g e n  is  a n  e x c e p tio n . I t  h a s  a  lo w  

b io lo g ic  v a lu e  a s  a  r e s u l t  o f  d e f ic ie n c ie s  in  s e v e ra l  E A A .]



Source

>

PDCAAS
value

Animal proteins
Egg 1.00
Milk protein 1.00
Beef/poultry/fish 0.82-0.92
Gelatin 0.08

Plant proteins
Soybean protein 1.00
Kidney beans 0.68
Whole wheat bread

-

0.40

F ig u re  2 7 .1 9  R e la t iv e  q u a l i ty  o f  s o m e  c o m m o n  d ie ta ry  p ro te in s .  P D C A A S  = 

P ro te in  D ig e s t ib i l i ty - C o r r e c te d  A m in o  A c id  S c o re .

2. P ro te in s  f ro m  p la n t  s o u rc e s : P la n t  p ro te in s  h a v e  a  lo w e r  q u a l i ty  th a n  d o  

a n im a l p ro te in s .  H o w e v e r ,  p ro te in s  f ro m  d if f e r e n t  p la n t  s o u rc e s  m a y  b e  

c o m b in e d  in  s u c h  a  w a y  th a t  th e  r e s u l t  is  e q u iv a le n t  in  n u tr i t io n a l  v a lu e  

to  a n im a l p ro te in .  F o r  e x a m p le , w h e a t  ( ly s in e  d e f ic ie n t  b u t  m e th io n in e  

r ic h )  m a y  b e  c o m b in e d  w ith  k id n e y  b e a n s  (m e th io n in e  p o o r  b u t  ly s in e  

r ic h )  to  p ro d u c e  a  h ig h e r  b io lo g ic  v a lu e  th a n  e i th e r  o f  th e  c o m p o n e n t  

p ro te in s  (F ig . 2 7 .2 0 ). [N o te : A n im a l  p ro te in s  c a n  a lso  c o m p le m e n t  th e  

b io lo g ic  v a lu e  o f  p la n t  p ro te in s .]



F ig u re  2 7 .2 0  C o m b in in g  tw o  in c o m p le te  p ro te in s  th a t  h a v e  c o m p le m e n ta ry  

a m in o  a c id  d e f ic ie n c ie s  r e s u lts  in  a  m ix tu re  w i th  a  h ig h e r  b io lo g ic  v a lu e .

B. Nitrogen balance
N itro g e n  b a la n c e  o c c u rs  w h e n  th e  a m o u n t  o f  n i t r o g e n  c o n s u m e d  e q u a ls  th a t  

o f  th e  n i t r o g e n  e x c re te d  in  th e  u r in e  (p r im a r ily  a s  u r in a ry  u re a  n i t ro g e n , o r  

U U N ) , s w e a t, a n d  fe c e s . M o s t  h e a l th y  a d u lts  a re  n o rm a lly  in  n it ro g e n



b a la n c e . [N o te : T h e re  is , o n  a v e ra g e , 1 g  n i t r o g e n  in  6 .2 5  g  p ro te in .]

1. P o s i t iv e  n i t r o g e n  b a la n c e :  T h is  o c c u rs  w h e n  n it ro g e n  in ta k e  e x c e e d s  

n it ro g e n  e x c re tio n . I t  is  o b s e rv e d  d u r in g  s i tu a t io n s  in  w h ic h  t i s s u e  g ro w th  

o c c u rs , fo r  e x a m p le , in  c h i ld h o o d , p re g n a n c y ,  o r  d u r in g  re c o v e ry  f ro m  a n  

e m a c ia t in g  i l ln e s s .

2. N e g a tiv e  n i t r o g e n  b a la n c e :  T h is  o c c u rs  w h e n  n i t r o g e n  lo s s  is  g re a te r  th a n  

n it ro g e n  in ta k e . I t  is  a s s o c ia te d  w i th  in a d e q u a te  d ie ta ry  p ro te in ;  la c k  o f  

a n  e s s e n t ia l  a m in o  a c id ; o r  d u r in g  p h y s io lo g ic  s tre s s e s ,  s u c h  as  tra u m a , 

b u rn s ,  i l ln e s s ,  o r  su rg e ry .

N itro g e n  (N ) b a la n c e  (g  N in -  g  N out) in  a  2 4 -h o u r  p e r io d  c a n  b e  

d e te rm in e d  b y  th e  fo rm u la , N  b a la n c e  = p ro te in  in ta k e  in  g /6 .2 5  -  (U U N  + 

4  g ), w h e re  4  g  a c c o u n ts  fo r  u r in a ry  lo s s  in  fo rm s  o th e r  th a n  U U N  p lu s  lo s s  

in  s k in  a n d  fe c e s .

C. Protein requirements
T h e  a m o u n t  o f  d ie ta ry  p ro te in  r e q u i re d  in  th e  d ie t  v a r ie s  w i th  its  b io lo g ic  

v a lu e . T h e  g re a te r  th e  p ro p o r t io n  o f  a n im a l  p ro te in  in  th e  d ie t, th e  le s s  

p ro te in  is  r e q u ire d . T h e  R D A  fo r  p ro te in  is  c o m p u te d  fo r  p ro te in s  o f  m ix e d  

b io lo g ic  v a lu e  a t  0 .8  g /k g  o f  b o d y  w e ig h t  fo r  a d u lts , o r  ~ 5 6  g  o f  p ro te in  fo r  

a  7 0 -k g  in d iv id u a l .  P e o p le  w h o  e x e rc is e  s t r e n u o u s ly  o n  a  r e g u la r  b a s is  m a y  

b e n e f i t  f ro m  e x tra  p ro te in  to  m a in ta in  m u s c le  m a s s , a n d  a  d a ily  in ta k e  o f  ~ 1  

g /k g  h a s  b e e n  r e c o m m e n d e d  fo r  a th le te s .  W o m e n  w h o  a re  p r e g n a n t  o r  

la c ta t in g  r e q u ire  u p  to  3 0  g /d a y  in  a d d i t io n  to  th e ir  b a s a l  r e q u ire m e n ts .  T o  

s u p p o r t  g ro w th , in fa n ts  s h o u ld  c o n s u m e  2 g /k g /d a y . [N o te : D is e a s e  s ta te s  

in f lu e n c e  p ro te in  n e e d s . P ro te in  r e s tr ic t io n  m a y  b e  n e e d e d  in  k id n e y  

d is e a se , w h e re a s  b u rn s  r e q u ire  in c r e a s e d  p ro te in  in ta k e .]

1. C o n s u m p tio n  o f  e x c e s s  p ro te in : T h e re  is  n o  p h y s io lo g ic  a d v a n ta g e  to  th e  

c o n s u m p tio n  o f  m o re  p ro te in  th a n  th e  R D A . P ro te in  c o n s u m e d  in  e x c e s s  

o f  th e  b o d y ’s n e e d s  is  d e a m in a te d ,  a n d  th e  re s u l t in g  c a rb o n  s k e le to n s  a re  

m e ta b o l iz e d  to  p ro v id e  e n e rg y  o r  a c e ty l  c o e n z y m e  A  fo r  fa t ty  a c id  

s y n th e s is .  W h e n  e x c e s s  p ro te in  is  e l im in a te d  f ro m  th e  b o d y  a s  u r in a ry  

n it ro g e n , i t  is  o f te n  a c c o m p a n ie d  b y  in c r e a s e d  u r in a ry  c a lc iu m , th e re b y  

in c re a s in g  th e  r is k  o f  n e p h ro l i th ia s is  (k id n e y  s to n e s )  a n d  o s te o p o ro s is .

2. T h e  p ro te in - s p a r in g  e f f e c t  o f  c a rb o h y d ra te s :  T h e  d ie ta ry  p ro te in



r e q u i re m e n t  is  in f lu e n c e d  b y  th e  c a rb o h y d ra te  c o n te n t  o f  th e  d ie t. W h e n  

th e  in ta k e  o f  c a rb o h y d ra te s  is  lo w , a m in o  a c id s  a re  d e a m in a te d  to  p ro v id e  

c a rb o n  s k e le to n s  fo r  th e  s y n th e s is  o f  g lu c o s e  th a t  is  n e e d e d  a s  a  fu e l  b y  

th e  c e n tra l  n e rv o u s  s y s te m . I f  c a rb o h y d ra te  in ta k e  is  < 1 3 0  g /d a y , 

s u b s ta n tia l  a m o u n ts  o f  p ro te in  a re  m e ta b o l iz e d  to  p ro v id e  p re c u r s o r s  fo r  

g lu c o n e o g e n e s is .  T h e re fo re ,  c a rb o h y d ra te  is  c o n s id e re d  to  b e  “ p ro te in 

s p a r in g ,” b e c a u s e  i t  a l lo w s  a m in o  a c id s  to  b e  u s e d  fo r  r e p a ir  a n d  

m a in te n a n c e  o f  t i s s u e  p ro te in  r a th e r  th a n  fo r  g lu c o n e o g e n e s is .

D. Protein-energy (calorie) malnutrition
In  d e v e lo p e d  c o u n tr ie s ,  p r o te in - e n e rg y  m a ln u tr i t io n  (P E M ), a lso  k n o w n  a s  

p ro te in -e n e rg y  u n d e rn u t r i t io n  (P E U ) , is  m o s t  c o m m o n ly  s e e n  in  p a t ie n ts  

w i th  m e d ic a l  c o n d i t io n s  th a t  d e c re a s e  a p p e t i te  o r  a l te r  h o w  n u tr ie n ts  a re  

d ig e s te d  o r  a b s o rb e d  o r in  h o s p i ta l iz e d  p a t ie n ts  w ith  m a jo r  t r a u m a  o r 

in fe c tio n s .  [N o te : S u c h  h ig h ly  c a ta b o lic  p a t ie n ts  f r e q u e n t ly  r e q u ire  

in t r a v e n o u s  (IV , o r  p a re n te ra l )  o r tu b e -b a s e d  (e n te ra l)  a d m in is tr a t io n  o f  

n u tr ie n ts .]  P E M  m a y  a lso  b e  s e e n  in  c h i ld re n  o r th e  e ld e r ly  w h o  a re  

m a ln o u r is h e d .  In  d e v e lo p in g  c o u n tr ie s ,  a n  in a d e q u a te  in ta k e  o f  p ro te in  

a n d /o r  c a lo r ie s  is  th e  p r im a ry  c a u s e  o f  P E M . A f fe c te d  in d iv id u a ls  s h o w  a  

v a r ie ty  o f  s y m p to m s , in c lu d in g  a  d e p re s s e d  im m u n e  s y s te m  w ith  a  re d u c e d  

a b i l i ty  to  r e s is t  in fe c tio n . D e a th  f ro m  s e c o n d a ry  in fe c t io n  is  c o m m o n . P E M  

is  a  s p e c tru m  o f  d e g re e s  o f  m a ln u tr i t io n ,  a n d  tw o  e x tre m e  fo rm s  a re  

k w a s h io rk o r  a n d  m a ra s m u s  (F ig . 2 7 .2 1 ). [N o te : M a ra s m ic  k w a s h io rk o r  h a s  

f e a tu re s  o f  b o th  fo rm s .]

F ig u re  2 7 .2 1  P h y s ic a l  f e a tu re s  o f  e x tre m e  p ro te in - e n e rg y  m a ln u tr i t io n  (P E M ) in  

c h i ld re n . [N o te : T h e  fa t ty  l iv e r  a n d  s k in  a n d  h a ir  c h a n g e s  o f  k w a s h io rk o r  a re  n o t  

s e e n  in  m a ra s m u s .]

1. K w a s h io rk o r :  K w a s h io rk o r  o c c u rs  w h e n  p ro te in  d e p r iv a t io n  is  r e la t iv e ly  

g re a te r  th a n  th e  r e d u c t io n  in  to ta l  c a lo r ie s .  P ro te in  d e p r iv a t io n  is



a s s o c ia te d  w ith  s e v e re ly  d e c re a s e d  s y n th e s is  o f  v is c e ra l  p ro te in .  

K w a s h io rk o r  is  c o m m o n ly  s e e n  in  d e v e lo p in g  c o u n tr ie s  in  c h i ld re n  a f te r  

w e a n in g  a t  a b o u t  a g e  1 y e a r ,  w h e n  th e ir  d ie t  c o n s is ts  p re d o m in a n t ly  o f  

c a rb o h y d ra te s .  T y p ic a l  s y m p to m s  in c lu d e  s tu n te d  g ro w th , s k in  le s io n s ,  

d e p ig m e n te d  h a ir ,  a n o re x ia ,  fa t ty  l iv e r , b i la te r a l  p it t in g  e d e m a , a n d  

d e c re a s e d  s e ru m  a lb u m in  c o n c e n tra t io n .  E d e m a  re s u l ts  f ro m  th e  la c k  o f  

a d e q u a te  b lo o d  p ro te in s ,  p r im a r i ly  a lb u m in , to  m a in ta in  th e  d is tr ib u t io n  

o f  w a te r  b e tw e e n  b lo o d  a n d  tis s u e s .  I t  m a y  m a s k  m u s c le  a n d  f a t  lo s s . 

T h e re fo re ,  c h ro n ic  m a ln u tr i t io n  is  r e f le c te d  in  th e  le v e l  o f  s e ru m  

a lb u m in . [N o te : B e c a u s e  c a lo r ic  in ta k e  f ro m  c a rb o h y d ra te s  m a y  b e  

a d e q u a te ,  in s u l in  le v e ls  s u p p re s s  l ip o ly s is  a n d  p ro te o ly s is .  K w a s h io rk o r  

is , th e re fo re ,  n o n a d a p te d  m a ln u tr i t io n .]

2. M a ra s m u s : M a ra s m u s  o c c u rs  w h e n  c a lo r ie  d e p r iv a t io n  is  r e la t iv e ly  

g re a te r  th a n  th e  r e d u c t io n  in  p ro te in .  I t  u s u a lly  o c c u rs  in  d e v e lo p in g  

c o u n tr ie s  in  c h i ld re n  y o u n g e r  th a n  a g e  1 y e a r  w h e n  b r e a s t  m i lk  is  

s u p p le m e n te d  o r  r e p la c e d  w ith  w a te ry  g ru e ls  o f  n a t iv e  c e re a ls  th a t  a re  

u s u a lly  d e f ic ie n t  in  b o th  p ro te in  a n d  c a lo r ie s .  T y p ic a l  s y m p to m s  in c lu d e  

a r re s te d  g ro w th , e x tre m e  m u s c le  w a s t in g  a n d  d e p le t io n  o f  s u b c u ta n e o u s  

fa t  ( e m a c ia tio n ) ,  w e a k n e s s ,  a n d  a n e m ia  (F ig . 2 7 .2 2 ). In d iv id u a ls  w ith  

m a ra s m u s  d o  n o t  s h o w  th e  e d e m a  o b s e rv e d  in  k w a s h io rk o r .  [N o te : 

R e fe e d in g  s e v e re ly  m a ln o u r is h e d  in d iv id u a ls  c a n  r e s u l t  in  

h y p o p h o s p h a te m ia  ( s e e  p . 4 0 0 ) , b e c a u s e  a n y  a v a i la b le  p h o s p h a te  is  u s e d  

to  p h o s p h o ry la te  c a rb o h y d ra te  in te rm e d ia te s .  M ilk  is  f r e q u e n t ly  g iv e n  

b e c a u s e  i t  is  r ic h  in  p h o s p h a te .]





F ig u re  2 7 .2 2  A . L is t le s s  c h i ld  w ith  k w a s h io rk o r .  N o te  th e  s w o l le n  b e l ly  a n d  

lo w e r  le g s . B . C h ild  s u f fe r in g  w ith  m a ra s m u s .

C a c h e x ia ,  a  w a s t in g  d is o rd e r  c h a ra c te r iz e d  b y  lo s s  o f  a p p e t i te  a n d  m u s c le  

a t ro p h y  (w ith  o r  w i th o u t  in c re a s e d  lip o ly s is )  th a t  c a n n o t  b e  r e v e r s e d  b y  

c o n v e n t io n a l  n u tr i t io n a l  s u p p o r t,  is  s e e n  w i th  a  n u m b e r  o f  c h ro n ic  d is e a se s ,  

s u c h  a s  c a n c e r  a n d  c h ro n ic  p u lm o n a ry  a n d  r e n a l  d is e a se . I t  is  a s s o c ia te d  

w ith  d e c re a s e d  t r e a tm e n t  to le ra n c e  a n d  r e s p o n s e  a n d  d e c re a s e d  s u rv iv a l  

tim e .

VIII. NUTRITION TOOLS

A  s e t  o f  to o ls  h a s  b e e n  d e v e lo p e d  th a t  g iv e s  c o n s u m e rs  in fo rm a tio n  a b o u t  w h a t  

(a n d  h o w  m u c h )  th e y  s h o u ld  e a t  a s  w e l l  a s  th e  n u tr i t io n a l  c o n te n t  o f  th e  fo o d s  

th e y  d o  e a t. A d d i t io n a l  to o ls  a l lo w  m e d ic a l  p ro fe s s io n a ls  to  a s s e s s  w h e th e r  o r  

n o t  th e  n u tr i t io n a l  n e e d s  o f  a n  in d iv id u a l  a re  b e in g  m e t.

A. MyPlate
M y P la te  w a s  d e s ig n e d  b y  th e  U .S . D e p a r tm e n t  o f  A g r ic u l tu r e  (U S D A ) to  

g ra p h ic a lly  i l lu s tr a te  its  r e c o m m e n d a tio n s  as  to  w h a t  fo o d  g ro u p s  a n d  h o w  

m u c h  o f  e a c h  s h o u ld  b e  c o n s u m e d  d a ily . In  M y P la te ,  th e  r e la t iv e  a m o u n ts  

o f  e a c h  o f  f iv e  fo o d  g ro u p s  (v e g e ta b le s ,  g ra in s , p ro te in ,  f ru it , a n d  d a iry )  a re  

r e p re s e n te d  b y  th e  r e la t iv e  s iz e  o f  th e ir  s e c t io n  o n  th e  p la te  (F ig . 2 7 .2 3 ). 

T h e  n u m b e r  o f  s e rv in g s  d e p e n d s  o n  v a r ia b le s  th a t  in c lu d e  a g e  a n d  sex . 

[N o te : M y P la te  r e p la c e d  M y P y ra m id  in  2 0 1 1 .]



MyPlate
F ig u re  2 7 .2 3  M y P la te .

B. Nutrition facts label
M o s t ty p e s  o f  p a c k a g e d  g o o d s  a re  re q u ire d  to  h a v e  a  N u tr i t io n  F a c ts  la b e l, 

o r  “ fo o d  la b e l” (F ig . 2 7 .2 4 ), th a t  in c lu d e s  th e  s iz e  o f  a  s in g le  s e rv in g , th e  

C a l i t  p ro v id e s ,  a n d  th e  n u m b e r  o f  s e rv in g s  p e r  c o n ta in e r .  In  a d d i tio n , a  

p e r c e n t  d a i ly  v a lu e  (% D V )  is  s h o w n  fo r  m o s t  n u tr ie n ts  lis te d . [N o te : T h e  

% D V  is  b a s e d  o n  a  2 ,0 0 0 -C a l  d ie t  fo r  h e a l th y  a d u lts .]



Nutrition Facts
Serving Size 1 cup (228 g)
Servings Per Container about 2

Amount Per Serving

Calories 250 Calories from Fat 110

%  Daily Value*

Total Fat 12 g 18%

Saturated Fat 3 g 15%

Trans Fat 3 g

Cholesterol 30 mg 10%
Sodium 470 mg 20%

Total Carbohydrate 31 g 10%

Dietary Fiber 0 g 0%

Sugars 5g 

Proteins 5 g

Vitamin A 4%

Vitamin C 2%

Calcium 20%

Iron 4%

* Percent Daily Values are based on a 2,000 calorie diet. 
Your Daily Values may be higher or lower depending on 
your calorie needs:

Calories: 2,000 2,500

Total Fat Less than 65 g 80 g
Saturated Fat Less than 20 g 25 g

Cholesterol Less than 300 mg 300 mg
Sodium Less than 2,400 mg 2,400 mg
Total Carbohydrate 300 g 375 g

Dietary Fiber 25 g 30 g



F ig u re  2 7 .2 4  N u tr i t io n  F a c ts  la b e l  ( fo o d  la b e l) .

1. P e rc e n t  d a i ly  v a lu e : T h e  % D V  c o m p a re s  th e  a m o u n t  o f  a  g iv e n  n u tr ie n t  

in  a  s in g le  s e rv in g  o f  a  p ro d u c t  to  th e  r e c o m m e n d e d  d a i ly  in ta k e  fo r  th a t  

n u tr ie n t .  F o r  e x a m p le , th e  % D V  fo r  th e  m ic ro n u tr ie n ts  lis te d , a s  w e ll  as  

fo r  to ta l  c a rb o h y d ra te s  a n d  f ib e r , a re  b a s e d  o n  th e ir  r e c o m m e n d e d  

m in im u m  d a i ly  in ta k e . T h u s , i f  th e  la b e l  l is ts  2 0 %  fo r  c a lc iu m , o n e  

s e rv in g  p ro v id e s  2 0 %  o f  th e  m in im u m  re c o m m e n d e d  a m o u n t  o f  c a lc iu m  

n e e d e d  e a c h  d a y . In  c o n tra s t ,  th e  % D V  fo r  s a tu ra te d  fa t, c h o le s te ro l ,  a n d  

s o d iu m  a re  b a s e d  o n  th e ir  r e c o m m e n d e d  m a x im u m  d a i ly  in ta k e , a n d  th e  

% D V  re f le c ts  w h a t  p e rc e n ta g e  o f  th is  m a x im u m  a  s e rv in g  p ro v id e s .  

T h e re  is  n o  % D V  fo r  p ro te in  b e c a u s e  th e  r e c o m m e n d e d  in ta k e  d e p e n d s  

o n  b o d y  w e ig h t  (s e e  p . 3 6 7 ) . [N o te : “ S u g a r s ” r e p re s e n ts  m o n o -  a n d  

d is a c c h a r id e s .  T h e  r e m a in d e r  o f  th e  c a rb o h y d ra te  ( to ta l  c a rb o h y d ra te  -  

[ f ib e r  + s u g a rs ] )  is  th e  o lig o -  a n d  p o ly s a c c h a r id e s .]

2. P ro p o s e d  r e v is io n s : In  2 0 1 4 , th e  U S D A  p r o p o s e d  th e  fo llo w in g  c h a n g e s  

to  th e  N u tr i t io n  F a c ts  la b e l  fo r  im p le m e n ta t io n  b y  2 0 1 8 : A d d e d  s u g a rs , 

v i ta m in  D , a n d  p o ta s s iu m  a re  to  b e  in c lu d e d ; v i ta m in s  A  a n d  C , to ta l  fa t, 

a n d  C a l f ro m  f a t  a re  to  b e  r e m o v e d ; a n d  s e rv in g  s iz e  is  to  b e  a d ju s te d  to  

r e f le c t  th e  a m o u n ts  p e o p le  a re  n o w  c o n s u m in g . A d d it io n a l ly ,  d e s ig n  

c h a n g e s  to  h ig h l ig h t  k e y  p a r ts  o f  th e  la b e l  w e re  p ro p o s e d  (F ig . 2 7 .2 5 ). 

[N o te : T h e  p ro p o s e d  a d d i t io n / r e m o v a l  o f  c e r ta in  m ic ro n u tr ie n ts  is  b a s e d  

o n  n e w e r  d a ta  o n  th e  r is k  fo r  u n d e r in g e s t io n .]



Nutrition Facts
8  s e rv in g s  p e r c o n ta in e r
Serving size 2/3 cup (55 g)

Amount per 2/3 cup

C a lo r ie s 230
% DV*

12% T o ta l F a t 8 g

5% Saturated Fat 1 g
T ra n s  Fat 0 g

0% C h o le s te ro l Omg

7% S o d iu m  160 mg
12% T o ta l C a rb s  37 g
14% Dietary Fiber 4 g

Sugars 1 g
Added Sugars Og

P ro te in  3 g

10% Vitamin D 2meg

20% Calcium 260 mg

45% Iron 8 mg
5% Potassium 235 mg

Footnote on Daily Values (DV) and calories 
reference to be inserted here.



F ig u re  2 7 .2 5  N u tr i t io n  F a c ts  la b e l  s h o w in g  c h a n g e s  p ro p o s e d  in  2 0 1 4  fo r  

im p le m e n ta t io n  b y  2 0 1 8 .

C. Nutrition assessment
N u tr i t io n  a s s e s s m e n t  e v a lu a te s  n u tr i t io n a l  s ta tu s  b a s e d  o n  c l in ic a l  

in fo rm a tio n .  I t  in c lu d e s  (b u t  is  n o t  l im i te d  to )  d ie ta ry  h is to ry , 

a n th ro p o m e tr ic  m e a s u re s ,  a n d  la b o ra to ry  d a ta . [N o te : A s s e s s m e n t  f in d in g s  

m a y  r e s u l t  in  m e d ic a l  n u tr i t io n  th e ra p y , w h ic h  is  th e  t r e a tm e n t  o f  m e d ic a l  

c o n d i t io n s  th ro u g h  c h a n g e s  in  d ie t  ( fo r  e x a m p le , r e p la c e m e n t  o f  lo n g -c h a in  

T A G  w ith  m e d iu m -c h a in  T A G  in  m a la b s o rp t io n  d is o rd e rs )  a n d /o r  th e  

m e th o d  o f  in ta k e  ( fo r  e x a m p le , e n te ra l  [ tu b e ]  o r  p a r e n te r a l  [IV ] fe e d in g ) .]

1. D ie ta ry  h is to ry : T h is  is  a  r e c o rd  o f  fo o d  in ta k e  o v e r  a  p e r io d  o f  tim e . F o r  

a  fo o d  d ia ry , th e  s p e c if ic  ty p e s  a n d  e x a c t  a m o u n ts  o f  fo o d  e a te n  a re  

re c o rd e d  in  “ re a l  t im e ” (a s  s o o n  as  p o s s ib le  a f te r  e a t in g )  fo r  a  p e r io d  o f  

3 - 7  d a y s . R e tro s p e c t iv e  a p p ro a c h e s  in c lu d e  a  fo o d  f re q u e n c y  

q u e s t io n n a ire  ( fo r  e x a m p le , w h a t  f ru its  w e re  e a te n  a n d  h o w  o f te n  th e y  

w e re  e a te n  in  a  ty p ic a l  d a y , w e e k , o r  m o n th )  a n d  a  2 4 -h o u r  r e c a l l  o f  th e  

s p e c if ic  fo o d s  a n d  th e  a m o u n ts  e a te n  in  th e  la s t  2 4  h o u rs .

2. A n th ro p o m e tr ic  m e a s u re s :  T h e s e  a re  p h y s ic a l  m e a s u re s  o f  th e  b o d y . 

T h e y  in c lu d e  (b u t  a re  n o t  l im i te d  to )  w e ig h t ,  h e ig h t ,  b o d y  m a s s  in d e x  (a n  

in d ic a to r  o f  o b e s ity ,  s e e  p . 3 4 9 ) , s k in - fo ld  th ic k n e s s  (a n  in d ic a to r  o f  

s u b c u ta n e o u s  fa t) , a n d  w a is t  c i r c u m fe re n c e  (a n  in d ic a to r  o f  a b d o m in a l  

fa t, s e e  p . 3 4 9 ) . [N o te : Id e a l  b o d y  w e ig h t  c a n  b e  c a lc u la te d  u s in g  th e  

H a m w i m e th o d : 1 0 6  lb  ( fo r  m a le s )  o r  1 0 0  lb  ( fo r  fe m a le s )  fo r  th e  f i r s t  5 

f t  o f  h e ig h t  + 5 lb  fo r  e v e ry  in c h  o v e r  5 ft, w ith  a n  a d ju s tm e n t  o f  - 1 0 %  

fo r  a  s m a l l  f ra m e  a n d  + 1 0 %  fo r  a  la rg e  o n e .]

3. L a b o ra to ry  d a ta : T h e s e  a re  o b ta in e d  b y  te s ts  p e r fo rm e d  o n  b o d y  f lu id s , 

t is s u e s ,  a n d  w a s te .  T h e y  c a n  in c lu d e  p la s m a  L D L -C  ( fo r  c a rd io v a s c u la r  

r is k ) , f e c a l  f a t  ( fo r  m a la b s o rp t io n ) ,  r e d  c e l l  in d ic e s  ( fo r  v i ta m in  

d e f ic ie n c ie s ) ,  a n d  N  b a la n c e  a n d  s e ru m  p ro te in s  ( s u c h  a s  a lb u m in  a n d  

tr a n s th y re t in  [p re a lb u m in ] )  fo r  p r o te in - e n e r g y  s ta tu s . [N o te : T h e s e  

p ro te in s  a re  m a d e  in  th e  l iv e r  a n d  t r a n s p o r t  m o le c u le s  s u c h  a s  fa t ty  a c id s  

a n d  th y ro x in e  (se e  p . 4 0 6 )  th ro u g h  b lo o d . L o w  a lb u m in  le v e ls  c o r re la te  

w ith  in c re a s e d  m o rb id i ty  a n d  m o r ta l i ty  in  h o s p i ta l iz e d  p a t ie n ts .  T h e  s h o r t  

h a l f - l i f e  ( 2 - 3  d a y s )  o f  t r a n s th y re t in  a s  c o m p a re d  to  th a t  o f  a lb u m in  (2 0



d a y s )  h a s  le d  to  its  u s e  in  m o n i to r in g  th e  p ro g re s s  o f  h o s p i ta l iz e d  

p a t ie n ts .]

N u tr i t io n a l  in s u f f ic ie n c y  c a n  b e  th e  r e s u l t  o f  in a d e q u a te  n u tr ie n t  in ta k e  

(c a u s e d , fo r  e x a m p le , b y  a n  in a b i l i ty  to  e a t, lo s s  o f  a p p e tite , o r  d e c re a s e d  

a v a i la b i l i ty ) ,  in a d e q u a te  a b s o rp tio n , d e c re a s e d  u t i l iz a t io n , in c re a s e d  

e x c re tio n , o r  in c re a s e d  re q u ire m e n ts .

IX. NUTRITION AND THE LIFE STAGES

M a c ro n u tr ie n t  e n e rg y  s o u rc e s , m ic ro n u tr ie n ts ,  E F A , a n d  E A A  a re  re q u ire d  a t 

e v e ry  l i f e  s ta g e . A d d it io n a l ly ,  e a c h  s ta g e  h a s  s p e c if ic  n u tr i t io n  n e e d s .

A. Infancy, childhood, and adolescence
T h e  r a p id  g ro w th  a n d  d e v e lo p m e n t  in  in fa n c y  (b ir th  to  a g e  1 y e a r )  a n d  

c h i ld h o o d  (a g e  1 y e a r  to  a d o le s c e n c e )  n e c e s s i ta te  h ig h e r  e n e rg y  a n d  p ro te in  

n e e d s  r e la t iv e  to  b o d y  s iz e  th a n  a re  r e q u ire d  in  s u b s e q u e n t  l i f e  s ta g e s . In  

a d o le s c e n c e , th e  m a rk e d  in c re a s e s  in  h e ig h t  a n d  w e ig h t  th a t  o c c u r  in c re a s e  

n u tr i t io n a l  n e e d s . G ro w th  c h a r ts  (F ig . 2 7 .2 6 ) a re  u s e d  to  c o m p a re  an  

in d iv id u a l ’s s ta tu re  (h e ig h t)  a n d /o r  w e ig h t  to  th e  e x p e c te d  v a lu e s  fo r  o th e rs  

o f  th e  s a m e  a g e  (< 2 0  y e a r s )  a n d  se x . T h e y  a re  b a s e d  o n  d a ta  f ro m  la rg e  

n u m b e rs  o f  n o rm a l  in d iv id u a ls  o v e r  t im e . [N o te : D e v ia t io n s  f ro m  th e  

e x p e c te d  g ro w th  c u rv e , a s  r e f le c te d  in  th e  c ro s s in g  o f  tw o  o r  m o re  

p e rc e n t i le  l in e s , r a is e  c o n c e rn .]



F ig u re  2 7 .2 6  C lin ic a l  g ro w th  c h a r t  o f  s ta tu re - fo r -a g e  fo r  b o y s  a g e  2 - 5  y e a rs  

f ro m  th e  C e n te r s  fo r  D is e a s e  C o n tro l  a n d  P re v e n t io n  (C D C ) (se e  

h t tp s : / /w w w .c d c .g o v /g ro w th c h a r ts / ). C h a r ts  fo r  g ir ls  a re  p in k .

1. In fa n ts : Id e a l  in f a n t  n u tr i t io n  is  b a s e d  o n  h u m a n  b r e a s t  m i lk  b e c a u s e  i t  

p ro v id e s  c a lo r ie s  a n d  m o s t  m ic ro n u tr ie n ts  in  a m o u n ts  a p p ro p r ia te  fo r  th e  

h u m a n  in fa n t.  C a rb o h y d ra te s ,  p ro te in ,  a n d  f a t  a re  p r e s e n t  in  a  7 :3 :1  ra t io . 

[N o te : In  a d d i t io n  to  th e  d is a c c h a r id e  la c to s e , h u m a n  m i lk  c o n ta in s  

n e a r ly  2 0 0  u n iq u e  o lig o s a c c h a r id e s .  A b o u t  9 0 %  o f  th e  m ic ro b io ta  ( th e  

p o p u la t io n  o f  m ic ro b e s )  in  th e  b r e a s t - f e d  in f a n t ’s in te s t in e  is  r e p re s e n te d  

b y  o n e  ty p e , B if id o b a c te r iu m  in fa n tis ,  w h ic h  e x p re s s e s  a l l  th e  e n z y m e s  

n e e d e d  to  d e g ra d e  th e s e  c o m p le x  s u g a rs . T h e  s u g a rs ,  in  tu rn , a c t  as 

p re b io t ic s  th a t  s u p p o r t  th e  g ro w th  o f  B . in fa n tis ,  a  p ro b io t ic  (h e lp fu l  

b a c te r ia ) .]  B re a s t  m i lk  is  lo w  in  v i ta m in  D , h o w e v e r ,  a n d  e x c lu s iv e ly  

b r e a s t- f e d  b a b ie s  r e q u ire  v i ta m in  D  s u p p le m e n ta tio n .  [N o te : H u m a n  m ilk  

p ro v id e s  a n t ib o d ie s  a n d  o th e r  p ro te in s  th a t  r e d u c e  th e  r is k  o f  in fe c tio n .]
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T h e  m ic ro b io ta  in  a n d  o n  th e  h u m a n  b o d y  p lu s  th e ir  g e n o m e s  a re  r e fe r re d  

to  as  th e  m ic ro b io m e . I t  is  a c q u ire d  a t  b ir th  f ro m  th e  e n v i ro n m e n t  a n d  

c h a n g e s  w i th  th e  l i f e  s ta g e s . T h e  g u t  m ic ro b io m e  in f lu e n c e s  h o s t  n u tr i t io n  

b y  fa c i l i ta t in g  p ro c e s s in g  o f  fo o d  c o n s u m e d  a n d  is  i t s e l f  in f lu e n c e d  b y  th a t  

fo o d . I ts  r e la t io n s h ip  w ith  u n d e rn u tr i t io n ,  o b e s ity ,  a n d  d ia b e te s  is  u n d e r  

in v e s t ig a t io n .

2. C h ild re n : A s  w ith  in fa n ts ,  c h i ld re n  h a v e  in c r e a s e d  n e e d  fo r  c a lo r ie s  a n d  

n u tr ie n ts .  T h e  p r im a ry  c o n c e rn s  in  th is  s ta g e , h o w e v e r ,  a re  d e f ic ie n c ie s  

o f  iro n  a n d  c a lc iu m .

3. A d o le s c e n ts :  In  th e  te e n  y e a rs ,  th e  in c re a s e s  in  h e ig h t  a n d  w e ig h t  

in c re a s e  th e  n e e d  fo r  c a lo r ie s ,  p ro te in ,  c a lc iu m , iro n , a n d  p h o s p h o ru s .  

E a tin g  p a t te rn s  in  th is  s ta g e  c a n  r e s u l t  in  o v e rc o n s u m p tio n  o f  fa t, s o d iu m , 

a n d  s u g a r  a n d  u n d e rc o n s u m p t io n  o f  v i ta m in  A , th ia m in e , a n d  fo lic  a c id . 

[N o te : E a tin g  d is o rd e r s  a n d  o b e s ity  a re  c o n c e rn s  in  th is  a g e  g ro u p .]

B. Adulthood
O v e rn u tr i t io n  is  a  c o n c e rn  in  y o u n g  a d u lts , w h e re a s  m a ln u tr i t io n  is  a

c o n c e rn  in  o ld e r  a d u lts .

1. Y o u n g  a d u lts : N u tr i t io n  in  y o u n g  a d u lts  fo c u s e s  o n  th e  m a in te n a n c e  o f  

g o o d  h e a l th  a n d  th e  p re v e n t io n  o f  d is e a se . T h e  g o a l  is  a  d ie t  r ic h  in  p la n t-  

b a s e d  fo o d s  (w ith  a  fo c u s  o n  f ib e r  a n d  w h o le  g ra in s ) , l im i te d  in ta k e  o f  

s a tu ra te d  f a t  a n d  tra n s  fa t ty  a c id s , a n d  b a la n c e d  in ta k e  o f  « - 3  a n d  « - 6  

P U F A .

2. P r e g n a n t  o r  la c ta t in g  w o m e n : T h e  r e q u ire m e n ts  fo r  c a lo r ie s ,  p ro te in ,  a n d  

v ir tu a l ly  a l l  m ic ro n u tr ie n ts  in c re a s e  in  p re g n a n c y  a n d  la c ta t io n . 

S u p p le m e n ta t io n  w i th  fo lic  a c id  ( to  p r e v e n t  n e u ra l  tu b e  d e fe c ts  [s e e  p . 

3 7 9 ]) , v i ta m in  D , c a lc iu m , iro n , io d in e , a n d  D H A  is  ty p ic a l ly  

r e c o m m e n d e d .

3. O ld e r  a d u lts : A g in g  in c re a s e s  th e  r is k  o f  m a ln u tr i t io n .  D e c re a s e d  a p p e t i te  

r e s u lt in g  f ro m  a  r e d u c e d  s e n s e  o f  ta s te  (d y s g e u s ia )  a n d  s m e l l  (h y p o s m ia )  

d e c re a s e s  n u tr ie n t  in ta k e . [N o te : P h y s ic a l  l im i ta t io n s ,  in c lu d in g  p ro b le m s  

w ith  d e n t i t io n , a n d  p s y c h o s o c ia l  f a c to rs ,  s u c h  a s  is o la t io n , m a y  a lso  p la y  

a  ro le  in  r e d u c e d  in ta k e .]  In a d e q u a te  in ta k e  o f  p ro te in ,  c a lc iu m , a n d  

v i ta m in s  D  a n d  B 12 is  c o m m o n . B 12 d e f ic ie n c y  c a n  r e s u l t  f ro m  d e c re a s e d



a b s o rp t io n  c a u s e d  b y  a c h lo rh y d r ia  ( r e d u c e d  s to m a c h  a c id , s e e  p . 3 8 1 ). In  

a g in g , le a n  m u s c le  m a s s  d e c re a s e s  a n d  f a t  in c re a s e s ,  r e s u l t in g  in  

d e c re a s e d  R M R . [N o te : D r u g - n u t r ie n t  in te ra c t io n s  c a n  o c c u r  a t  a n y  li f e  

s ta g e  b u t  a re  m o re  c o m m o n  as  th e  n u m b e r  o f  m e d ic a t io n s  in c re a s e s  a s  in  

a g in g .]

M onoam ine oxidase  in h ib i to r s  (M A O I) ,  u s e d  to  t r e a t  d e p re s s io n  (s e e  p . 

2 8 7 )  a n d  e a r ly  P a rk in s o n  d is e a se , c a n  in te r a c t  w i th  ty ra m in e -c o n ta in in g  

fo o d s . T y ra m in e  is  a  m o n o a m in e  d e r iv e d  f ro m  th e  d e c a rb o x y la t io n  o f  

ty ro s in e  d u r in g  th e  c u r in g , a g in g , o r  f e rm e n ta t io n  o f  fo o d  (F ig . 2 7 .2 7 ). I t  

c a u s e s  th e  r e le a s e  o f  n o re p in e p h r in e ,  in c re a s in g  b lo o d  p re s s u re  a n d  h e a r t  

ra te . P a tie n ts  w h o  ta k e  a n  M A O I  a n d  c o n s u m e  s u c h  fo o d s  a re  a t  r i s k  fo r  a  

h y p e r te n s iv e  c r is is .

F ig u re  2 7 .2 7  D e c a rb o x y la t io n  o f  ty ro s in e  to  ty ra m in e . C O 2 = c a rb o n  

d io x id e .



X. CHAPTER SUMMARY

T h e  D ie ta ry  R e fe re n c e  In ta k e s  (D R I)  p ro v id e  e s t im a te s  o f  th e  a m o u n ts  o f  

n u tr ie n ts  r e q u ire d  to  p r e v e n t  d e f ic ie n c ie s  a n d  m a in ta in  o p t im a l  h e a l th  a n d  

g ro w th . T h e y  c o n s is t  o f  th e  E s t im a te d  A v e ra g e  R e q u i r e m e n t  (E A R ) , th e  

a v e ra g e  d a i ly  n u tr ie n t  in ta k e  le v e l  e s t im a te d  to  m e e t  th e  r e q u i re m e n t  o f  

5 0 %  o f  th e  h e a l th y  in d iv id u a ls  in  a  p a r t ic u la r  l i f e  s ta g e  (a g e )  a n d  g e n d e r  

g ro u p ; th e  R e c o m m e n d e d  D ie ta ry  A llo w a n c e  (R D A ), th e  a v e ra g e  d a ily  

d ie ta ry  in ta k e  le v e l  th a t  is  s u f f ic ie n t  to  m e e t  th e  n u tr ie n t  r e q u ire m e n ts  o f  

n e a r ly  a l l  ( 9 7 % - 9 8 % )  in d iv id u a ls  in  a  l i f e  s ta g e  a n d  g e n d e r  g ro u p ; th e  

A d e q u a te  In ta k e  (A I) , w h ic h  is  s e t  in s te a d  o f  a n  R D A  if  s u f f ic ie n t  s c ie n tif ic  

e v id e n c e  is  n o t  a v a i la b le  to  c a lc u la te  th e  R D A ; a n d  th e  T o le ra b le  U p p e r  

In ta k e  L e v e l  (U L ) , th e  h ig h e s t  a v e ra g e  d a i ly  n u tr ie n t  in ta k e  le v e l  th a t  is  

l ik e ly  to  p o s e  n o  r is k  o f  a d v e r s e  h e a l th  e f fe c ts  to  a lm o s t  a l l  in d iv id u a ls  in  

th e  g e n e ra l  p o p u la tio n . T h e  e n e rg y  g e n e ra te d  b y  th e  m e ta b o l is m  o f  th e  

m a c ro n u tr ie n ts  (9  k c a l /g  o f  f a t  a n d  4  k c a l /g  o f  p ro te in  o r  c a rb o h y d ra te )  is  

u s e d  fo r  th re e  e n e rg y - re q u ir in g  p ro c e s s e s  th a t  o c c u r  in  th e  b o d y : re s t in g  

m e ta b o l ic  ra te , p h y s ic a l  a c t iv i ty ,  a n d  th e  th e rm ic  e f f e c t  o f  fo o d . A c c e p ta b le  

M a c ro n u tr ie n t  D is tr ib u t io n  R a n g e s  (A M D R )  a re  d e f in e d  a s  th e  r a n g e s  o f  

in ta k e  fo r  a  p a r t ic u la r  m a c ro n u tr ie n t  th a t  a re  a s s o c ia te d  w ith  r e d u c e d  r is k  o f  

c h ro n ic  d is e a s e  w h ile  p ro v id in g  a d e q u a te  a m o u n ts  o f  e s s e n t ia l  n u tr ie n ts .  

A d u lts  s h o u ld  c o n s u m e  4 5 % - 6 5 %  o f  th e ir  to ta l  c a lo r ie s  f ro m  

c a rb o h y d ra te s ,  2 0 % - 3 5 %  f ro m  fa t, a n d  1 0 % - 3 5 %  f ro m  p ro te in  (F ig . 

2 7 .2 8 ). E le v a te d  le v e ls  o f  c h o le s te ro l  in  lo w -d e n s i ty  l ip o p ro te in s  (L D L -C )  

r e s u l t  in  in c re a s e d  r is k  fo r  c o ro n a ry  h e a r t  d is e a s e  (C H D ). In  c o n tra s t ,  

e le v a te d  le v e ls  o f  c h o le s te ro l  in  h ig h -d e n s i ty  l ip o p ro te in s  (H D L -C )  h a v e  

b e e n  a s s o c ia te d  w i th  a  d e c re a s e d  r is k  fo r  C H D . D ie ta ry  o r  d ru g  t r e a tm e n t  

o f  h y p e rc h o le s te ro le m ia  is  e f f e c tiv e  in  d e c re a s in g  L D L -C , in c re a s in g  H D L 

C , a n d  re d u c in g  th e  r is k  fo r  C H D . C o n s u m p tio n  o f  s a tu ra te d  fa ts  is  s t ro n g ly  

a s s o c ia te d  w ith  h ig h  le v e ls  o f  to ta l  p la s m a  a n d  L D L -C . W h e n  s u b s t i tu te d  

fo r  s a tu ra te d  fa t ty  a c id s  in  th e  d ie t, m o n o u n s a tu r a te d  fa ts  lo w e r  b o th  to ta l  

p la s m a  c h o le s te ro l  a n d  L D L -C  b u t  m a in ta in  o r  in c re a s e  H D L -C . 

C o n s u m p tio n  o f  fa ts  c o n ta in in g  w -6  p o ly u n s a tu r a te d  fa t ty  a c id s  lo w e rs  

p la s m a  L D L -C , b u t  H D L -C , w h ic h  p ro te c ts  a g a in s t  C H D , is  a lso  lo w e re d . 

D ie ta ry  w -3  p o ly u n s a tu r a te d  fa ts  s u p p re s s  c a rd ia c  a r rh y th m ia s  a n d  r e d u c e



p la s m a  t r ia c y lg ly c e ro ls ,  d e c re a s e  th e  te n d e n c y  fo r  th ro m b o s is ,  a n d  

s u b s ta n t ia l ly  r e d u c e  th e  r is k  o f  c a rd io v a s c u la r  m o r ta l i ty .  C a rb o h y d ra te s  

p ro v id e  e n e rg y  a n d  f ib e r  to  th e  d ie t. W h e n  th e y  a re  c o n s u m e d  as  p a r t  o f  a  

d ie t  in  w h ic h  c a lo r ic  in ta k e  is  e q u a l  to  e n e rg y  e x p e n d itu re ,  th e y  d o  n o t  

p ro m o te  o b e s ity .  D ie ta ry  p ro te in  p ro v id e s  e s s e n t ia l  a m in o  a c id s . P ro te in  

q u a l i ty  is  a  m e a s u re  o f  its  a b i l i ty  to  p ro v id e  th e  e s s e n t ia l  a m in o  a c id s  

re q u ire d  fo r  t i s s u e  m a in te n a n c e .  P ro te in s  f ro m  a n im a l  s o u rc e s ,  in  g e n e ra l,  

h a v e  a  h ig h e r -q u a l i ty  p ro te in  th a n  th a t  d e r iv e d  f ro m  p la n ts .  H o w e v e r ,  

p ro te in s  f ro m  d if f e r e n t  p la n t  s o u rc e s  m a y  b e  c o m b in e d  in  s u c h  a  w a y  th a t  

th e  r e s u l t  is  e q u iv a le n t  in  n u tr i t io n a l  v a lu e  to  a n im a l  p ro te in .  P o s i t iv e  

n i t ro g e n  (N ) b a la n c e  o c c u rs  w h e n  N  in ta k e  e x c e e d s  N  e x c re tio n . I t  is  

o b s e rv e d  in  s itu a tio n s  in  w h ic h  t i s s u e  g ro w th  o c c u rs ,  fo r  e x a m p le , in  

c h i ld h o o d , p re g n a n c y ,  o r  d u r in g  re c o v e ry  f ro m  a n  e m a c ia t in g  i l ln e s s . 

N e g a tiv e  N  b a la n c e  o c c u rs  w h e n  N  lo s s e s  a re  g re a te r  th a n  N  in ta k e . I t  is  

a s s o c ia te d  w ith  in a d e q u a te  d ie ta ry  p ro te in ;  la c k  o f  a n  e s s e n t ia l  a m in o  a c id ; 

o r  d u r in g  p h y s io lo g ic  s t re s s e s  s u c h  as  tr a u m a , b u rn s ,  i l ln e s s ,  o r  s u rg e ry . 

K w a s h io rk o r  o c c u rs  w h e n  p ro te in  d e p r iv a t io n  is  r e la t iv e ly  g re a te r  th a n  th e  

r e d u c t io n  in  to ta l  c a lo r ie s .  I t  is  c h a ra c te r iz e d  b y  e d e m a . M a ra s m u s  o c c u rs  

w h e n  c a lo r ie  d e p r iv a t io n  is  r e la t iv e ly  g re a te r  th a n  th e  r e d u c t io n  in  p ro te in .  

N o  e d e m a  is  s e e n . B o th  a re  e x tre m e  fo rm s  o f  p ro te in -e n e rg y  m a ln u tr i t io n  

(P E M ). N u tr i t io n  F a c ts  la b e ls  g iv e  c o n s u m e rs  in fo rm a tio n  a b o u t  th e  

n u tr i t io n a l  c o n te n t  o f  p a c k a g e d  fo o d s . M e d ic a l  a s s e s s m e n t  o f  n u tr i t io n a l  

s ta tu s  in c lu d e s  d ie ta ry  h is to ry , a n th ro p o m e tr ic  m e a s u re s ,  a n d  la b o ra to ry  

d a ta . E a c h  li f e  s ta g e  h a s  s p e c if ic  n u tr i t io n  n e e d s . G ro w th  c h a r ts  a re  u s e d  to  

m o n i to r  th e  g ro w th  p a t te rn  o f  a n  in d iv id u a l  f ro m  b ir th  th ro u g h  a d o le s c e n c e . 

D r u g - n u t r ie n t  in te ra c t io n s  a re  o f  c o n c e rn , e s p e c ia l ly  in  o ld e r  a d u lts .



F ig u re  2 7 .2 8  K e y  c o n c e p t  m a p  fo r  th e  m a c ro n u tr ie n ts .  [N o te : * T ra n s  fa t ty  a c id s  

a re  c h e m ic a lly  c la s s i f ie d  a s  u n s a tu ra te d .]  P E M  =  p ro te in - e n e rg y  m a ln u tr i t io n ;  

L D L  =  lo w -d e n s i ty  l ip o p ro te in ;  C  =  c h o le s te ro l.



Study Questions

Choose th e  O N E  b e s t  a n s w e r .

7 .1 . F o r  th e  c h i ld  s h o w n  a t  r ig h t ,  w h ic h  o f  th e  s ta te m e n ts  w o u ld  s u p p o r t  a  

d ia g n o s is  o f  k w a s h io rk o r?  T h e  c h ild :

A . a p p e a rs  p lu m p  d u e  to  in c re a s e d  d e p o s i t io n  o f  f a t  in  a d ip o s e  t is s u e .

B . d is p la y s  a b d o m in a l  a n d  p e r ip h e ra l  e d e m a .

C . h a s  a  s e ru m  a lb u m in  le v e l  a b o v e  n o rm a l.

D . h a s  m a rk e d ly  d e c re a s e d  w e ig h t  fo r  h e ig h t.

T h e  c o r re c t  a n s w e r  = B . K w a s h io rk o r  is  c a u s e d  b y  in a d e q u a te  p ro te in  in ta k e  in  

th e  p r e s e n c e  o f  fa ir  to  g o o d  e n e rg y  (c a lo r ie )  in ta k e . T y p ic a l  f in d in g s  in  a



p a t ie n t  w ith  k w a s h io rk o r  in c lu d e  a b d o m in a l  a n d  p e r ip h e ra l  e d e m a  (n o te  th e  

s w o l le n  b e l ly  a n d  le g s )  c a u s e d  la rg e ly  b y  a  d e c re a s e d  s e ru m  a lb u m in  

c o n c e n tra t io n . B o d y  f a t  s to re s  a re  d e p le te d , b u t  w e ig h t  fo r  h e ig h t  c a n  b e  

n o rm a l  b e c a u s e  o f  e d e m a . T re a tm e n t  in c lu d e s  a  d ie t  a d e q u a te  in  c a lo r ie s  a n d  

p ro te in .

7 .2 . W h ic h  o n e  o f  th e  fo l lo w in g  s ta te m e n ts  c o n c e rn in g  d ie ta ry  fa t  is  c o r re c t?

A . C o c o n u t  o il  is  r ic h  in  m o n o u n s a tu r a te d  fa ts , a n d  o liv e  o il  is  r ic h  in  

s a tu ra te d  fa ts .

B . F a tty  a c id s  c o n ta in in g  tra n s  d o u b le  b o n d s , u n lik e  th e  n a tu ra lly  

o c c u r r in g  c is  is o m e rs ,  r a is e  h ig h -d e n s i ty  l ip o p ro te in  c h o le s te ro l  le v e ls .

C . T h e  p o ly u n s a tu r a te d  fa t ty  a c id s  l in o le ic  a n d  l in o le n ic  a c id s  a re  re q u ire d  

c o m p o n e n ts .

D . T r ia c y lg ly c e ro ls  o b ta in e d  f ro m  p la n ts  g e n e ra lly  c o n ta in  le s s  

u n s a tu ra te d  fa t ty  a c id s  th a n  d o  th o s e  f ro m  a n im a ls .

C o r r e c t  a n s w e r  = C . H u m a n s  a re  u n a b le  to  m a k e  l in o le ic  a n d  l in o le n ic  fa t ty  

a c id s . C o n s e q u e n t ly ,  th e s e  fa t ty  a c id s  a re  e s s e n t ia l  in  th e  d ie t. C o c o n u t  o il  is  

r ic h  in  s a tu ra te d  fa ts , a n d  o liv e  o il  is  r ic h  in  m o n o u n s a tu r a te d  fa ts . T ra n s  fa t ty  

a c id s  r a is e  p la s m a  le v e ls  o f  lo w -d e n s i ty  l ip o p ro te in  c h o le s te ro l ,  n o t  h ig h -  

d e n s ity  l ip o p ro te in  c h o le s te ro l .  T r ia c y lg ly c e ro ls  o b ta in e d  f ro m  p la n ts  g e n e ra lly  

c o n ta in  m o re  u n s a tu r a te d  fa t ty  a c id s  th a n  d o  th o s e  f ro m  a n im a ls .

7 .3 . G iv e n  th e  in fo rm a tio n  th a t  a  7 0 -k g  m a n  is  c o n s u m in g  a  d a i ly  a v e ra g e  o f  

2 7 5  g  o f  c a rb o h y d ra te ,  7 5  g  o f  p ro te in ,  a n d  6 5  g  o f  fa t, w h ic h  o n e  o f  th e  

fo llo w in g  c o n c lu s io n s  c a n  re a s o n a b ly  b e  d ra w n ?

A . A b o u t  2 0 %  o f  c a lo r ie s  a re  d e r iv e d  f ro m  fa ts .

B . T h e  d ie t  c o n ta in s  a  s u f f ic ie n t  a m o u n t  o f  f ib e r .

C . T h e  in d iv id u a l  is  in  n i t r o g e n  b a la n c e .

D . T h e  p ro p o r t io n s  o f  c a rb o h y d ra te ,  p ro te in ,  a n d  f a t  in  th e  d ie t  c o n fo rm  to  

c u r r e n t  r e c o m m e n d a tio n s .

E . T h e  to ta l  e n e rg y  in ta k e  p e r  d a y  is  a b o u t  3 ,0 0 0  k c a l.

C o r r e c t  a n s w e r  = D . T h e  to ta l  e n e rg y  in ta k e  is  (2 7 5  g  c a rb o h y d ra te  x 4  k c a l /g )  

+ (7 5  g  p ro te in  x 4 k c a l /g )  + (6 5  g  fa t  x 9  k c a l /g )  = 1 ,1 0 0  + 3 0 0  + 5 8 5  = 1 ,9 8 5  

to ta l  k c a l /d a y . T h e  p e rc e n ta g e  o f  c a lo r ie s  d e r iv e d  f ro m  c a rb o h y d ra te  is



1 ,1 0 0 /1 ,9 8 5  = 55 , f ro m  p ro te in  is  3 0 0 /1 ,9 8 5  = 15 , a n d  f ro m  f a t  is  5 8 5 /1 ,9 8 5  = 

3 0 . T h e s e  a re  v e ry  c lo se  to  c u r r e n t  r e c o m m e n d a tio n s .  T h e  a m o u n t  o f  f ib e r  o r  

n i t ro g e n  b a la n c e  c a n n o t  b e  d e d u c e d  f ro m  th e  d a ta  p re s e n te d . I f  th e  p ro te in  is  o f  

lo w  b io lo g ic  v a lu e , a  n e g a t iv e  n i t r o g e n  b a la n c e  is  p o s s ib le .

7 .6 . In  c h ro n ic  b ro n c h i t is ,  e x c e s s iv e  m u c u s  p r o d u c t io n  c a u s e s  a irw a y  

o b s tru c t io n  th a t  r e s u lts  in  h y p o x e m ia  ( lo w  b lo o d  o x y g e n  le v e l) ,  im p a ire d  

e x p ira t io n , a n d  h y p e rc a p n ia  ( c a rb o n  d io x id e  r e te n tio n ) .  W h y  m ig h t  a  h ig h -  

fa t, lo w -c a rb o h y d ra te  d ie t  b e  r e c o m m e n d e d  fo r  a  p a t ie n t  w i th  c h ro n ic  

o b s tru c t iv e  p u lm o n a ry  d is e a s e  c a u s e d  b y  c h ro n ic  b ro n c h i t is ?

A . F a t  c o n ta in s  m o re  o x y g e n  a to m s  re la t iv e  to  c a rb o n  o r  h y d ro g e n  a to m s  

th a n  d o  c a rb o h y d ra te s .

B . F a t  is  c a lo r ic a l ly  le s s  d e n s e  th a n  c a rb o h y d ra te s .

C . F a t  m e ta b o l is m  g e n e ra te s  le s s  c a rb o n  d io x id e .

D . T h e  r e s p ir a to ry  q u o tie n t  (R Q ) fo r  f a t  is  h ig h e r  th a n  th e  R Q  fo r  

c a rb o h y d ra te s .

C o r r e c t  a n s w e r  = C . A  t r e a tm e n t  g o a l  fo r  th e  c h ro n ic  o b s tru c t iv e  p u lm o n a ry  

d is e a s e  (C O P D )  c a u s e d  b y  a c u te  b ro n c h i t is  is  to  in s u re  a p p ro p r ia te  n u tr i t io n  

w i th o u t  in c re a s in g  th e  re s p ir a to ry  q u o tie n t  (R Q ), w h ic h  is  th e  ra t io  o f  c a rb o n  

d io x id e  (C O 2) p ro d u c e d  to  o x y g e n  c o n s u m e d , th e re b y  m in im iz in g  th e  

p ro d u c t io n  o f  C O 2. L e s s  C O 2 is  p ro d u c e d  f ro m  th e  m e ta b o l is m  o f  f a t  (R Q  = 

0 .7 )  th a n  f ro m  th e  c a ta b o lis m  o f  c a rb o h y d ra te  (R Q  = 1 .0 ) . F a t  c o n ta in s  f e w e r  

o x y g e n  a to m s . F a t  is  c a lo r ic a l ly  d e n s e r  th a n  is  c a rb o h y d ra te .  [N o te : R Q  is  

d e te rm in e d  b y  in d i r e c t  c a lo r im e try .]

7 .7 . A  3 2 -y e a r -o ld  m a n  w h o  w a s  re s c u e d  f ro m  a  h o u s e  f ire  w a s  a d m it te d  to  th e  

h o s p i ta l  w i th  b u rn s  o v e r  4 5 %  o f  h is  b o d y  ( s e v e re  b u rn s ) .  T h e  m a n  w e ig h s  

1 5 4  lb  (7 0  k g )  a n d  is  72  in  (1 8 3  c m ) ta ll .  W h ic h  o n e  o f  th e  fo llo w in g  is  th e  

b e s t  r a p id  e s t im a te  o f  th e  im m e d ia te  d a ily  c a lo r ic  n e e d s  o f  th is  p a t ie n t?

A . 1 ,3 4 5  k c a l

B . 1 ,6 8 0  k c a l

C . 2 ,6 9 0  k c a l

D . 3 ,3 6 0  k c a l

C o r r e c t  a n s w e r  = D . A  c o m m o n ly  u s e d  ro u g h  e s t im a te  o f  th e  to ta l  e n e rg y



e x p e n d i tu re  (T E E )  fo r  m e n  is  1 k c a l/1  k g  b o d y  w e ig h t /2 4  h o u rs . [N o te : I t  is  0 .8  

k c a l  fo r  w o m e n .]  F o r  th is  p a t ie n t ,  th a t  v a lu e  is  1 ,6 8 0  k c a l  (1  k c a l /k g /h o u r  x 2 4  

h o u rs  x 7 0  k g ) . In  a d d i tio n , a n  in ju ry  fa c to r  o f  2 fo r  s e v e re  b u rn s  m u s t  b e  

in c lu d e d  in  th e  c a lc u la t io n :  1 ,6 8 0  k c a l  x 2 = 3 ,3 6 0  k c a l.

7 .8 . W h ic h  o n e  o f  th e  fo llo w in g  is  th e  b e s t  a d v ic e  to  g iv e  a  p a t ie n t  w h o  a sk s  

a b o u t  th e  n o ta t io n  “ % D V ” (p e rc e n t  d a i ly  v a lu e )  o n  th e  N u tr i t io n  F a c ts  

la b e l?

A . A c h ie v e  1 0 0 %  d a i ly  v a lu e  fo r  e a c h  n u tr ie n t  e a c h  d ay .

B . S e le c t  fo o d s  th a t  h a v e  th e  h ig h e s t  p e r c e n t  d a ily  v a lu e  fo r  a l l  n u tr ie n ts .

C . S e le c t  fo o d s  w i th  a  lo w  p e rc e n t  d a i ly  v a lu e  fo r  th e  m ic ro n u tr ie n ts .

D . S e le c t  fo o d s  w ith  a  lo w  p e rc e n t  d a i ly  v a lu e  fo r  s a tu ra te d  fa t.

C o r r e c t  a n s w e r  = D . T h e  p e rc e n t  d a i ly  v a lu e  (% D V )  c o m p a re s  th e  a m o u n t  o f  a  

g iv e n  n u tr ie n t  in  a  s in g le  s e rv in g  o f  a  p r o d u c t  to  th e  r e c o m m e n d e d  d a i ly  in ta k e  

fo r  th a t  n u tr ie n t .  T h e  % D V  fo r  th e  m ic ro n u tr ie n ts  l i s te d  o n  th e  la b e l, a s  w e l l  as 

fo r  to ta l  c a rb o h y d ra te s  a n d  f ib e r , a re  b a s e d  o n  th e ir  r e c o m m e n d e d  m in im u m  

d a i ly  in ta k e , w h e re a s  th e  % D V  fo r  s a tu ra te d  fa t, c h o le s te ro l ,  a n d  s o d iu m  a re  

b a s e d  o n  th e ir  r e c o m m e n d e d  m a x im u m  d a i ly  in ta k e .

F o r  Q u e s tio n s  2 7 .7  a n d  2 7 .8 , u s e  th e  fo llo w in g  c a se .

A  s e d e n ta ry  5 0 -y e a r -o ld  m a n  w e ig h in g  1 7 6  lb  (8 0  k g )  r e q u e s ts  a  p h y s ic a l .  H e  

d e n ie s  a n y  h e a l th  p ro b le m s . R o u tin e  b lo o d  a n a ly s is  is  u n re m a rk a b le  e x c e p t  fo r  

p la s m a  to ta l  c h o le s te ro l  o f  2 9 5  m g /d l.  (R e fe re n c e  v a lu e  is  < 2 0 0  m g .)  T h e  m a n  

re fu s e s  d ru g  th e ra p y  fo r  h is  h y p e rc h o le s te ro le m ia .  A n a ly s is  o f  a  1 -d a y  d ie ta ry  

r e c a l l  s h o w e d  th e  fo llo w in g :

Kilocalories
Protein
Carbohydrate
Fiber

3,475 kcal 
1 0 2  g 
383 g

e g

Cholesterol 822 mg
Saturated fat 69 g
Total fat 165 g

7 .4 . D e c re a s in g  w h ic h  o n e  o f  th e  fo llo w in g  d ie ta ry  c o m p o n e n ts  w o u ld  h a v e  th e  

g re a te s t  e f f e c t  in  lo w e r in g  th e  p a t ie n t ’s p la s m a  c h o le s te ro l?

A . C a rb o h y d ra te s

B . C h o le s te ro l



C . F ib e r

D . M o n o u n s a tu r a te d  fa t

E . P o ly u n s a tu r a te d  fa t

F . S a tu ra te d  f a t

C o r r e c t  a n s w e r  = F . T h e  in ta k e  o f  s a tu ra te d  f a t  m o s t  s tro n g ly  in f lu e n c e s  

p la s m a  c h o le s te ro l  in  th is  d ie t. T h e  p a t ie n t  is  c o n s u m in g  a  h ig h -c a lo r ie ,  h ig h -  

f a t  d ie t  w ith  4 2 %  o f  th e  f a t  a s  s a tu ra te d  fa t. T h e  m o s t  im p o r ta n t  d ie ta ry  

r e c o m m e n d a tio n s  a re  to  lo w e r  to ta l  c a lo r ic  in ta k e , s u b s t i tu te  m o n o u n s a tu r a te d  

a n d  p o ly u n s a tu r a te d  fa ts  fo r  s a tu ra te d  fa ts , a n d  in c re a s e  d ie ta ry  f ib e r . A  

d e c re a s e  in  d ie ta ry  c h o le s te ro l  w o u ld  b e  h e lp fu l  b u t  is  n o t  a  p r im a ry  o b je c tiv e .

7 .5 . W h a t  in fo rm a tio n  w o u ld  b e  n e c e s s a ry  to  e s t im a te  th e  p a t ie n t ’s to ta l  e n e rg y  

e x p e n d i tu re ?

T h e  d a i ly  b a s a l  e n e rg y  e x p e n d i tu re  ( e s t im a te d  re s t in g  m e ta b o l ic  r a te /h o u r  x 2 4  

h o u rs )  a n d  a  p h y s ic a l  a c t iv i ty  r a t io  (P A R )  b a s e d  o n  th e  ty p e  a n d  d u ra t io n  o f  

p h y s ic a l  a c t iv i t ie s  a re  n e e d e d  v a r ia b le s .  A n  a d d i t io n a l  1 0 %  w o u ld  b e  a d d e d  to  

a c c o u n t  fo r  th e  th e rm ic  e f f e c t  o f  fo o d . N o te  th a t  if  th e  p a t ie n t  w e re  

h o s p ita l iz e d , a n  in ju ry  fa c to r  (IF )  w o u ld  b e  in c lu d e d  in  th e  c a lc u la t io n , a n d  th e  

P A R  w o u ld  b e  m o d if ie d . T a b le s  o f  P A R  a n d  IF  a re  a v a i la b le .
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Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

V ita m in s  a re  c h e m ic a l ly  u n re la te d  o rg a n ic  c o m p o u n d s  th a t  c a n n o t  b e  

s y n th e s iz e d  in  a d e q u a te  q u a n t i t ie s  b y  h u m a n s  a n d , th e re fo re ,  m u s t  b e  s u p p lie d  

b y  th e  d ie t. N in e  v i ta m in s  ( fo lic  a c id , c o b a la m in , a s c o rb ic  a c id , p y r id o x in e , 

th ia m in e , n ia c in , r ib o f la v in ,  b io t in ,  a n d  p a n to th e n ic  a c id )  a re  c la s s i f ie d  as  w a te r  

so lu b le .  B e c a u s e  th e y  a re  r e a d i ly  e x c re te d  in  th e  u r in e , to x ic i ty  is  ra re . H o w e v e r ,  

d e f ic ie n c ie s  c a n  o c c u r  q u ic k ly . F o u r  v i ta m in s  (A , D , K , a n d  E ) a re  te rm e d  fa t  

s o lu b le  (F ig . 2 8 .1 ). T h e y  a re  r e le a s e d , a b s o rb e d , a n d  tr a n s p o r te d  (in  

c h y lo m ic ro n s , s e e  p . 2 2 7 )  w ith  d ie ta ry  fa t. T h e y  a re  n o t  re a d i ly  e x c re te d , a n d  

s ig n if ic a n t  q u a n t i t ie s  a re  s to re d  in  th e  l iv e r  a n d  a d ip o s e  t is s u e . In  fa c t, 

c o n s u m p tio n  o f  v i ta m in s  A  a n d  D  in  e x c e s s  o f  th e  D ie ta ry  R e fe re n c e  In ta k e s  

( s e e  C h a p te r  2 7 ) c a n  le a d  to  a c c u m u la t io n  o f  to x ic  q u a n t i t ie s  o f  th e se  

c o m p o u n d s . V ita m in s  a re  r e q u ire d  to  p e r fo rm  s p e c if ic  c e l lu la r  fu n c t io n s .  F o r  

e x a m p le , m a n y  o f  th e  w a te r - s o lu b le  v i ta m in s  a re  p re c u r s o r s  o f  c o e n z y m e s  fo r  

th e  e n z y m e s  o f  in te rm e d ia ry  m e ta b o l is m . In  c o n t r a s t  to  th e  w a te r - s o lu b le  

v ita m in s , o n ly  o n e  fa t - s o lu b le  v i ta m in  (v ita m in  K ) h a s  a  c o e n z y m e  fu n c t io n .



F ig u re  2 8 .1  C la s s if ic a t io n  o f  th e  v i ta m in s . B e c a u s e  th e y  a re  r e q u i re d  in  le s s e r  

a m o u n ts  th a n  th e  m a c ro n u tr ie n ts  ( c a rb o h y d ra te ,  p ro te in ,  a n d  lip id ) ,  v i ta m in s  a re  

te rm e d  m ic ro n u tr ie n ts .

II. FOLIC ACID (VITAMIN B9)

F o lic  a c id  (o r , fo la te ) ,  w h ic h  p la y s  a  k e y  ro le  in  o n e -c a rb o n  m e ta b o l is m , is  

e s s e n tia l  fo r  th e  b io s y n th e s is  o f  s e v e ra l  c o m p o u n d s . F o lic  a c id  d e f ic ie n c y  is  

p ro b a b ly  th e  m o s t  c o m m o n  v i ta m in  d e f ic ie n c y  in  th e  U n ite d  S ta te s , p a r t ic u la r ly  

a m o n g  p r e g n a n t  w o m e n  a n d  in d iv id u a ls  w i th  a lc o h o lis m . [N o te : L e a fy , d a rk -  

g re e n  v e g e ta b le s  a re  a  g o o d  s o u rc e  o f  fo lic  a c id .]

A. Function
T e tra h y d ro fo la te  (T H F ) , th e  re d u c e d , c o e n z y m e  fo rm  o f  fo la te ,  r e c e iv e s  

o n e -c a rb o n  f ra g m e n ts  f ro m  d o n o rs  s u c h  a s  s e r in e , g ly c in e , a n d  h is t id in e  a n d  

t r a n s fe r s  th e m  to  in te rm e d ia te s  in  th e  s y n th e s is  o f  a m in o  a c id s , p u r in e  

n u c le o tid e s ,  a n d  th y m id in e  m o n o p h o s p h a te  (T M P ) , a  p y r im id in e  n u c le o tid e  

in c o rp o ra te d  in to  D N A  (F ig . 2 8 .2 ).



Dihydrofolate 
reductase >

Dihydrofolate 
reductase >

Purine nucleotide
NADP synthesisNADPH + H NADPNADPH + H

Thymidine
as N5, N10-methylene THF monophosphate

^.Dihydrofolic y  synthesis andTetrahydrofolicDiet Folic acid
acid serine synthesisacid (THF)

from glycinea s / y s
7>eth

y iT H p
MethionineMethotrexate Methotrexate synthesis from
homocysteine

Dihydrofolate reductase is competitively inhibited by
methotrexate, a folic acid analogue used to treat
psoriasis, rheumatoid arthritis, and neoplastic diseases.

F ig u re  2 8 .3  C la s s if ic a t io n  o f  n u tr i t io n a l  a n e m ia s  b y  r e d  c e ll  s iz e . T h e  n o rm a l 

m e a n  c o rp u s c u la r  v o lu m e  (M C V ) fo r  p e o p le  o ld e r  th a n  a g e  18  y e a r s  is  8 0 - 1 0 0  

|im 3. [N o te : M ic ro c y t ic  a n e m ia  is  a lso  s e e n  w i th  h e a v y  m e ta l  ( fo r  e x a m p le , le a d )  

p o is o n in g .]

B. Nutritional anemias
A n e m ia  is  a  c o n d i t io n  in  w h ic h  th e  b lo o d  h a s  a  lo w e r  th a n  n o rm a l 

c o n c e n tra t io n  o f  h e m o g lo b in ,  w h ic h  r e s u l ts  in  a  r e d u c e d  a b i l i ty  to  tr a n s p o r t  

o x y g e n  (O 2). N u tr i t io n a l  a n e m ia s  ( th a t  is , th o s e  c a u s e d  b y  in a d e q u a te  in ta k e  

o f  o n e  o r  m o re  e s s e n tia l  n u tr ie n ts )  c a n  b e  c la s s i f ie d  a c c o rd in g  to  th e  s iz e  o f  

th e  r e d  b lo o d  c e l ls  (R B C ) , o r  m e a n  c o rp u s c u la r  v o lu m e  (M C V ), o b s e rv e d  

in  th e  b lo o d  (F ig . 2 8 .3 ). M ic ro c y t ic  a n e m ia  (M C V  b e lo w  n o rm a l) ,  c a u s e d  

b y  la c k  o f  iro n , is  th e  m o s t  c o m m o n  fo rm  o f  n u tr i t io n a l  a n e m ia . T h e  s e c o n d  

m a jo r  c a te g o ry  o f  n u tr i t io n a l  a n e m ia , m a c ro c y tic  (M C V  a b o v e  n o rm a l) ,  

re s u lts  f ro m  a  d e f ic ie n c y  in  fo lic  a c id  o r  v i ta m in  B 12. [N o te : T h e s e  

m a c ro c y tic  a n e m ia s  a re  c o m m o n ly  c a l le d  m e g a lo b la s t ic  b e c a u s e  a  

d e f ic ie n c y  o f  e i th e r  v i ta m in  (o r  b o th )  c a u s e s  a c c u m u la t io n  o f  la rg e , 

im m a tu re  R B C  p re c u r s o r s ,  k n o w n  a s  m e g a lo b la s ts ,  in  th e  b o n e  m a r ro w  a n d  

th e  b lo o d  (F ig . 2 8 .4 ). H y p e r s e g m e n te d  n e u tro p h ils  a re  a lso  se e n .]



NUTRITIONAL
ANEMIAS-_____________________________________________________________ ✓

/ \
MICROCYTIC (MCV <80)*--------------------------------- -1

-  Deficiency in iron

-  Deficiency in pyridoxine 

L Deficiency in ascorbate

NORMOCYTIC (MCV = 80-100)^ ^  1
L Protein-energy malnutrition

/ N

MACROCYTIC (MCV >100)

-  Deficiency in vitamin B12 

L Deficiency in folate



F ig u re  2 8 .2  P ro d u c t io n  a n d  u s e  o f  te tr a h y d ro fo la te .  N A D P (H )  = n ic o t in a m id e  

a d e n in e  d in u c le o t id e  p h o s p h a te .

1. F o la te  a n d  a n e m ia : I n a d e q u a te  s e ru m  le v e ls  o f  fo la te  c a n  b e  c a u s e d  b y  

in c re a s e d  d e m a n d  ( fo r  e x a m p le , p re g n a n c y  a n d  la c ta t io n ;  s e e  p . 3 7 2 ), 

p o o r  a b s o rp t io n  c a u s e d  b y  p a th o lo g y  o f  th e  s m a l l  in te s t in e , a lc o h o lism , 

o r  t r e a tm e n t  w ith  d ru g s  ( fo r  e x a m p le , m e th o tre x a te )  th a t  a re  

dihydrofolate reductase  in h ib i to rs  (s e e  F ig . 2 8 .2 ). A  fo la te - f r e e  d ie t  c a n  

c a u s e  a  d e f ic ie n c y  w ith in  a  fe w  w e e k s . A  p r im a ry  r e s u l t  o f  fo lic  a c id  

d e f ic ie n c y  is  m e g a lo b la s t ic  a n e m ia  (s e e  F ig . 2 8 .4 ), c a u s e d  b y  d im in is h e d  

s y n th e s is  o f  p u r in e  n u c le o t id e s  a n d  T M P , w h ic h  le a d s  to  a n  in a b i l i ty  o f  

c e lls  ( in c lu d in g  R B C  p re c u r s o r s )  to  m a k e  D N A  a n d , th e re fo re ,  a n  

in a b il i ty  to  d iv id e .



F ig u re  2 8 .4  B o n e  m a r ro w  h is to lo g y  in  n o rm a l  (A ) a n d  fo la te -d e f ic ie n t  (B ) 

in d iv id u a ls .



2. F o la te  a n d  n e u ra l  tu b e  d e fe c ts :  S p in a  b i f id a  a n d  a n e n c e p h a ly , th e  m o s t  

c o m m o n  n e u ra l  tu b e  d e fe c ts  (N T D ), a f f e c t  ~ 3 ,0 0 0  p re g n a n c ie s  in  th e  

U n ite d  S ta te s  a n n u a l ly .  F o l ic  a c id  s u p p le m e n ta t io n  b e fo re  c o n c e p tio n  

a n d  d u r in g  th e  f i r s t  t r im e s te r  h a s  b e e n  s h o w n  to  s ig n if ic a n t ly  r e d u c e  

N T D . T h e re fo re ,  a l l  w o m e n  o f  c h i ld b e a r in g  a g e  a re  a d v is e d  to  c o n s u m e  

0 .4  m g /d a y  (4 0 0  |ig /d a y )  o f  fo lic  a c id  to  r e d u c e  th e  r is k  o f  h a v in g  a  

p re g n a n c y  a f fe c te d  b y  N T D  a n d  te n  t im e s  th a t  a m o u n t  if  a  p re v io u s  

p re g n a n c y  w a s  a f fe c te d . A d e q u a te  fo la te  n u tr i t io n  m u s t  o c c u r  a t  th e  t im e  

o f  c o n c e p tio n  b e c a u s e  c r i t ic a l  fo la te -d e p e n d e n t  d e v e lo p m e n t  o c c u rs  in  

th e  f i r s t  w e e k s  o f  fe ta l  life , a t  a  t im e  w h e n  m a n y  w o m e n  a re  n o t  y e t  

a w a re  o f  th e ir  p re g n a n c y .  In  1 9 9 8 , th e  U .S . F o o d  a n d  D ru g  

A d m in is t r a t io n  a u th o r iz e d  th e  a d d i t io n  o f  fo lic  a c id  to  w h e a t  f lo u r  a n d  

e n r ic h e d  g ra in  p ro d u c ts ,  r e s u l t in g  in  a  d ie ta ry  s u p p le m e n ta t io n  o f  ~ 0 .1  

m g /d a y . T h is  s u p p le m e n ta t io n  a l lo w s  ~ 5 0 %  o f  a l l  r e p ro d u c t iv e - a g e d  

w o m e n  to  r e c e iv e  0 .4  m g  o f  fo la te  f ro m  a ll  so u rc e s .

III. COBALAMIN (VITAMIN B12)

V ita m in  B 12 is  r e q u ire d  in  h u m a n s  fo r  tw o  e s s e n t ia l  e n z y m a tic  r e a c tio n s : th e  

r e m e th y la t io n  o f  h o m o c y s te in e  (H c y )  to  m e th io n in e  a n d  th e  is o m e r iz a t io n  o f  

m e th y lm a lo n y l  c o e n z y m e  A  (C o A ), w h ic h  is  p ro d u c e d  d u r in g  th e  d e g ra d a t io n  o f  

s o m e  a m in o  a c id s  ( is o le u c in e , v a l in e , th re o n in e ,  a n d  m e th io n in e )  a n d  fa t ty  a c id s  

(F A ) w ith  o d d  n u m b e rs  o f  c a rb o n  a to m s  (F ig . 2 8 .5 ). W h e n  c o b a la m in  is  

d e f ic ie n t ,  u n u s u a l  (b ra n c h e d )  F A  a c c u m u la te  a n d  b e c o m e  in c o rp o ra te d  in to  c e l l  

m e m b ra n e s , in c lu d in g  th o s e  o f  th e  c e n tra l  n e rv o u s  s y s te m  (C N S ) . T h is  m a y  

a c c o u n t  fo r  s o m e  o f  th e  n e u ro lo g ic  m a n ife s ta t io n s  o f  v i ta m in  B 12 d e f ic ie n c y .

[N o te : F o l ic  a c id  (a s  N 5-m e th y l  T H F )  is  a lso  r e q u ire d  in  th e  r e m e th y la t io n  o f  

H c y . T h e re fo re ,  d e f ic ie n c y  o f  B 12 o r  fo la te  re s u lts  in  e le v a te d  H c y  le v e ls .]
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F ig u re  2 8 .5  A , B . R e a c t io n s  re q u ir in g  c o e n z y m e  fo rm s  o f  v i ta m in  B 12. C o A  = 

c o e n z y m e  A .

A. Structure and coenzyme forms
C o b a la m in  c o n ta in s  a  c o r r in  r in g  s y s te m  th a t  r e s e m b le s  th e  p o rp h y r in  r in g  

o f  h e m e  (se e  p . 2 7 9 ) , b u t  d if fe r s  in  th a t  tw o  o f  th e  p y r ro le  r in g s  a re  l in k e d  

d ire c tly  r a th e r  th a n  th ro u g h  a  m e th e n e  b r id g e . C o b a l t  (s e e  p . 4 0 7 )  is  h e ld  in  

th e  c e n te r  o f  th e  c o r r in  r in g  b y  fo u r  c o o rd in a t io n  b o n d s  w i th  th e  n it ro g e n s  

o f  th e  p y r ro le  g ro u p s . T h e  r e m a in in g  c o o rd in a t io n  b o n d s  o f  th e  c o b a l t  a re  

w i th  th e  n i t ro g e n  o f  5 ,6 -d im e th y lb e n z im id a z o le  a n d  w ith  c y a n id e  in  

c o m m e rc ia l  p re p a ra t io n s  o f  th e  v i ta m in  in  th e  fo rm  o f  c y a n o c o b a la m in  

(F ig . 2 8 .6 ). T h e  p h y s io lo g ic  c o e n z y m e  fo rm s  o f  c o b a la m in  a re  5 '-  

d e o x y a d e n o s y lc o b a la m in  a n d  m e th y lc o b a la m in ,  in  w h ic h  c y a n id e  is  

r e p la c e d  w ith  5 '-d e o x y a d e n o s in e  o r  a  m e th y l  g ro u p , r e s p e c t iv e ly  (s e e  F ig . 

2 8 .6 ).

CyanocobalaminMethylcobalamin 5'-Deoxyadenosylcobalamin

Dimethylbenzimidazole
Corrin ring

F ig u re  2 8 .6  S tru c tu re  o f  v i ta m in  B 12 (c y a n o c o b a la m in )  a n d  its  c o e n z y m e  fo rm s  

(m e th y lc o b a la m in  a n d  5 '-d e o x y a d e n o s y lc o b a la m in ) .

B. Distribution
V ita m in  B 12 is  s y n th e s iz e d  o n ly  b y  m ic ro o rg a n is m s ,  a n d  it  is  n o t  p r e s e n t  in  

p la n ts . A n im a ls  o b ta in  th e  v i ta m in  p re fo rm e d  f ro m  th e ir  in te s t in a l



m ic ro b io ta  (s e e  p . 3 7 1 )  o r  b y  e a t in g  fo o d s  d e r iv e d  f ro m  o th e r  a n im a ls .  

C o b a la m in  is  p r e s e n t  in  a p p re c ia b le  a m o u n ts  in  l iv e r , r e d  m e a t,  f ish , e g g s , 

d a iry  p ro d u c ts ,  a n d  fo r t i f ie d  c e re a ls .

C. Folate trap hypothesis
T h e  e f fe c ts  o f  c o b a la m in  d e f ic ie n c y  a re  m o s t  p r o n o u n c e d  in  ra p id ly  

d iv id in g  c e lls ,  s u c h  a s  th e  e ry th ro p o ie t ic  t i s s u e  o f  b o n e  m a r ro w  a n d  th e  

m u c o s a l  c e l ls  o f  th e  in te s t in e . S u c h  t is s u e s  n e e d  b o th  th e  N 5,N 10-m e th y le n e  

a n d  N 10-fo rm y l fo rm s  o f  T H F  fo r  th e  s y n th e s is  o f  n u c le o t id e s  r e q u ire d  fo r  

D N A  re p l ic a t io n  ( s e e  p p . 2 9 2  a n d  3 0 3 ) . H o w e v e r ,  in  v i ta m in  B 12

d e f ic ie n c y , th e  u t i l iz a t io n  o f  th e  N 5-m e th y l  fo rm  o f  T H F  in  th e  B 12-

d e p e n d e n t  m e th y la t io n  o f  H c y  to  m e th io n in e  is  im p a ire d . B e c a u s e  th e  

m e th y la te d  fo rm  c a n n o t  b e  c o n v e r te d  d ire c tly  to  o th e r  fo rm s  o f  T H F , fo la te  

is  t r a p p e d  in  th e  N 5-m e th y l  fo rm , w h ic h  a c c u m u la te s .  T h e  le v e ls  o f  th e  

o th e r  fo rm s  d e c re a s e . T h u s , c o b a la m in  d e f ic ie n c y  le a d s  to  a  d e f ic ie n c y  o f  

th e  T H F  fo rm s  n e e d e d  in  p u r in e  a n d  T M P  s y n th e s is ,  r e s u l t in g  in  th e  

s y m p to m s  o f  m e g a lo b la s t ic  a n e m ia .

D. Clinical indications for cobalamin
In  c o n t r a s t  to  o th e r  w a te r - s o lu b le  v i ta m in s ,  s ig n if ic a n t  a m o u n ts  ( 2 - 5  m g )  o f  

v i ta m in  B 12 a re  s to re d  in  th e  b o d y . A s  a  re s u lt ,  i t  m a y  ta k e  s e v e ra l  y e a r s  fo r  

th e  c l in ic a l  s y m p to m s  o f  B 12 d e f ic ie n c y  to  d e v e lo p  a s  a  r e s u l t  o f  d e c re a s e d  

in ta k e  o f  th e  v i ta m in . [N o te : D e f ic ie n c y  h a p p e n s  m u c h  m o re  q u ic k ly  (in  

m o n th s )  if  a b s o rp t io n  is  im p a ire d  (s e e  b e lo w ) . T h e  S c h il l in g  te s t  e v a lu a te s  

B 12 a b s o rp tio n .]  B 12 d e f ic ie n c y  c a n  b e  d e te rm in e d  b y  th e  le v e l  o f  

m e th y lm a lo n ic  a c id  in  b lo o d , w h ic h  is  e le v a te d  in  in d iv id u a ls  w i th  lo w  

in ta k e  o r  d e c re a s e d  a b s o rp t io n  o f  th e  v ita m in .

1. P e rn ic io u s  a n e m ia : V ita m in  B 12 d e f ic ie n c y  is  m o s t  c o m m o n ly  s e e n  in  

p a t ie n ts  w h o  fa i l  to  a b s o rb  th e  v i ta m in  f ro m  th e  in te s t in e  (F ig . 2 8 .7 ). B 12 

is  r e le a s e d  f ro m  fo o d  in  th e  a c id ic  e n v i ro n m e n t  o f  th e  s to m a c h . [N o te : 

M a la b s o rp t io n  o f  c o b a la m in  in  th e  e ld e r ly  is  m o s t  o f te n  d u e  to  r e d u c e d  

s e c re t io n  o f  g a s tr ic  a c id  ( a c h lo rh y d r ia ) .]  F re e  B 12 th e n  b in d s  a  

g ly c o p ro te in  (R -p ro te in  o r  h a p to c o r r in ) ,  a n d  th e  c o m p le x  m o v e s  in to  th e



in te s t in e . B 12 is  r e le a s e d  f ro m  th e  R -p ro te in  b y  p a n c re a t ic  e n z y m e s  a n d  

b in d s  a n o th e r  g ly c o p ro te in ,  in t r in s ic  fa c to r  ( IF ) . T h e  c o b a la m in - I F  

c o m p le x  t r a v e ls  th ro u g h  th e  in te s t in e  a n d  b in d s  to  a  r e c e p to r  (c u b i l in )  o n  

th e  s u r fa c e  o f  m u c o s a l  c e l ls  in  th e  i le u m . T h e  c o b a la m in  is  t r a n s p o r te d  

in to  th e  m u c o s a l  c e l l  a n d , s u b s e q u e n tly ,  in to  th e  g e n e ra l  c irc u la t io n , 

w h e re  i t  is  c a r r ie d  b y  its  b in d in g  p ro te in  ( tr a n s c o b a la m in ) .  B 12 is  ta k e n  

u p  a n d  s to re d  in  th e  l iv e r , p r im a r ily .  I t  is  r e le a s e d  in to  b i le  a n d  e f f ic ie n t ly  

r e a b s o rb e d  in  th e  i le u m . S e v e re  m a la b s o rp t io n  o f  v i ta m in  B 12 le a d s  to  

p e rn ic io u s  a n e m ia . T h is  d is e a s e  is  m o s t  c o m m o n ly  a  r e s u l t  o f  a n  

a u to im m u n e  d e s tru c t io n  o f  th e  g a s tr ic  p a r ie ta l  c e l ls  th a t  a re  r e s p o n s ib le  

fo r  th e  s y n th e s is  o f  IF  ( la c k  o f  IF  p re v e n ts  B 12 a b s o rp tio n ) .  [N o te : 

P a tie n ts  w h o  h a v e  h a d  a  p a r t ia l  o r  to ta l  g a s tr e c to m y  b e c o m e  IF  d e f ic ie n t  

a n d , th e re fo re ,  B 12 d e f ic ie n t .]  I n d iv id u a ls  w ith  c o b a la m in  d e f ic ie n c y  a re  

u s u a lly  a n e m ic  ( fo la te  re c y c l in g  is  im p a ire d ) ,  a n d  th e y  s h o w  

n e u ro p s y c h ia tr ic  s y m p to m s  as  th e  d is e a s e  d e v e lo p s . T h e  C N S  e f fe c ts  a re  

ir r e v e r s ib le .  P e rn ic io u s  a n e m ia  r e q u ire s  l i f e lo n g  t r e a tm e n t  w i th  e i th e r  

h ig h -d o s e  o ra l  B 12 o r  in t r a m u s c u la r  in je c t io n  o f  c y a n o c o b a la m in .  [N o te : 

S u p p le m e n ta t io n  w o rk s  e v e n  in  th e  a b s e n c e  o f  IF  b e c a u s e  ~ 1 %  o f  B 12 

u p ta k e  is  b y  IF - in d e p e n d e n t  d if fu s io n .]



Diet

V LUMEN 
OF GUT



F ig u re  2 8 .7  A b s o rp t io n  o f  v i ta m in  B 12. [N o te : A c id -d e p e n d e n t  r e le a s e  o f  B 12 

f ro m  fo o d  is  n o t  sh o w n .]  IF  = in t r in s ic  fa c to r .

F o lic  a c id  s u p p le m e n ta t io n  c a n  p a r t ia l ly  re v e r s e  th e  h e m a to lo g ic  

a b n o rm a li t ie s  o f  B 12 d e f ic ie n c y  a n d , th e re fo re ,  c a n  m a s k  a  c o b a la m in  

d e f ic ie n c y . T h u s , to  p r e v e n t  th e  la te r  C N S  e f fe c ts  o f  B 12 d e f ic ie n c y , 

th e ra p y  fo r  m e g a lo b la s t ic  a n e m ia  is  in i t ia te d  w i th  b o th  v i ta m in  B 12 a n d  

fo lic  a c id  u n t i l  th e  c a u s e  o f  th e  a n e m ia  c a n  b e  d e te rm in e d .

IV. ASCORBIC ACID (VITAMIN C)

T h e  a c t iv e  fo rm  o f  v i ta m in  C  is  a s c o rb ic  a c id  (F ig . 2 8 .8 ). I ts  m a in  fu n c t io n  is  as  

a  re d u c in g  a g e n t. V ita m in  C  is  a  c o e n z y m e  in  h y d ro x y la t io n  r e a c t io n s  (fo r  

e x a m p le , h y d ro x y la t io n  o f  p ro ly l  a n d  ly s y l  r e s id u e s  in  c o l la g e n ; s e e  p . 4 7 ) , 

w h e re  its  ro le  is  to  k e e p  th e  iro n  (F e )  o f  hydroxylases  in  th e  re d u c e d , fe r ro u s  

(F e+ 2) fo rm . T h u s , v i ta m in  C  is  r e q u ire d  fo r  th e  m a in te n a n c e  o f  n o rm a l  

c o n n e c t iv e  t i s s u e  a s  w e l l  a s  fo r  w o u n d  h e a l in g . V ita m in  C  a lso  fa c i l i ta te s  th e  

a b s o rp t io n  o f  d ie ta ry  n o n h e m e  iro n  f ro m  th e  in te s t in e  b y  r e d u c t io n  o f  th e  fe r r ic  

fo rm  (F e+ 3) to  F e+ 2 (s e e  p . 4 0 3 ) .

A. Deficiency



A s c o rb ic  a c id  d e f ic ie n c y  r e s u lts  in  s c u rv y , a  d is e a s e  c h a ra c te r iz e d  b y  s o re  

a n d  s p o n g y  g u m s , lo o s e  te e th ,  f ra g ile  b lo o d  v e s s e ls ,  h e m o r rh a g e ,  s w o l le n  

jo in ts ,  b o n e  c h a n g e s , a n d  fa t ig u e  (F ig . 2 8 .9 ). M a n y  o f  th e  d e f ic ie n c y  

s y m p to m s  c a n  b e  e x p la in e d  b y  th e  d e c re a s e d  h y d ro x y la t io n  o f  c o l la g e n , 

r e s u lt in g  in  d e fe c t iv e  c o n n e c t iv e  t is s u e . A  m ic ro c y t ic  a n e m ia  c a u s e d  b y  

d e c re a s e d  a b s o rp t io n  o f  i ro n  m a y  a lso  b e  se e n .

F ig u re  2 8 .9  O ra l  m a n ife s ta t io n s  in  a  p a t ie n t  w ith  s c u rv y .

B. Chronic disease prevention
V ita m in  C  is  o n e  o f  a  g ro u p  o f  n u tr ie n ts  th a t  in c lu d e s  v i ta m in  E  (s e e  p . 3 9 5 )  

a n d  p -c a ro te n e  ( s e e  p . 3 8 6 ) , w h ic h  a re  k n o w n  a s  a n t io x id a n ts .  [N o te : 

V ita m in  C  re g e n e ra te s  th e  fu n c t io n a l ,  r e d u c e d  fo rm  o f  v i ta m in  E .] 

C o n s u m p tio n  o f  d ie ts  r ic h  in  th e s e  c o m p o u n d s  is  a s s o c ia te d  w ith  a  

d e c re a s e d  in c id e n c e  o f  s o m e  c h ro n ic  d is e a s e s ,  s u c h  a s  c a rd io v a s c u la r  

d is e a s e  (C V D ) a n d  c e r ta in  c a n c e rs .  H o w e v e r ,  c l in ic a l  tr ia ls  in v o lv in g  

s u p p le m e n ta t io n  w ith  th e  is o la te d  a n t io x id a n ts  h a v e  f a i le d  to  d e m o n s tra te



a n y  c o n v in c in g  p re v e n t iv e  e f fe c ts .

V. PYRIDOXINE (VITAMIN B6)

V ita m in  B 6 is  a  c o l le c t iv e  te rm  fo r  p y r id o x in e ,  p y r id o x a l ,  a n d  p y r id o x a m in e ,  a ll

d e r iv a tiv e s  o f  p y r id in e . T h e y  d if fe r  o n ly  in  th e  n a tu re  o f  th e  f u n c t io n a l  g ro u p  

a t ta c h e d  to  th e  r in g  (F ig . 2 8 .1 0 ). P y r id o x in e  o c c u rs  p r im a r i ly  in  p la n ts ,  w h e re a s  

p y r id o x a l  a n d  p y r id o x a m in e  a re  fo u n d  in  fo o d s  o b ta in e d  f ro m  a n im a ls .  A l l  th re e  

c o m p o u n d s  c a n  s e rv e  a s  p re c u r s o r s  o f  th e  b io lo g ic a l ly  a c t iv e  c o e n z y m e , 

p y r id o x a l  p h o s p h a te  (P L P ) . P L P  fu n c t io n s  a s  a  c o e n z y m e  fo r  a  la rg e  n u m b e r  o f  

e n z y m e s , p a r t ic u la r ly  th o s e  th a t  c a ta ly z e  r e a c t io n s  in v o lv in g  a m in o  a c id s , fo r  

e x a m p le , in  th e  t r a n s s u lfu r a t io n  o f  H c y  to  c y s te in e  (s e e  p . 2 6 4 ) . [N o te : P L P  is  

a lso  r e q u ire d  b y  glycogen phosphorylase  ( s e e  p . 1 2 8 ).]
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F ig u re  2 8 .1 0  S tru c tu re s  o f  v i ta m in  B 6 a n d  th e  a n t i tu b e rc u lo s is  d ru g  is o n ia z id .

Reaction type

Transamination

Deamination

Decarboxylation

Condensation

Example

O xaloacetate + glutam ate ?± 
aspartate + a-ketoglutarate

Serine pyruvate + NH3

Histidine histam ine + CO 2

Glycine + succinyl CoA - ►  
6 -am inolevulin ic acid

A. Clinical indications for pyridoxine
I s o n ia z id , a  d ru g  c o m m o n ly  u s e d  to  t r e a t  tu b e rc u lo s is ,  c a n  in d u c e  a  v i ta m in  

B 6 d e f ic ie n c y  b y  fo rm in g  a n  in a c t iv e  d e r iv a t iv e  w ith  P L P . T h u s , d ie ta ry  

s u p p le m e n ta t io n  w i th  B 6 is  a n  a d ju n c t  to  is o n ia z id  tr e a tm e n t.  O th e rw is e ,

d ie ta ry  d e f ic ie n c ie s  in  p y r id o x in e  a re  ra re  b u t  h a v e  b e e n  o b s e rv e d  in  

n e w b o rn  in fa n ts  fe d  fo rm u la s  lo w  in  B 6, in  w o m e n  ta k in g  o ra l

c o n tra c e p t iv e s ,  a n d  in  th o s e  w ith  a lc o h o lis m .

B. Toxicity
V ita m in  B 6 is  th e  o n ly  w a te r - s o lu b le  v i ta m in  w ith  s ig n if ic a n t  to x ic ity .  

N e u ro lo g ic  s y m p to m s  ( s e n s o ry  n e u ro p a th y )  o c c u r  a t  in ta k e s  a b o v e  5 0 0  

m g /d a y , a n  a m o u n t  n e a r ly  4 0 0  t im e s  th e  r e c o m m e n d e d  d ie ta ry  a l lo w a n c e  

(R D A ) a n d  o v e r  5 t im e s  th e  to le ra b le  u p p e r  l im i t  (U L ) . (S e e  C h a p te r  2 7  fo r  

a  d is c u s s io n  o f  R D A  a n d  U L .)  S u b s ta n t ia l  im p ro v e m e n t ,  b u t  n o t  c o m p le te  

re c o v e ry , o c c u rs  w h e n  th e  v i ta m in  is  d is c o n tin u e d .

VI. THIAMINE (VITAMIN B1)

T h ia m in e  p y ro p h o s p h a te  (T P P )  is  th e  b io lo g ic a l ly  a c t iv e  fo rm  o f  th e  v i ta m in , 

fo rm e d  b y  th e  t r a n s fe r  o f  a  p y ro p h o s p h a te  g ro u p  f ro m  A T P  to  th ia m in e  (F ig .



2 8 .1 1 ). T P P  s e rv e s  a s  a  c o e n z y m e  in  th e  fo rm a t io n  o r  d e g ra d a t io n  o f  a - k e to ls  b y  

transketolase  (F ig . 2 8 .1 2 A ) a n d  in  th e  o x id a t iv e  d e c a rb o x y la t io n  o f  a - k e to  a c id s  

(F ig . 2 8 .1 2 B ).
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F ig u re  2 8 .1 1  A . S tru c tu re  o f  th ia m in e  a n d  its  c o e n z y m e  fo rm , th ia m in e  

p y ro p h o s p h a te .  B . S tru c tu re  o f  in te rm e d ia te  fo rm e d  in  th e  r e a c t io n  c a ta ly z e d  b y  

pyruvate dehydrogenase. C . S tru c tu re  o f  in te rm e d ia te  fo rm e d  in  th e  r e a c t io n  

c a ta ly z e d  b y  a-ketoglu tarate dehydrogenase. A M P  = a d e n o s in e

m o n o p h o s p h a te .
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F ig u re  2 8 .1 2  R e a c tio n s  th a t  u s e  th ia m in e  p y ro p h o s p h a te  (T P P )  as  c o e n z y m e . A . 

Transketolase. B . P yruvate dehydrogenase  a n d  a-ketoglu tarate dehydrogenase. 
[N o te : T P P  is  a lso  u s e d  b y  branched-chain a-keto  acid  dehydrogenase.] P  =

p h o s p h a te ;  C o A  = c o e n z y m e  A ; C O 2 = c a rb o n  d io x id e .

A. Clinical indications for thiamine
T h e  o x id a t iv e  d e c a rb o x y la t io n  o f  p y ru v a te  a n d  a -k e to g lu ta r a te ,  w h ic h  p la y s  

a  k e y  ro le  in  e n e rg y  m e ta b o l is m  o f  m o s t  c e lls ,  is  p a r t ic u la r ly  im p o r ta n t  in  

t is s u e s  o f  th e  C N S . In  th ia m in e  d e f ic ie n c y , th e  a c t iv i ty  o f  th e s e  tw o  

dehydrogenase-catalyzed  r e a c t io n s  is  d e c re a s e d , r e s u l t in g  in  d e c re a s e d  

p ro d u c t io n  o f  A T P  a n d , th e re fo re ,  im p a ire d  c e l lu la r  fu n c t io n . T P P  is  a lso  

re q u ire d  b y  branched-chain a-keto  acid  dehydrogenase  o f  m u s c le  (s e e  p . 

2 6 6 ) . [N o te : I t  is  th e  decarboxylase  o f  e a c h  o f  th e s e  a-keto  acid  
dehydrogenase  m u l t ie n z y m e  c o m p le x e s  th a t  r e q u ire s  T P P .]  T h ia m in e  

d e f ic ie n c y  is  d ia g n o s e d  b y  a n  in c re a s e  in  e ry th ro c y te  transketolase  a c t iv i ty  

o b s e rv e d  w ith  a d d i t io n  o f  T P P .

1. B e r ib e r i:  T h is  s e v e re  th ia m in e -d e f ic ie n c y  s y n d ro m e  is  fo u n d  in  a re a s  

w h e re  p o l i s h e d  r ic e  is  th e  m a jo r  c o m p o n e n t  o f  th e  d ie t. A d u l t  b e r ib e r i  is  

c la s s i f ie d  as  d ry  (c h a ra c te r iz e d  b y  p e r ip h e ra l  n e u ro p a th y ,  e s p e c ia l ly  in  

th e  le g s )  o r  w e t  ( c h a ra c te r iz e d  b y  e d e m a  b e c a u s e  o f  d ila te d  

c a rd io m y o p a th y ) .

2. W e rn ic k e -K o r s a k o f f  s y n d ro m e : In  th e  U n ite d  S ta te s , th ia m in e  

d e f ic ie n c y , w h ic h  is  s e e n  p r im a r i ly  in  a s s o c ia t io n  w i th  c h ro n ic  

a lc o h o lis m , is  d u e  to  d ie ta ry  in s u f f ic ie n c y  o r  im p a ire d  in te s t in a l  

a b s o rp t io n  o f  th e  v i ta m in . S o m e  in d iv id u a ls  w ith  a lc o h o li s m  d e v e lo p  

W e rn ic k e -K o r s a k o f f  s y n d ro m e , a  th ia m in e -d e f ic ie n c y  s ta te  c h a ra c te r iz e d  

b y  m e n ta l  c o n fu s io n , g a i t  a ta x ia , n y s ta g m u s  (a  to -a n d - f ro  m o t io n  o f  th e  

e y e b a lls ) ,  a n d  o p h th a lm o p le g ia  (w e a k n e s s  o f  e y e  m u s c le s )  w ith  

W e rn ic k e  e n c e p h a lo p a th y  as  w e ll  as  m e m o ry  p ro b le m s  a n d  

h a l lu c in a t io n s  w ith  K o rs a k o f f  d e m e n tia .  T h e  s y n d ro m e  is  tr e a ta b le  w ith  

th ia m in e  s u p p le m e n ta tio n ,  b u t  r e c o v e ry  o f  m e m o ry  is  ty p ic a l ly  

in c o m p le te .

VII. NIACIN (VITAMIN B3)



N ia c in , o r  n ic o tin ic  a c id , is  a  s u b s t i tu te d  p y r id in e  d e r iv a tiv e . T h e  b io lo g ic a l ly  

a c t iv e  c o e n z y m e  fo rm s  a re  n ic o t in a m id e  a d e n in e  d in u c le o t id e  (N A D + ) a n d  its  

p h o s p h o ry la te d  d e r iv a tiv e , n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te  

(N A D P + ), a s  s h o w n  in  F ig u re  2 8 .1 3 . N ic o t in a m id e ,  a  d e r iv a tiv e  o f  n ic o t in ic  a c id  

th a t  c o n ta in s  a n  a m id e  in s te a d  o f  a  c a rb o x y l g ro u p , a lso  o c c u rs  in  th e  d ie t. 

N ic o t in a m id e  is  r e a d i ly  d e a m in a te d  in  th e  b o d y  a n d , th e re fo re ,  is  n u tr i t io n a l ly  

e q u iv a le n t  to  n ic o t in ic  a c id . N A D +  a n d  N A D P +  se rv e  a s  c o e n z y m e s  in  

o x id a t io n - r e d u c t io n  r e a c t io n s  in  w h ic h  th e  c o e n z y m e  u n d e rg o e s  r e d u c t io n  o f  th e  

p y r id in e  r in g  b y  a c c e p t in g  tw o  e le c tro n s  f ro m  a  h y d r id e  io n , a s  s h o w n  in  F ig u re  

2 8 .1 4 . T h e  r e d u c e d  fo rm s  o f  N A D +  a n d  N A D P +  a re  N A D H  a n d  N A D P H , 

re s p e c t iv e ly . [N o te : A  m e ta b o l i te  o f  try p to p h a n ,  q u in o l in a te ,  c a n  b e  c o n v e r te d  to  

N A D (P ) . In  c o m p a r is o n , 6 0  m g  o f  t r y p to p h a n  =  1 m g  o f  n ia c in .]

F ig u re  2 8 .1 3  S tru c tu re  a n d  b io s y n th e s is  o f  o x id iz e d  n ic o t in a m id e  a d e n in e  

d in u c le o t id e  (N A D + ) a n d  n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te  

(N A D P + ). A D P  =  a d e n o s in e  d ip h o s p h a te .



F ig u re  2 8 .1 4  R e d u c t io n  o f  o x id iz e d  n ic o t in a m id e  a d e n in e  d in u c le o t id e  (N A D + )



to  N A D H . [N o te : T h e  h y d r id e  io n  c o n s is ts  o f  a  h y d ro g e n  (H ) a to m  p lu s  a n  

e le c tro n .]  = p h o s p h a te .

A. Distribution
N ia c in  is  fo u n d  in  u n re f in e d  a n d  e n r ic h e d  g ra in s  a n d  c e re a l,  m ilk , a n d  le a n  

m e a ts  ( e s p e c ia l ly  liv e r ) .

B. Clinical indications for niacin
1. D e f ic ie n c y : A  d e f ic ie n c y  o f  n ia c in  c a u s e s  p e l la g ra ,  a  d is e a s e  in v o lv in g  

th e  sk in , g a s tro in te s t in a l  tra c t,  a n d  C N S . T h e  s y m p to m s  o f  p e l la g ra  

p ro g re s s  th ro u g h  th e  th re e  D s: d e rm a ti t is  (p h o to s e n s it iv e ) ,  d ia r rh e a , a n d  

d e m e n tia .  I f  u n tre a te d , d e a th  (a  fo u r th  D ) o c c u rs .  H a r tn u p  d is o rd e r , 

c h a ra c te r iz e d  b y  d e fe c t iv e  a b s o rp t io n  o f  t ry p to p h a n , c a n  r e s u l t  in  

p e l la g ra - l ik e  s y m p to m s . [N o te : C o rn  is  lo w  in  b o th  n ia c in  a n d  

t ry p to p h a n . C o rn -b a s e d  d ie ts  c a n  c a u s e  p e lla g ra .]

2. H y p e r l ip id e m ia  tr e a tm e n t:  N ia c in  a t  d o s e s  o f  1 .5  g /d a y , o r  1 0 0  t im e s  th e  

R D A , s tro n g ly  in h ib its  l ip o ly s is  in  a d ip o s e  t is s u e , th e  p r im a ry  p ro d u c e r  

o f  c i r c u la t in g  f re e  fa t ty  a c id s  (F F A ). T h e  l iv e r  n o rm a lly  u s e s  th e s e  

c i r c u la t in g  F F A  a s  a  m a jo r  p re c u r s o r  fo r  t r ia c y lg ly c e ro l  (T A G ) s y n th e s is .  

T h u s , n ia c in  c a u s e s  a  d e c re a s e  in  l iv e r  T A G  s y n th e s is ,  w h ic h  is  r e q u ire d  

fo r  v e ry - lo w -d e n s i ty  l ip o p ro te in  ( [V L D L ]  s e e  p . 2 3 0 )  p ro d u c t io n .  L o w -  

d e n s ity  l ip o p ro te in  (L D L , th e  c h o le s te ro l- r ic h  l ip o p ro te in )  is  d e r iv e d  

f ro m  V L D L  in  th e  p la s m a . T h u s , b o th  p la s m a  T A G  ( in  V L D L )  a n d  

c h o le s te ro l  ( in  L D L )  a re  lo w e re d . T h e re fo re ,  n ia c in  is  p a r t ic u la r ly  u s e fu l  

in  th e  t r e a tm e n t  o f  ty p e  I Ib  h y p e r l ip o p ro te in e m ia ,  in  w h ic h  b o th  V L D L  

a n d  L D L  a re  e le v a te d . T h e  h ig h  d o s e s  o f  n ia c in  r e q u i re d  c a n  c a u s e  a c u te , 

p ro s ta g la n d in -m e d ia te d  f lu s h in g . A s p i r in  c a n  r e d u c e  th is  s id e  e f f e c t  b y  

in h ib i t in g  p ro s ta g la n d in  s y n th e s is  (s e e  p . 2 1 4 ) . I tc h in g  m a y  a lso  o c c u r . 

[N o te : N ia c in  r a is e s  h ig h -d e n s i ty  l ip o p ro te in  a n d  lo w e rs  L p (a )  le v e ls  (s e e  

p . 2 3 7 ) .]

VIII. RIBOFLAVIN (VITAMIN B2)



T h e  tw o  b io lo g ic a l ly  a c t iv e  fo rm s  o f  B 2 a re  f la v in  m o n o n u c le o t id e  (F M N )  a n d

f la v in  a d e n in e  d in u c le o t id e  (F A D ), f o rm e d  b y  th e  t r a n s fe r  o f  a n  a d e n o s in e  

m o n o p h o s p h a te  m o ie ty  f ro m  A T P  to  F M N  (F ig . 2 8 .1 5 ). F M N  a n d  F A D  a re  e a c h  

c a p a b le  o f  r e v e r s ib ly  a c c e p t in g  tw o  h y d ro g e n  a to m s , fo rm in g  F M N H 2 o r 

F A D H 2, re s p e c t iv e ly . F M N  a n d  F A D  a re  b o u n d  t ig h tly ,  s o m e t im e s  c o v a le n tly ,

to  f la v o e n z y m e s  ( fo r  e x a m p le , N A D H  dehydrogenase  [F M N ] a n d  succinate  
dehydrogenase  [F A D ])  th a t  c a ta ly z e  th e  o x id a t io n  o r  r e d u c t io n  o f  a  s u b s tra te . 

R ib o f la v in  d e f ic ie n c y  is  n o t  a s s o c ia te d  w i th  a  m a jo r  h u m a n  d is e a se , a l th o u g h  it  

f r e q u e n t ly  a c c o m p a n ie s  o th e r  v i ta m in  d e f ic ie n c ie s .  D e f ic ie n c y  s y m p to m s  

in c lu d e  d e rm a ti t is ,  c h e i lo s is  ( f is s u r in g  a t  th e  c o rn e rs  o f  th e  m o u th ) ,  a n d  g lo s s i t is  

( th e  to n g u e  a p p e a r in g  s m o o th  a n d  d a rk ) . [N o te : B e c a u s e  r ib o f la v in  is  l ig h t  

s e n s it iv e ,  p h o to th e ra p y  fo r  h y p e rb i l i r u b in e m ia  (se e  p . 2 8 5 )  m a y  re q u ire  

s u p p le m e n ta t io n  w i th  th e  v ita m in .]

F ig u re  2 8 .1 5  S tru c tu re  a n d  b io s y n th e s is  o f  th e  o x id iz e d  fo rm s  o f  f la v in  

m o n o n u c le o t id e  a n d  f la v in  a d e n in e  d in u c le o t id e . A D P  =  a d e n o s in e  d ip h o s p h a te ;  

P P i =  p y ro p h o s p h a te .

IX. BIOTIN (VITAMIN B7)

B io t in  is  a  c o e n z y m e  in  c a rb o x y la t io n  r e a c tio n s ,  in  w h ic h  i t  s e rv e s  a s  a  c a r r ie r  o f  

a c t iv a te d  c a rb o n  d io x id e  (C O 2) ( s e e  F ig . 1 0 .3 , p . 1 1 9 , fo r  th e  m e c h a n is m  o f 

b io t in -d e p e n d e n t  c a rb o x y la tio n s ) .  B io t in  is  c o v a le n t ly  b o u n d  to  th e  e -a m in o  

g ro u p  o f  ly s in e  r e s id u e s  in  b io t in -d e p e n d e n t  e n z y m e s  (F ig . 2 8 .1 6 ). B io t in  

d e f ic ie n c y  d o e s  n o t  o c c u r  n a tu ra lly  b e c a u s e  th e  v i ta m in  is  w id e ly  d is tr ib u te d  in  

fo o d . A ls o , a  la rg e  p e rc e n ta g e  o f  th e  b io t in  r e q u i re m e n t  in  h u m a n s  is  s u p p lie d  b y  

in te s t in a l  b a c te r ia .  H o w e v e r ,  th e  a d d i t io n  o f  r a w  e g g  w h ite  to  th e  d ie t  a s  a  s o u rc e  

o f  p ro te in  c a n  in d u c e  s y m p to m s  o f  b io t in  d e f ic ie n c y , n a m e ly , d e rm a ti t is ,  h a i r



lo s s , lo s s  o f  a p p e t i te ,  a n d  n a u s e a . R a w  e g g  w h ite  c o n ta in s  th e  g ly c o p ro te in  

a v id in , w h ic h  t ig h t ly  b in d s  b io t in  a n d  p re v e n ts  its  a b s o rp t io n  f ro m  th e  in te s tin e . 

W ith  a  n o rm a l  d ie t, h o w e v e r ,  i t  h a s  b e e n  e s t im a te d  th a t  2 0  e g g s /d a y  w o u ld  b e  

re q u ire d  to  in d u c e  a  d e f ic ie n c y  s y n d ro m e . [N o te : I n c lu s io n  o f  r a w  e g g s  in  th e  

d ie t  is  n o t  r e c o m m e n d e d  b e c a u s e  o f  th e  p o s s ib i l i ty  o f  s a lm o n e llo s is  c a u s e d  b y  

in fe c t io n  w ith  S a lm o n e lla  e n te r ic a .l
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Figure 28.16 A.Structure of biotin. B.Biotin covalently bound to a lysyl residue
of a biotin-dependent enzyme. CO2 = carbon dioxide.

M u ltip le  c a rb o x y la s e  d e f ic ie n c y  r e s u l ts  f ro m  d e c re a s e d  a b i l i ty  to  a d d  b io t in  

to  carboxylases  d u r in g  th e ir  s y n th e s is  o r  to  r e m o v e  i t  d u r in g  th e ir  

d e g ra d a tio n . T re a tm e n t  is  b io t in  s u p p le m e n ta tio n .

X. PANTOTHENIC ACID (VITAMIN B5)

P a n to th e n ic  a c id  is  a  c o m p o n e n t  o f  C o A , w h ic h  fu n c t io n s  in  th e  t r a n s fe r  o f  a c y l 

g ro u p s  (F ig . 2 8 .1 7 ). C o A  c o n ta in s  a  th io l  g ro u p  th a t  c a r r ie s  a c y l  c o m p o u n d s  as 

a c t iv a te d  th io l  e s te rs . E x a m p le s  o f  s u c h  s tru c tu re s  a re  s u c c in y l  C o A , fa t ty  a c y l  

C o A , a n d  a c e ty l  C o A . P a n to th e n ic  a c id  is  a lso  a  c o m p o n e n t  o f  th e  a c y l  c a r r ie r  

p ro te in  d o m a in  o f  fa tty  acid  synthase  ( s e e  p . 1 8 4 ). E g g s , l iv e r , a n d  y e a s t  a re  th e  

m o s t  im p o r ta n t  s o u rc e s  o f  p a n to th e n ic  a c id , a l th o u g h  th e  v i ta m in  is  w id e ly  

d is tr ib u te d . P a n to th e n ic  a c id  d e f ic ie n c y  is  n o t  w e l l  c h a ra c te r iz e d  in  h u m a n s , a n d  

n o  R D A  h a s  b e e n  e s ta b lis h e d .



F ig u re  2 8 .1 7  S tru c tu re  o f  c o e n z y m e  A .



XI. VITAMIN A

V ita m in  A  is  a  fa t - s o lu b le  v i ta m in  th a t  c o m e s  p r im a r i ly  f ro m  a n im a l  s o u rc e s  as 

re t in o l  ( p re fo rm e d  v i ta m in  A ) , a  re t in o id . T h e  r e t in o id s ,  a  f a m ily  o f  s tru c tu ra lly  

re la te d  m o le c u le s ,  a re  e s s e n t ia l  fo r  v is io n , r e p ro d u c t io n ,  g ro w th , a n d  

m a in te n a n c e  o f  e p i th e l ia l  t is s u e s .  T h e y  a lso  p la y  a  ro le  in  im m u n e  fu n c t io n . 

R e t in o ic  a c id , d e r iv e d  f ro m  o x id a t io n  o f  re t in o l ,  m e d ia te s  m o s t  o f  th e  a c t io n s  o f  

th e  r e t in o id s ,  e x c e p t  fo r  v is io n , w h ic h  d e p e n d s  o n  re t in a l ,  th e  a ld e h y d e  

d e r iv a t iv e  o f  re t in o l.

A. Structure
T h e  re t in o id s  in c lu d e  th e  n a tu r a l  fo rm s  o f  v i ta m in  A , re t in o l  a n d  its  

m e ta b o l i te s  (F ig . 2 8 .1 8 ), a n d  s y n th e t ic  fo rm s  (d ru g s ) .





Figure 28.18 Structure of the retinoids.

1. R e tin o l:  A  p r im a ry  a lc o h o l  c o n ta in in g  a  P - io n o n e  r in g  w i th  a n  

u n s a tu ra te d  s id e  c h a in , r e t in o l  is  fo u n d  in  a n im a l  t is s u e s  a s  a  r e t in y l  e s te r  

w ith  lo n g -c h a in  F A . I t  is  th e  s to ra g e  fo rm  o f  v i ta m in  A .

2. R e tin a l:  T h is  is  th e  a ld e h y d e  d e r iv e d  f ro m  th e  o x id a t io n  o f  re t in o l. 

R e t in a l  a n d  r e t in o l  c a n  r e a d i ly  b e  in te rc o n v e r te d .

3. R e t in o ic  a c id : T h is  is  th e  a c id  d e r iv e d  f ro m  th e  o x id a t io n  o f  re t in a l .  

R e t in o ic  a c id  c a n n o t  b e  r e d u c e d  in  th e  b o d y  a n d , th e re fo re ,  c a n n o t  g iv e  

r is e  to  e i th e r  r e t in a l  o r  r e t in o l.

4 . p -C a ro te n e : P la n t  fo o d s  c o n ta in  p -c a ro te n e  (p ro v i ta m in  A ) , w h ic h  c a n  b e  

o x id a tiv e ly  a n d  s y m m e tr ic a l ly  c le a v e d  in  th e  in te s t in e  to  y ie ld  tw o  

m o le c u le s  o f  re t in a l .  In  h u m a n s , th e  c o n v e r s io n  is  in e f f ic ie n t ,  a n d  th e  

v i ta m in  A  a c t iv i ty  o f  P -c a ro te n e  is  o n ly  a b o u t  1 /1 2  th a t  o f  re t in o l.

B. Absorption and transport to the liver
R e tin y l  e s te rs  f ro m  th e  d ie t  a re  h y d ro ly z e d  in  th e  in te s t in a l  m u c o sa , 

r e le a s in g  r e t in o l  a n d  F F A  (F ig . 2 8 .1 9 ). R e t in o l  d e r iv e d  f ro m  e s te rs  a n d  

f ro m  th e  r e d u c t io n  o f  r e t in a l  f ro m  p -c a ro te n e  c le a v a g e  is  r e e s te r i f ie d  to  

lo n g -c h a in  F A  w ith in  th e  e n te ro c y te s  a n d  s e c re te d  a s  a  c o m p o n e n t  o f  

c h y lo m ic ro n s  in to  th e  ly m p h a tic  s y s te m . R e t in y l  e s te rs  c o n ta in e d  in  

c h y lo m ic ro n  r e m n a n ts  a re  ta k e n  u p  b y , a n d  s to re d  in , th e  l iv e r . [N o te : A ll  

f a t - s o lu b le  v i ta m in s  a re  c a r r ie d  in  c h y lo m ic ro n s .]



F ig u re  2 8 .1 9  A b s o rp t io n , t r a n s p o r t ,  a n d  s to ra g e  o f  v i ta m in  A  a n d  its  d e r iv a tiv e s .  

[N o te : p -C a ro te n e  is  a  c a ro te n o id , a  p la n t  p ig m e n t  w i th  a n t io x id a n t  a c t iv i ty .]  

R B P  = re t in o l  b in d in g  p ro te in ; T T R  = tr a n s th y re tin ;  R A R  = re t in o ic  a c id  

re c e p to r ;  C o A  = c o e n z y m e  A ; m R N A  = m e s s e n g e r  R N A .



C. Release from the liver
W h e n  n e e d e d , r e t in o l  is  r e le a s e d  f ro m  th e  l iv e r  a n d  t r a n s p o r te d  th ro u g h  th e  

b lo o d  to  e x tr a h e p a t ic  t i s s u e s  b y  r e t in o l-b in d in g  p ro te in  c o m p le x e d  w ith  

tr a n s th y re t in  ( s e e  F ig . 2 8 .1 9 ). T h e  te rn a ry  c o m p le x  b in d s  to  a  t r a n s p o r t  

p ro te in  o n  th e  s u r fa c e  o f  th e  c e l ls  o f  p e r ip h e ra l  t is s u e s ,  p e rm it t in g  r e t in o l  to  

e n te r . A n  in t r a c e l lu la r  r e t in o l-b in d in g  p ro te in  c a r r ie s  r e t in o l  to  s i te s  in  th e  

n u c le u s  w h e re  th e  v i ta m in  r e g u la te s  t r a n s c r ip t io n  in  a  m a n n e r  a n a lo g o u s  to  

th a t  o f  s te ro id  h o rm o n e s .

D. Retinoic acid mechanism of action
R e tin o l  is  o x id iz e d  to  r e t in o ic  a c id . R e t in o ic  a c id  b in d s  w ith  h ig h  a f f in i ty  to  

s p e c if ic  r e c e p to r  p ro te in s  ( re t in o ic  a c id  r e c e p to r s  [R A R ])  p r e s e n t  in  th e  

n u c le u s  o f  ta rg e t  t i s s u e s  s u c h  as  e p i th e l ia l  c e l ls  (F ig . 2 8 .2 0 ). T h e  a c t iv a te d  

r e t in o ic  a c id - R A R  c o m p le x  b in d s  to  r e s p o n s e  e le m e n ts  o n  D N A  a n d  

re c ru i ts  a c t iv a to rs  o r  r e p re s s o r s  to  r e g u la te  r e t in o id - s p e c i f ic  R N A  s y n th e s is ,  

r e s u lt in g  in  c o n tro l  o f  th e  p r o d u c t io n  o f  s p e c if ic  p ro te in s  th a t  m e d ia te  

s e v e ra l  p h y s io lo g ic  fu n c t io n s .  F o r  e x a m p le , r e t in o id s  c o n tro l  th e  e x p re s s io n  

o f  th e  g e n e  fo r  k e r a t in  in  m o s t  e p i th e l ia l  t i s s u e s  o f  th e  b o d y . [N o te : T h e  

R A R  p ro te in s  a re  p a r t  o f  th e  s u p e r fa m ily  o f  t r a n s c r ip t io n a l  r e g u la to r s  th a t  

in c lu d e s  th e  n u c le a r  r e c e p to r s  fo r  s te ro id  a n d  th y ro id  h o rm o n e s  a n d  v i ta m in  

D , a l l  o f  w h ic h  fu n c t io n  in  a  s im ila r  w a y  (s e e  p . 2 4 0 ) .]





F ig u re  2 8 .2 0  A c tio n  o f  th e  r e t in o id s .  [N o te : R e t in o ic  a c id - r e c e p to r  c o m p le x  

fo rm s  a  d im e r , b u t  is  s h o w n  a s  m o n o m e r  fo r  s im p lic i ty .]  T T R  = tr a n s th y re tin ;  

R B P  = re t in o l-b in d in g  p ro te in ;  m R N A  = m e s s e n g e r  R N A .

E. Functions
1. V is u a l  c y c le : V ita m in  A  is  a  c o m p o n e n t  o f  th e  v is u a l  p ig m e n ts  o f  ro d  

a n d  c o n e  c e lls .  R h o d o p s in , th e  v is u a l  p ig m e n t  o f  th e  ro d  c e lls  in  th e  

re t in a , c o n s is ts  o f  1 1 -c is  r e t in a l  b o u n d  to  th e  p ro te in  o p s in  (s e e  F ig . 

2 8 .1 9 ). W h e n  rh o d o p s in ,  a  G  p r o te in - c o u p le d  r e c e p to r ,  is  e x p o s e d  to  

l ig h t, a  s e r ie s  o f  p h o to c h e m ic a l  is o m e r iz a t io n s  o c c u rs ,  w h ic h  r e s u lts  in  

th e  b le a c h in g  o f  r h o d o p s in  a n d  r e le a s e  o f  a l l- tr a n s  r e t in a l  a n d  o p s in . T h is  

p ro c e s s  a c t iv a te s  th e  G  p ro te in  tr a n s d u c in ,  t r ig g e r in g  a  n e rv e  im p u ls e  th a t  

is  t r a n s m it te d  b y  th e  o p tic  n e rv e  to  th e  b ra in .  R e g e n e ra t io n  o f  rh o d o p s in  

r e q u ire s  is o m e r iz a t io n  o f  a l l- tr a n s  r e t in a l  b a c k  to  1 1 -c is  re t in a l .  A ll- t r a n s  

r e t in a l  is  r e d u c e d  to  a l l- tr a n s  re t in o l ,  e s te r i f ie d , a n d  is o m e r iz e d  to  1 1 -c is  

r e t in o l  th a t  is  o x id iz e d  to  1 1 -c is  re t in a l .  T h e  la t te r  c o m b in e s  w i th  o p s in  to  

fo rm  rh o d o p s in ,  th u s  c o m p le t in g  th e  c y c le . S im ila r  r e a c t io n s  a re  

re s p o n s ib le  fo r  c o lo r  v is io n  in  th e  c o n e  c e lls .

2. E p i th e l ia l  c e l l  m a in te n a n c e :  V ita m in  A  is  e s s e n t ia l  fo r  n o rm a l  

d if f e re n t ia t io n  o f  e p i th e l ia l  t i s s u e s  a n d  m u c u s  s e c re t io n  a n d , th u s , 

s u p p o r ts  th e  b o d y ’s b a r r ie r -b a s e d  d e fe n s e  a g a in s t  p a th o g e n s .

3. R e p ro d u c t io n :  R e t in o l  a n d  r e t in a l  a re  e s s e n t ia l  fo r  n o rm a l  r e p ro d u c t io n , 

s u p p o r tin g  s p e rm a to g e n e s is  in  th e  m a le  a n d  p re v e n t in g  fe ta l  r e s o rp t io n  in  

th e  fe m a le . R e t in o ic  a c id  is  in a c t iv e  in  m a in ta in in g  r e p ro d u c t io n  a n d  in  

th e  v is u a l  c y c le  b u t  p ro m o te s  g ro w th  a n d  d if f e re n t ia t io n  o f  e p i th e l ia l  

c e lls .

F. Distribution
L iv e r , k id n e y , c re a m , b u tte r ,  a n d  e g g  y o lk  a re  g o o d  s o u rc e s  o f  p re fo rm e d  

v i ta m in  A . Y e llo w , o ra n g e , a n d  d a rk -g re e n  v e g e ta b le s  a n d  f ru its  a re  g o o d  

s o u rc e s  o f  th e  c a ro te n e s  (p ro v i ta m in  A ) .



G. Requirement
T h e  R D A  fo r  a d u l ts  is  9 0 0  re t in o l  a c t iv i ty  e q u iv a le n ts  (R A E )  fo r  m a le s  a n d  

7 0 0  R A E  fo r  fe m a le s .  In  c o m p a r is o n , 1 R A E  = 1 q g  o f  r e t in o l ,  12  q g  o f  p - 

c a ro te n e , o r 2 4  q g  o f  o th e r  c a ro te n o id s .

H. Clinical indications for vitamin A
A lth o u g h  c h e m ic a lly  re la te d , r e t in o ic  a c id  a n d  r e t in o l  h a v e  d is t in c tly  

d if f e r e n t  th e r a p e u tic  a p p l ic a t io n s .  R e t in o l  a n d  its  c a ro te n o id  p re c u r s o r  a re  

u s e d  a s  d ie ta ry  s u p p le m e n ts ,  w h e re a s  v a r io u s  fo rm s  o f  re t in o ic  a c id  a re  

u s e fu l  in  d e rm a to lo g y  (F ig . 2 8 .2 1 ).

F ig u re  2 8 .2 1  S u m m a ry  o f  a c t io n s  o f  re t in o id s .  C o m p o u n d s  in  a re  a v a i la b le  as  

d ie ta ry  c o m p o n e n ts  o r  a s  p h a rm a c o lo g ic  a g e n ts .

1. D e f ic ie n c y : V ita m in  A , a d m in is te re d  a s  r e t in o l  o r  r e t in y l  e s te rs , is  u s e d  

to  t r e a t  p a t ie n ts  w h o  a re  d e f ic ie n t  in  th e  v ita m in . N ig h t  b l in d n e s s  

(n y c ta lo p ia )  is  o n e  o f  th e  e a r l ie s t  s ig n s  o f  v i ta m in  A  d e f ic ie n c y . T h e



v is u a l  th re s h o ld  is  in c re a s e d ,  m a k in g  i t  d if f ic u l t  to  s e e  in  d im  lig h t. 

P ro lo n g e d  d e f ic ie n c y  le a d s  to  a n  i r r e v e r s ib le  lo s s  in  th e  n u m b e r  o f  v is u a l  

c e lls . S e v e re  d e f ic ie n c y  le a d s  to  x e ro p h th a lm ia ,  a  p a th o lo g ic  d ry n e s s  o f  

th e  c o n ju n c t iv a  a n d  c o rn e a , c a u s e d , in  p a r t ,  b y  in c r e a s e d  k e ra t in  

s y n th e s is .  I f  u n tre a te d , x e ro p h th a lm ia  r e s u lts  in  c o rn e a l  u lc e r a t io n  a n d , 

u l t im a te ly ,  in  b l in d n e s s  b e c a u s e  o f  th e  fo rm a t io n  o f  o p a q u e  s c a r  t is s u e . 

T h e  c o n d i t io n  is  m o s t  c o m m o n ly  s e e n  in  c h i ld re n  in  d e v e lo p in g  t ro p ic a l  

c o u n tr ie s .  O v e r  5 0 0 ,0 0 0  c h i ld re n  w o r ld w id e  a re  b l in d e d  e a c h  y e a r  b y  

x e ro p h th a lm ia  c a u s e d  b y  in s u f f ic ie n t  v i ta m in  A  in  th e  d ie t.

2. S k in  c o n d itio n s : D e rm a to lo g ic  p ro b le m s  s u c h  a s  a c n e  a re  e f fe c tiv e ly  

tr e a te d  w i th  re t in o ic  a c id  o r  its  d e r iv a t iv e s  (s e e  F ig . 2 8 .2 1 ). M ild  c a s e s  o f  

a c n e  a n d  s k in  a g in g  a re  t r e a te d  w i th  t r e t in o in  (a l l- tr a n s  r e t in o ic  a c id ) . 

T re t in o in  is  to o  to x ic  fo r  s y s te m ic  (o ra l)  a d m in is tr a t io n  in  t r e a t in g  s k in  

c o n d i t io n s  a n d  is  c o n f in e d  to  to p ic a l  a p p l ic a t io n . [N o te : O ra l  t r e t in o in  is  

u s e d  in  tr e a t in g  a c u te  p ro m y e lo c y t ic  le u k e m ia .]  In  p a t ie n ts  w ith  s e v e re  

c y s tic  a c n e  u n re s p o n s iv e  to  c o n v e n t io n a l  th e ra p ie s ,  i s o tr e t in o in  (1 3 -c is  

r e t in o ic  a c id )  is  a d m in is te re d  o ra lly . A n  o ra l  s y n th e t ic  r e t in o id  is  u s e d  to  

t r e a t  p s o r ia s is .

I. Retinoid toxicity
1. V ita m in  A : E x c e s s iv e  in ta k e  o f  v i ta m in  A  (b u t n o t  c a ro te n e )  p ro d u c e s  a  

to x ic  s y n d ro m e  c a l le d  h y p e rv i ta m in o s is  A . A m o u n ts  e x c e e d in g  7 .5  

m g /d a y  o f  r e t in o l  s h o u ld  b e  a v o id e d . E a r ly  s ig n s  o f  c h ro n ic  

h y p e rv i ta m in o s is  A  a re  r e f le c te d  in  th e  sk in , w h ic h  b e c o m e s  d ry  a n d  

p ru r i t ic  (b e c a u s e  o f  d e c re a s e d  k e ra t in  s y n th e s is ) ;  in  th e  l iv e r , w h ic h  

b e c o m e s  e n la rg e d  a n d  c a n  b e c o m e  c i r rh o t ic ;  a n d  in  th e  C N S , w h e re  a  

r is e  in  in t r a c r a n ia l  p re s s u re  m a y  m im ic  th e  s y m p to m s  o f  a  b r a in  tu m o r . 

P re g n a n t  w o m e n , in  p a r t ic u la r ,  s h o u ld  n o t  in g e s t  e x c e s s iv e  q u a n t i t ie s  o f  

v i ta m in  A  b e c a u s e  o f  i ts  p o te n t ia l  fo r  te ra to g e n e s is  ( c a u s in g  c o n g e n i ta l  

m a lfo rm a t io n s  in  th e  d e v e lo p in g  fe tu s ) . U L  is  3 ,0 0 0  |ig  p re fo rm e d  

v i ta m in  A /d a y . [N o te : V ita m in  A  p ro m o te s  b o n e  g ro w th . In  e x c e s s , 

h o w e v e r ,  i t  is  a s s o c ia te d  w ith  d e c re a s e d  b o n e  m in e ra l  d e n s ity  a n d  

in c re a s e d  r is k  o f  f ra c tu re s .]

2. I s o tre t in o in :  T h e  d ru g , a n  is o m e r  o f  r e t in o ic  a c id , is  te r a to g e n ic  a n d  

a b s o lu te ly  c o n tra in d ic a te d  in  w o m e n  w ith  c h i ld b e a r in g  p o te n t ia l  u n le s s  

th e y  h a v e  s e v e re , d is f ig u r in g  c y s tic  a c n e  th a t  is  u n re s p o n s iv e  to  s ta n d a rd



th e ra p ie s .  P re g n a n c y  m u s t  b e  e x c lu d e d  b e fo re  t r e a tm e n t  b e g in s ,  a n d  b ir th  

c o n tro l  m u s t  b e  u s e d . P ro lo n g e d  t r e a tm e n t  w i th  is o tr e t in o in  c a n  r e s u l t  in  

a n  in c re a s e  in  T A G  a n d  c h o le s te ro l ,  p ro v id in g  s o m e  c o n c e rn  fo r  a n  

in c re a s e d  r is k  o f  C V D .

XII. VITAMIN D

T h e  D  v i ta m in s  a re  a  g ro u p  o f  s te ro ls  th a t  h a v e  a  h o rm o n e - l ik e  fu n c t io n . T h e  

a c t iv e  m o le c u le ,  1 ,2 5 -d ih y d ro x y c h o le c a lc if e ro l  ( [1 ,2 5 -d iO H -D 3], o r  c a lc it r io l) ,  

b in d s  to  in t r a c e l lu la r  r e c e p to r  p ro te in s .  T h e  1 ,2 5 -d iO H -D 3- r e c e p to r  c o m p le x  

in te ra c ts  w i th  r e s p o n s e  e le m e n ts  in  th e  n u c le a r  D N A  o f  ta rg e t  c e lls  in  a  m a n n e r  

s im ila r  to  th a t  o f  v i ta m in  A  (s e e  F ig . 2 8 .2 0 ) a n d  e i th e r  s e le c t iv e ly  s t im u la te s  o r  

r e p re s s e s  g e n e  tr a n s c r ip tio n .  T h e  m o s t  p ro m in e n t  a c t io n s  o f  c a lc i t r io l  a re  to  

r e g u la te  th e  s e ru m  le v e ls  o f  c a lc iu m  a n d  p h o s p h o ru s .

A. Distribution
1. E n d o g e n o u s  v i ta m in  p re c u rs o r :  7 -D e h y d ro c h o le s te ro l ,  a n  in te rm e d ia te  in  

c h o le s te ro l  s y n th e s is ,  is  c o n v e r te d  to  c h o le c a lc if e ro l  in  th e  d e rm is  a n d  

e p id e rm is  o f  h u m a n s  e x p o s e d  to  s u n l ig h t  a n d  tr a n s p o r te d  to  l iv e r  b o u n d  

to  v i ta m in  D - b in d in g  p ro te in .

2. D ie t: E rg o c a lc i f e ro l  (v i ta m in  D 2), fo u n d  in  p la n ts ,  a n d  c h o le c a lc if e ro l  

(v ita m in  D 3), fo u n d  in  a n im a l  t is s u e s ,  a re  s o u rc e s  o f  p re fo rm e d  v i ta m in  

D  a c t iv i ty  (F ig . 2 8 .2 2 ). V ita m in  D 2 a n d  v i ta m in  D 3 d if fe r  c h e m ic a lly

o n ly  in  th e  p r e s e n c e  o f  a n  a d d i t io n a l  d o u b le -b o n d  a n d  m e th y l  g ro u p  in  

th e  p la n t  s te ro l .  D ie ta ry  v i ta m in  D  is  p a c k a g e d  in to  c h y lo m ic ro n s . [N o te : 

P re fo rm e d  v i ta m in  D  is  a  d ie ta ry  r e q u i re m e n t  o n ly  in  in d iv id u a ls  w ith  

l im ite d  e x p o s u re  to  s u n lig h t .]
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F ig u re  2 8 .2 2  S o u rc e s  o f  v i ta m in  D . V ita m in s  D 2 a n d  D 3 a re  f i r s t  c o n v e r te d  to  

c a lc id io l  a n d  th e n  to  c a lc i t r io l  ( a c t iv e  v i ta m in  D ). [N o te : 7 -D e h y d ro c h o le s te ro l  

(p ro v i ta m in  D 3) is  d e c re a s e d  in  th e  s k in  o f  o ld e r  a d u lts .]

B. Metabolism
1. 1 ,2 5 -D ih y d ro x y c h o le c a lc i f e ro l  fo rm a tio n : V ita m in s  D 2 a n d  D 3 a re  n o t

b io lo g ic a l ly  a c t iv e  b u t  a re  c o n v e r te d  in  v iv o  to  c a lc i t r io l ,  th e  a c t iv e  fo rm  

o f  th e  D  v i ta m in , b y  tw o  s e q u e n t ia l  h y d ro x y la t io n  r e a c t io n s  (F ig . 2 8 .2 3 ). 

T h e  f i r s t  h y d ro x y la t io n  o c c u rs  a t  th e  2 5  p o s i t io n  a n d  is  c a ta ly z e d  b y  a  

s p e c if ic  25-hydroxylase  in  th e  liv e r . T h e  p ro d u c t  o f  th e  re a c tio n , 2 5 - 

h y d ro x y c h o le c a lc if e ro l  ( [ 2 5 -O H -D 3], c a lc id io l) ,  is  th e  p r e d o m in a n t  fo rm

o f  v i ta m in  D  in  th e  s e ru m  a n d  th e  m a jo r  s to ra g e  fo rm . 2 5 -O H -D 3 is

fu r th e r  h y d ro x y la te d  a t  th e  1 p o s i t io n  b y  25-hydroxycholecalciferol 1- 
hydroxylase  f o u n d  p r im a r i ly  in  th e  k id n e y , r e s u l t in g  in  th e  fo rm a t io n  o f  

1 ,2 5 -d iO H -D 3 (c a lc i t r io l) .  [N o te : B o th  hydroxylases  a re  c y to c h ro m e  

P 4 5 0  p ro te in s  ( s e e  p . 1 4 9 ).]
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F ig u re  2 8 .2 3  M e ta b o lis m  a n d  a c t io n s  o f  v i ta m in  D . [N o te : C a lc ito n in , a  th y ro id  

h o rm o n e , d e c re a s e s  b lo o d  c a lc iu m  (C a 2+) b y  in h ib i t in g  m o b i l iz a t io n  f ro m  b o n e , 

a b s o rp t io n  f ro m  th e  in te s t in e , a n d  r e a b s o rp t io n  b y  th e  k id n e y . I t  o p p o s e s  th e  

a c t io n s  o f  P T H .]  m R N A  =  m e s s e n g e r  R N A ; 2 5 -O H -D 3 =  2 5 -

h y d ro x y c h o le c a lc if e ro l ;  1 ,2 5 -d iO H -D 3 =  1 ,2 5 -d ih y d ro x y c h o le c a lc if e ro l .



2. H y d ro x y la t io n  r e g u la tio n :  C a l d t r i o l  is  th e  m o s t  p o te n t  v i ta m in  D  

m e ta b o l i te .  I ts  f o rm a t io n  is  t ig h tly  r e g u la te d  b y  th e  le v e l  o f  s e ru m  

p h o s p h a te  (P O 43 -) a n d  c a lc iu m  io n s  (C a 2+) as  s h o w n  in  F ig u re  2 8 .2 4 . 25- 

H ydroxycholecalciferol 1-hydroxylase  a c t iv i ty  is  in c re a s e d  d ire c tly  b y  

lo w  s e ru m  P O 43- o r  in d ir e c t ly  b y  lo w  s e ru m  C a 2+, w h ic h  tr ig g e r s  th e  

s e c re t io n  o f  p a r a th y ro id  h o rm o n e  (P T H )  f ro m  th e  c h ie f  c e lls  o f  th e  

p a ra th y ro id  g la n d . P T H  u p re g u la te s  th e  1-hydroxylase. T h u s , 

h y p o c a lc e m ia  c a u s e d  b y  in s u f f ic ie n t  d ie ta ry  C a 2+ re s u lts  in  e le v a te d  

le v e ls  o f  s e ru m  1 ,2 5 -d iO H -D 3. [N o te : 1 ,2 5 -d iO H -D 3 in h ib its  e x p re s s io n  

o f  P T H , fo rm in g  a  n e g a t iv e  fe e d b a c k  lo o p . I t  a lso  in h ib its  a c t iv i ty  o f  th e

1-hydroxylase.]
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F ig u re  2 8 .2 4  R e s p o n s e  to  lo w  s e ru m  c a lc iu m . 1 ,2 5 -d iO H -D 3 = 1 ,2 5 - 

d ih y d ro x y c h o le c a lc i f e ro l .  [N o te : C a lc i t r io l  a lso  in c re a s e s  in te s t in a l  a b s o rp tio n  

a n d  r e n a l  r e a b s o rp t io n  o f  p h o s p h a te .  In  c o n tra s t ,  P T H  d e c re a s e s  re n a l  

r e a b s o rp t io n  o f  p h o s p h a te .]

C. Function
T h e  o v e ra l l  fu n c t io n  o f  c a lc i t r io l  is  to  m a in ta in  a d e q u a te  s e ru m  le v e ls  o f  

C a 2+. I t  p e r fo rm s  th is  fu n c t io n  b y  1) in c re a s in g  u p ta k e  o f  C a 2+ b y  th e  

in te s t in e , 2 ) m in im iz in g  lo s s  o f  C a 2+ b y  th e  k id n e y  b y  in c re a s in g  

re a b s o rp tio n , a n d  3 ) s t im u la t in g  r e s o rp t io n  (d e m in e ra l iz a t io n )  o f  b o n e  w h e n  

b lo o d  C a 2+ is  lo w  (s e e  F ig . 2 8 .2 3 ).

1. E f f e c t  o n  th e  in te s tin e : C a lc i t r io l  s t im u la te s  in te s t in a l  a b s o rp t io n  o f  C a 2+ 

b y  f i r s t  e n te r in g  th e  in te s t in a l  c e l l  a n d  b in d in g  to  a  c y to s o l ic  re c e p to r .  

T h e  1 ,2 5 -d iO H -D 3- r e c e p to r  c o m p le x  th e n  m o v e s  to  th e  n u c le u s  w h e re  i t  

s e le c tiv e ly  in te ra c ts  w i th  r e s p o n s e  e le m e n ts  o n  th e  D N A . A s  a  re su lt ,  

C a 2+ u p ta k e  is  e n h a n c e d  b y  in c re a s e d  e x p re s s io n  o f  th e  c a lc iu m -b in d in g  

p ro te in  c a lb in d in . T h u s , th e  m e c h a n is m  o f  a c t io n  o f  1 ,2 5 -d iO H -D 3 is 

ty p ic a l  o f  s te ro id  h o rm o n e s  (s e e  p . 2 4 0 ).

2. E f fe c t  o n  b o n e : B o n e  is  c o m p o s e d  o f  c o l la g e n  a n d  c ry s ta ls  o f  

C a 5(P O 4)3O H  (h y d ro x y la p a ti te ) .  W h e n  b lo o d  C a 2+ is  lo w , 1 ,2 5 -d iO H -D 3 

s t im u la te s  b o n e  r e s o rp t io n  b y  a  p ro c e s s  th a t  is  e n h a n c e d  b y  P T H . T h e  

r e s u l t  is  a n  in c re a s e  in  s e ru m  C a 2+. T h e re fo re ,  b o n e  is  a n  im p o r ta n t  

r e s e rv o ir  o f  C a 2+ th a t  c a n  b e  m o b i l iz e d  to  m a in ta in  s e ru m  le v e ls .  [N o te : 

P T H  a n d  c a lc i t r io l  a lso  w o rk  to g e th e r  to  p r e v e n t  r e n a l  lo s s  o f  C a 2+.]

D. Distribution and requirement
V ita m in  D  o c c u rs  n a tu ra l ly  in  fa t ty  f ish , l iv e r , a n d  e g g  y o lk . M ilk , u n le s s  i t  

is  a r t if ic ia l ly  fo r ti f ie d , is  n o t  a  g o o d  s o u rc e . T h e  R D A  fo r  in d iv id u a ls  a g e s  

1 - 7 0  y e a r s  is  15  |ig /d a y  a n d  2 0  |ig /d a y  i f  o v e r  a g e  7 0  y e a rs .  E x p e r ts  

d is a g re e , h o w e v e r ,  o n  th e  o p t im a l  le v e l  o f  v i ta m in  D  n e e d e d  to  m a in ta in  

h e a lth .  [N o te : 1 |ig  v i ta m in  D  = 4 0  in te rn a t io n a l  u n its  ( IU ) .]  B e c a u s e  b r e a s t  

m i lk  is  a  p o o r  s o u rc e  o f  v i ta m in  D , s u p p le m e n ta t io n  is  r e c o m m e n d e d  fo r



breastfed babies.

E. Clinical indications for vitamin D
1. N u tr i t io n a l  r ic k e ts :  V ita m in  D  d e f ic ie n c y  c a u s e s  a  n e t  d e m in e ra l iz a t io n  

o f  b o n e , r e s u lt in g  in  r ic k e ts  in  c h i ld re n  a n d  o s te o m a la c ia  in  a d u l ts  (F ig . 

2 8 .2 5 ). R ic k e ts  is  c h a ra c te r iz e d  b y  th e  c o n t in u e d  fo rm a t io n  o f  th e  

c o l la g e n  m a tr ix  o f  b o n e , b u t  in c o m p le te  m in e ra l iz a t io n  r e s u lts  in  so ft, 

p l ia b le  b o n e s . In  o s te o m a la c ia ,  d e m in e ra l iz a t io n  o f  p r e e x is t in g  b o n e s  

in c re a s e s  th e ir  s u s c e p t ib i l i ty  to  f ra c tu re .  I n s u f f ic ie n t  e x p o s u re  to  d a y l ig h t  

a n d /o r  d e f ic ie n c ie s  in  v i ta m in  D  c o n s u m p tio n  o c c u r  p re d o m in a n t ly  in  

in fa n ts  a n d  th e  e ld e r ly . V ita m in  D  d e f ic ie n c y  is  m o re  c o m m o n  in  th e  

n o r th e rn  la t i tu d e s ,  b e c a u s e  le s s  v i ta m in  D  s y n th e s is  o c c u r s  in  th e  s k in  as 

a  r e s u l t  o f  r e d u c e d  e x p o s u re  to  u l t r a v io le t  lig h t. [N o te : L o s s -o f - fu n c t io n  

m u ta t io n s  in  th e  v i ta m in  D  re c e p to r  r e s u l t  in  h e re d i ta ry  v i ta m in  D -  

d e f ic ie n t  r ic k e ts .]



• 
•



F ig u re  2 8 .2 5  B o w e d  le g s  o f  m id d le - a g e d  m a n  w ith  o s te o m a la c ia ,  a  n u tr i t io n a l  

v i ta m in  D  d e f ic ie n c y  th a t  r e s u lts  in  d e m in e ra l iz a t io n  o f  th e  s k e le to n .

2. R e n a l o s te o d y s tro p h y : C h ro n ic  k id n e y  d is e a s e  c a u s e s  d e c re a s e d  a b i l i ty  to  

fo rm  a c t iv e  v i ta m in  D  a s  w e ll  as  in c re a s e d  r e te n t io n  o f  P O 43 - , r e s u lt in g  

in  h y p e rp h o s p h a te m ia  a n d  h y p o c a lc e m ia .  T h e  lo w  b lo o d  C a 2+ c a u s e s  a  

r is e  in  P T H  a n d  a s s o c ia te d  b o n e  d e m in e ra l iz a t io n  w i th  r e le a s e  o f  C a 2+ 

a n d  P O 43 - . S u p p le m e n ta t io n  w i th  v i ta m in  D  is  a n  e f f e c t iv e  th e ra p y . 

H o w e v e r ,  s u p p le m e n ta t io n  m u s t  b e  a c c o m p a n ie d  b y  P O 43- r e d u c t io n  

th e ra p y  to  p r e v e n t  fu r th e r  b o n e  lo s s  a n d  p r e c ip i ta t io n  o f  c a lc iu m  

p h o s p h a te  c ry s ta ls .

3. H y p o p a ra th y ro id is m : L a c k  o f  P T H  c a u s e s  h y p o c a lc e m ia  a n d

h y p e rp h o s p h a te m ia .  [N o te : P T H  in c re a s e s  p h o s p h a te  e x c re tio n .]  P a tie n ts  

m a y  b e  tr e a te d  w ith  v i ta m in  D  a n d  c a lc iu m  s u p p le m e n ta tio n .

F. Toxicity
L ik e  a l l  f a t - s o lu b le  v i ta m in s ,  v i ta m in  D  c a n  b e  s to re d  in  th e  b o d y  a n d  is  

o n ly  s lo w ly  m e ta b o l iz e d .  H ig h  d o s e s  (1 0 0 ,0 0 0  IU  fo r  w e e k s  o r  m o n th s )  c a n  

c a u s e  lo s s  o f  a p p e t i te ,  n a u s e a , th ir s t ,  a n d  w e a k n e s s .  E n h a n c e d  C a 2+ 

a b s o rp t io n  a n d  b o n e  r e s o rp t io n  r e s u lts  in  h y p e rc a lc e m ia ,  w h ic h  c a n  le a d  to  

d e p o s i t io n  o f  c a lc iu m  sa lts  in  s o f t  t i s s u e  (m e ta s ta t ic  c a lc if ic a t io n ) .  T h e  U L  

is  1 0 0  |ig /d a y  (4 ,0 0 0  IU /d a y )  fo r  in d iv id u a ls  a g e s  9  y e a r s  o r  o ld e r , w ith  a  

lo w e r  le v e l  fo r  th o s e  u n d e r  a g e  9  y e a rs .  [N o te : T o x ic i ty  is  o n ly  s e e n  w ith  

u s e  o f  s u p p le m e n ts .  E x c e s s  v i ta m in  D  p ro d u c e d  in  th e  s k in  is  c o n v e r te d  to  

in a c t iv e  fo rm s .]

XIII. VITAMIN K

T h e  p r in c ip a l  ro le  o f  v i ta m in  K  is  in  th e  p o s t t r a n s la t io n a l  m o d if ic a t io n  o f  a  

n u m b e r  o f  p ro te in s  (m o s t  o f  w h ic h  a re  in v o lv e d  w ith  b lo o d  c lo tt in g ) ,  in  w h ic h  i t  

s e rv e s  as  a  c o e n z y m e  in  th e  c a rb o x y la t io n  o f  c e r ta in  g lu ta m ic  a c id  r e s id u e s  in  

th e s e  p ro te in s .  V ita m in  K  e x is ts  in  s e v e ra l  a c t iv e  fo rm s , fo r  e x a m p le , in  p la n ts  as  

p h y llo q u in o n e  (o r  v i ta m in  K 1), a n d  in  in te s t in a l  b a c te r ia  as  m e n a q u in o n e  (o r



v ita m in  K 2). A  s y n th e t ic  fo rm  o f  v i ta m in  K , m e n a d io n e ,  is  a b le  to  b e  c o n v e r te d  

to  K 2.

A. Function
1. Y -C a rb o x y g lu ta m a te  fo rm a tio n :  V ita m in  K  is  r e q u ire d  in  th e  h e p a t ic  

s y n th e s is  o f  th e  b lo o d  c lo tt in g  p ro te in s ,  p ro th ro m b in  ( f a c to r  [F ]II)  a n d  

F V II , F IX , a n d  F X . (S e e  o n lin e  C h a p te r  3 5 .) F o rm a t io n  o f  th e  fu n c t io n a l  

c lo tt in g  fa c to rs  r e q u ire s  th e  v i ta m in  K - d e p e n d e n t  c a rb o x y la t io n  o f  

s e v e ra l  g lu ta m ic  a c id  r e s id u e s  to  Y -c a rb o x y g lu ta m a te  (G la )  re s id u e s  (F ig . 

2 8 .2 6 ). T h e  c a rb o x y la t io n  r e a c t io n  r e q u ire s  y-glu tam yl carboxylase, O 2, 

C O 2, a n d  th e  h y d ro q u in o n e  fo rm  o f  v i ta m in  K  (w h ic h  g e ts  o x id iz e d  to

th e  e p o x id e  fo rm ). T h e  fo rm a t io n  o f  G la  r e s id u e s  is  s e n s it iv e  to  

in h ib i t io n  b y  w a r fa r in ,  a  s y n th e t ic  a n a lo g  o f  v i ta m in  K  th a t  in h ib its  

vitam in K  epoxide reductase (VKOR), th e  e n z y m e  r e q u ire d  to  r e g e n e ra te  

th e  fu n c t io n a l  h y d r o q u in o n e  fo rm  o f  v i ta m in  K .
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F ig u re  2 8 .2 6  C a rb o x y la t io n  o f  g lu ta m a te  to  fo rm  Y -c a rb o x y g lu ta m a te . h  = 

h y d ro q u in o n e ;  e =  e p o x id e ; VKOR  =  vitam in K  epoxide reductase.

2. P ro th ro m b in  in te ra c t io n  w i th  m e m b ra n e s :  T h e  G la  r e s id u e s  a re  g o o d  

c h e la to r s  o f  p o s i t iv e ly  c h a rg e d  c a lc iu m  io n s , b e c a u s e  o f  th e ir  tw o  

a d ja c e n t ,  n e g a t iv e ly  c h a rg e d  c a rb o x y la te  g ro u p s . W ith  p ro th ro m b in ,  fo r  

e x a m p le , th e  p r o th r o m b in - c a lc iu m  c o m p le x  is  a b le  to  b in d  to  n e g a t iv e ly  

c h a rg e d  m e m b ra n e  p h o s p h o lip id s  o n  th e  s u r fa c e  o f  d a m a g e d  

e n d o th e l iu m  a n d  p la te le ts .  A t ta c h m e n t  to  m e m b ra n e  in c re a s e s  th e  ra te  a t  

w h ic h  th e  p ro te o ly t ic  c o n v e r s io n  o f  p ro th ro m b in  to  th ro m b in  c a n  o c c u r  

(F ig . 2 8 .2 7 ).

Membrane phospholipids AAAAAAAfv

F ig u re  2 8 .2 7  R o le  o f  v i ta m in  K  in  b lo o d  c o a g u la tio n . C O 2 =  c a rb o n  d io x id e .

3. Y -C a rb o x y g lu ta m a te  r e s id u e s  in  o th e r  p ro te in s :  G la  re s id u e s  a re  a lso  

p r e s e n t  in  p ro te in s  o th e r  th a n  th o s e  in v o lv e d  in  fo rm in g  a  b lo o d  c lo t. F o r  

e x a m p le , o s te o c a lc in  a n d  m a tr ix  G la  p ro te in  o f  b o n e  a n d  p ro te in s  C  a n d  

S ( in v o lv e d  in  l im i t in g  th e  fo rm a t io n  o f  b lo o d  c lo ts )  a lso  u n d e rg o  y- 

c a rb o x y la tio n .

B. Distribution and requirement
V ita m in  K  is  f o u n d  in  c a b b a g e , k a le , s p in a c h , e g g  y o lk , a n d  liv e r . T h e  

a d e q u a te  in ta k e  fo r  v i ta m in  K  is  1 2 0  q g /d a y  fo r  a d u l t  m a le s  a n d  9 0  q g  fo r  

a d u l t  f e m a le s .  T h e re  is  a lso  s y n th e s is  o f  th e  v i ta m in  b y  th e  g u t  m ic ro b io ta .



C. Clinical indications for vitamin K
1. D e f ic ie n c y : A  tru e  v i ta m in  K  d e f ic ie n c y  is  u n u s u a l  b e c a u s e  a d e q u a te  

a m o u n ts  a re  g e n e ra l ly  o b ta in e d  f ro m  th e  d ie t  a n d  p ro d u c e d  b y  in te s t in a l  

b a c te r ia .  I f  th e  b a c te r ia l  p o p u la t io n  in  th e  g u t  is  d e c re a s e d  ( fo r  e x a m p le , 

b y  a n t ib io t ic s ) ,  th e  a m o u n t  o f  e n d o g e n o u s ly  fo rm e d  v i ta m in  is  d e c re a s e d , 

a n d  th is  c a n  le a d  to  h y p o p ro th ro m b in e m ia  in  th e  m a rg in a l ly  

m a ln o u r is h e d  in d iv id u a l  ( fo r  e x a m p le , a  d e b i l i ta te d  g e r ia tr ic  p a t ie n t) .  

T h is  c o n d i t io n  m a y  r e q u ire  s u p p le m e n ta t io n  w i th  v i ta m in  K  to  c o r re c t  

th e  b le e d in g  te n d e n c y .  In  a d d i tio n , c e r ta in  c e p h a lo s p o r in  a n t ib io t ic s  ( fo r  

e x a m p le , c e fa m a n d o le )  c a u s e  h y p o p ro th ro m b in e m ia ,  a p p a re n t ly  b y  a  

w a r f a r in - l ik e  m e c h a n is m  th a t  in h ib its  VKOR. C o n s e q u e n t ly ,  th e ir  u s e  in  

t r e a tm e n t  is  u s u a l ly  s u p p le m e n te d  w i th  v i ta m in  K . D e f ic ie n c y  c a n  a lso  

a f f e c t  b o n e  h e a lth .

2. D e f ic ie n c y  in  th e  n e w b o rn : B e c a u s e  n e w b o rn s  h a v e  s te r i le  in te s t in e s ,  

th e y  in i t ia l ly  la c k  th e  b a c te r ia  th a t  s y n th e s iz e  v i ta m in  K . B e c a u s e  h u m a n  

m i lk  p ro v id e s  o n ly  a b o u t  o n e  f if th  o f  th e  d a i ly  r e q u i re m e n t  fo r  v i ta m in  

K , i t  is  r e c o m m e n d e d  th a t  a l l  n e w b o rn s  r e c e iv e  a  s in g le  in t r a m u s c u la r  

d o s e  o f  v i ta m in  K  as  p ro p h y la x is  a g a in s t  h e m o r rh a g ic  d is e a s e  o f  th e  

n e w b o rn .

D. Toxicity
P ro lo n g e d  a d m in is tr a t io n  o f  la rg e  d o s e s  o f  m e n a d io n e  c a n  p ro d u c e  

h e m o ly t ic  a n e m ia  a n d  ja u n d ic e  in  th e  in fa n t,  b e c a u s e  o f  to x ic  e f fe c ts  o n  th e  

R B C  m e m b ra n e .  T h e re fo re ,  i t  is  n o  lo n g e r  u s e d  to  t r e a t  v i ta m in  K  

d e f ic ie n c y . N o  U L  fo r  th e  n a tu r a l  fo rm  h a s  b e e n  se t.

XIV. VITAMIN E

T h e  E  v i ta m in s  c o n s is t  o f  e ig h t  n a tu ra l ly  o c c u r r in g  to c o p h e ro ls ,  o f  w h ic h  a -  

to c o p h e ro l  is  th e  m o s t  a c t iv e  (F ig . 2 8 .2 8 ). V ita m in  E  fu n c t io n s  a s  a n  a n t io x id a n t  

in  p r e v e n t io n  o f  n o n e n z y m ic  o x id a t io n s  ( fo r  e x a m p le , o x id a t io n  o f  L D L  (s e e  p . 

2 3 2 )  a n d  p e ro x id a t io n  o f  p o ly u n s a tu r a te d  F A  b y  O 2 a n d  f re e  r a d ic a ls ) .  [N o te : 

V ita m in  C  r e g e n e ra te s  a c t iv e  v i ta m in  E .]



F ig u re  2 8 .2 8  S tru c tu re  o f  v i ta m in  E  ( a - to c o p h e ro l) .

A. Distribution and requirements
V e g e ta b le  o ils  a re  r ic h  s o u rc e s  o f  v i ta m in  E , w h e re a s  l iv e r  a n d  e g g s  c o n ta in  

m o d e ra te  a m o u n ts .  T h e  R D A  fo r  a - to c o p h e r o l  is  15  m g /d a y  fo r  a d u l ts .  T h e  

v i ta m in  E  re q u i re m e n t  in c re a s e s  as  th e  in ta k e  o f  p o ly u n s a tu r a te d  F A  

in c re a s e s  to  l im i t  F A  p e ro x id a tio n .

B. Deficiency
N e w b o rn s  h a v e  lo w  re s e rv e s  o f  v i ta m in  E , b u t  b r e a s t  m i lk  ( a n d  fo rm u la s )  

c o n ta in  th e  v ita m in .  V e ry - lo w -b ir th -w e ig h t  in fa n ts  m a y  b e  g iv e n  

s u p p le m e n ts  to  p r e v e n t  th e  h e m o ly s is  a n d  r e t in o p a th y  a s s o c ia te d  w ith  

v i ta m in  E  d e f ic ie n c y . W h e n  o b s e rv e d  in  a d u lts , d e f ic ie n c y  is  u s u a lly  

a s s o c ia te d  w i th  d e fe c t iv e  l ip id  a b s o rp t io n  o r  t r a n s p o r t .  [N o te : 

A b e ta l ip o p ro te in e m ia ,  c a u s e d  b y  a  d e f e c t  in  th e  fo rm a t io n  o f  c h y lo m ic ro n s  

(a n d  V L D L ) , r e s u lts  in  v i ta m in  E  d e f ic ie n c y  (s e e  p . 2 3 1 ) .]

C. Clinical indications for vitamin E



V ita m in  E  is  n o t  r e c o m m e n d e d  fo r  th e  p re v e n t io n  o f  c h ro n ic  d is e a se , s u c h  

as  C V D  o r  c a n c e r .  C lin ic a l  tr ia ls  u s in g  v i ta m in  E  s u p p le m e n ta t io n  h a v e  

b e e n  u n ifo rm ly  d is a p p o in tin g .  F o r  e x a m p le , s u b je c ts  in  th e  A lp h a -  

T o c o p h e ro l ,  B e ta -C a ro te n e  C a n c e r  P re v e n t io n  S tu d y  t r ia l  w h o  r e c e iv e d  

h ig h  d o s e s  o f  v i ta m in  E  n o t  o n ly  la c k e d  c a rd io v a s c u la r  b e n e f i t  b u t  a lso  h a d  

a n  in c re a s e d  in c id e n c e  o f  s tro k e . [N o te : V ita m in s  E  a n d  C  a re  u s e d  to  s lo w  

th e  p ro g re s s io n  o f  a g e - re la te d  m a c u la r  d e g e n e ra tio n .]

D. Toxicity
V ita m in  E  is  th e  le a s t  to x ic  o f  th e  fa t - s o lu b le  v ita m in s , a n d  n o  to x ic i ty  h a s  

b e e n  o b s e rv e d  a t  d o s e s  o f  3 0 0  m g /d a y  (U L  = 1 ,0 0 0  m g /d a y ) .

P o p u la t io n s  c o n s u m in g  d ie ts  h ig h  in  f ru its  a n d  v e g e ta b le s  s h o w  d e c re a s e d  

in c id e n c e  o f  s o m e  c h ro n ic  d is e a s e s .  H o w e v e r ,  c l in ic a l  tr ia ls  h a v e  f a i le d  to  

s h o w  a  d e f in i t iv e  b e n e f i t  f ro m  s u p p le m e n ts  o f  fo lic  a c id ; v i ta m in s  A , C , o r  

E ; o r  a n t io x id a n t  c o m b in a t io n s  fo r  th e  p r e v e n t io n  o f  c a n c e r  o r  C V D .



VITAMIN OTHER NAMES ACTIVE FORM FUNCTION

Vitamin Bg Folic acid Tetrahydro- 
folic acid

Transfer one-carbon units; synthesis of methionine, 
serine, purine nucleotides, and 

thymidine monophosphate

Vitamin B12 Cobalamin Methylcobalamin
Deoxyadenosyl

cobalamin

Coenzyme for reactions: 
Homocysteine —> methionine 
Methylmalonyl CoA -> succinyl CoA

Vitamin C Ascorbic acid Ascorbic acid Antioxidant
Coenzyme for hydroxylation reactions, for example: 

In procollagen: Proline -> hydroxyproline 
Lysine -» hydroxylysine

Vitamin B6 Pyridoxine
Pyridoxamine
Pyridoxal

Pyridoxal phosphate Coenzyme for enzymes, particularly in 
amino acid metabolism

Vitamin B1 Thiamine Thiamine
pyrophosphate

Coenzyme of enzymes catalyzing: 
Pyruvate acetyl CoA 
a-Ketoglutarate - 4  Succinyl CoA 
Ribose 5-P + xylulose 5-P 

Sedoheptulose 7-P + Glyceraldehyde 3-P 
Branched-chain a-keto acid oxidation

Vitamin B3
Niacin
Nicotinic acid N A D \ NADP+ Electron transfer

Vitamin B2 Riboflavin FMN, FAD Electron transfer

Vitamin B7 Biotin Enzyme-bound biotin Carboxylation reactions

Vitamin Bs Pantothenic acid Coenzyme A Acyl carrier

WATER SOLUBLE

Vitamin A Retinol 
Retinal 
Retinoic acid 
ß-Carotene

Retinol 
Retinal 
Retinoic acid

FAT SOLUBLE
Maintenance of reproduction 
Vision
Promotion of growth
Differentiation and maintenance of epithelial tissues 
Gene expression

Vitamin D Cholecalciferol
Ergocalciferol

1,25-Dihydroxy-
cholecalcifero!

Calcium uptake 
Gene expression

Vitamin K Menadione
Menaquinone
Phylloquinone

Menadione
Menaquinone
Phylloquinone

y-Carboxylation of glutamate residues in 
clotting and other proteins

Vitamin E a-Tocopherol Any of several 
tocopherol derivatives

Antioxidant



F ig u re  2 8 .2 9  (c o n t in u e d  o n  n e x t  p a g e )  S u m m a ry  o f  v ita m in s .  [N o te : C h o lin e , 

l ik e  v i ta m in  D , is  c o n s id e re d  a n  e s s e n tia l  m ic ro n u tr ie n t  in  h u m a n s  e v e n  th o u g h  

w e  a re  a b le  to  s y n th e s iz e  it .]  P  =  p h o s p h a te ;  N A D (P )  =  n ic o t in a m id e  a d e n in e  

d in u c le o t id e  (p h o s p h a te ) ;  F M N  = f la v in  m o n o n u c le o t id e ;  F A D  = f la v in  a d e n in e  

d in u c le o t id e ;  C o A  =  c o e n z y m e  A .



XV. CHAPTER SUMMARY

T h e  v i ta m in s  a re  s u m m a r iz e d  in  F ig u re  2 8 .2 9  o n  p p . 3 9 6 - 3 9 7 .

Study Questions

Choose th e  O N E  b e s t  a n s w e r .

o r  Q u e s tio n s  2 8 .1 -2 8 .5 ,  

c o n s e q u e n c e .

A. Folic acid
B. Niacin

C. Vitamin A

D. Vitamin B 1 2

8 .1 . B le e d in g

8 .2 . D ia r rh e a  a n d  d e rm a ti t is

8 .3 . N e u ra l  tu b e  d e fe c ts

8 .4 . N ig h t  b l in d n e s s  (n y c ta lo p ia )

8 .5 . S o re , s p o n g y  g u m s  a n d  lo o s e  te e th

C o r r e c t  a n s w e rs  = H , B , A , C , E . V ita m in  K  is  r e q u ire d  fo r  f o rm a t io n  o f  th e  y- 

c a rb o x y g lu ta m a te  r e s id u e s  in  s e v e ra l  p ro te in s  r e q u ire d  fo r  b lo o d  c lo tt in g . 

C o n s e q u e n t ly ,  a  d e f ic ie n c y  o f  v i ta m in  K  re s u l ts  in  a  te n d e n c y  to  b le e d . N ia c in  

d e f ic ie n c y  is  c h a ra c te r iz e d  b y  th e  th re e  D s: d ia r rh e a , d e rm a ti t is ,  a n d  d e m e n tia  

(a n d  d e a th , a  fo u r th  D , i f  u n tre a te d ) .  F o l ic  a c id  d e f ic ie n c y  c a n  r e s u l t  in  n e u ra l  

tu b e  d e fe c ts  in  th e  d e v e lo p in g  fe tu s . N ig h t  b l in d n e s s  is  o n e  o f  th e  f i r s t  s ig n s  o f  

v i ta m in  A  d e f ic ie n c y . R o d  c e lls  in  th e  r e t in a  d e te c t  w h ite  a n d  b la c k  im a g e s  a n d  

w o rk  b e s t  in  lo w  lig h t, fo r  e x a m p le , a t  n ig h t .  R h o d o p s in , th e  v is u a l  p ig m e n t  o f  

th e  ro d  c e lls ,  c o n s is ts  o f  1 1 -c is  r e t in a l  b o u n d  to  th e  p ro te in  o p s in . V ita m in  C  is  

r e q u ire d  fo r  th e  h y d ro x y la t io n  o f  p ro l in e  a n d  ly s in e  d u r in g  c o l la g e n  s y n th e s is .

m a tc h  th e  v i ta m in  d e f ic ie n c y  to  th e  c l in ic a l

E. Vitamin C
F. Vitamin D

G. Vitamin E

H. Vitamin K



S e v e re  v i ta m in  C  d e f ic ie n c y  ( s c u rv y )  r e s u lts  in  d e fe c t iv e  c o n n e c t iv e  t is s u e , 

c h a ra c te r iz e d  b y  s o re  a n d  s p o n g y  g u m s , lo o s e  te e th ,  c a p i l la ry  f ra g il i ty ,  a n e m ia , 

a n d  fa t ig u e .

8 .6 . A  5 2 -y e a r -o ld  w o m a n  p re s e n ts  w ith  fa t ig u e  o f  s e v e ra l  m o n th s ’ d u ra t io n . 

B lo o d  s tu d ie s  r e v e a l  a  m a c ro c y tic  a n e m ia , r e d u c e d  le v e ls  o f  h e m o g lo b in ,  

e le v a te d  le v e ls  o f  h o m o c y s te in e ,  a n d  n o rm a l  le v e ls  o f  m e th y lm a lo n ic  a c id . 

W h ic h  o f  th e  fo llo w in g  is  m o s t  l ik e ly  d e f ic ie n t  in  th is  w o m a n ?

A . F o lic  a c id

B . F o lic  a c id  a n d  v i ta m in  B 12

C . I ro n

D . V ita m in  C

C o r re c t  a n s w e r  = A . M a c ro c y t ic  a n e m ia  is  s e e n  w i th  d e f ic ie n c ie s  o f  fo lic  a c id , 

v i ta m in  B 12, o r  b o th . V ita m in  B 12 is  u t i l iz e d  in  o n ly  tw o  re a c t io n s  in  th e  b o d y : 

th e  r e m e th y la t io n  o f  h o m o c y s te in e  (H c y )  to  m e th io n in e , w h ic h  a lso  re q u ire s  

fo lic  a c id  (a s  te tr a h y d ro fo la te  [T H F ]) , a n d  th e  is o m e r iz a t io n  o f  m e th y lm a lo n y l  

c o e n z y m e  A  to  s u c c in y l  c o e n z y m e  A , w h ic h  d o e s  n o t  r e q u ire  T H F . T h e  

e le v a te d  H c y  a n d  n o rm a l  m e th y lm a lo n ic  a c id  le v e ls  in  th e  p a t ie n t ’s b lo o d  

r e f le c t  a  d e f ic ie n c y  o f  fo lic  a c id  a s  th e  c a u s e  o f  th e  m a c ro c y tic  a n e m ia . I ro n  

d e f ic ie n c y  c a u s e s  m ic ro c y t ic  a n e m ia , a s  c a n  v i ta m in  C  d e f ic ie n c y .

8 .7 . A  1 0 -m o n th -o ld  A f r ic a n  A m e r ic a n  g ir l, w h o s e  f a m ily  r e c e n t ly  lo c a te d  f ro m  

M a in e  to  V irg in ia ,  is  b e in g  e v a lu a te d  fo r  th e  b o w e d  a p p e a ra n c e  o f  h e r  le g s . 

T h e  p a re n ts  r e p o r t  th a t  th e  b a b y  is  s t i l l  b e in g  b r e a s t f e d  a n d  ta k e s  n o  

s u p p le m e n ts .  R a d io lo g ic  s tu d ie s  c o n f i rm  th e  s u s p ic io n  o f  r ic k e ts  c a u s e d  b y  

v i ta m in  D  d e f ic ie n c y . W h ic h  o n e  o f  th e  fo llo w in g  s ta te m e n ts  c o n c e rn in g  

v i ta m in  D  is  c o r re c t?

A . A  d e f ic ie n c y  r e s u lts  in  a n  in c re a s e d  s e c re t io n  o f  c a lb in d in .

B . C h ro n ic  k id n e y  d is e a s e  r e s u lts  in  o v e rp ro d u c t io n  o f  1 ,2 5 - 

d ih y d r o x y c h o le c a lc i f e ro l  ( c a lc i t r io l ) .

C . 2 5 -H y d ro x y c h o le c a lc i f e ro l  ( c a lc id io l)  is  th e  a c t iv e  fo rm  o f  th e  v ita m in .

D . I t  is  r e q u ire d  in  th e  d ie t  o f  in d iv id u a ls  w ith  l im i te d  e x p o s u re  to  

su n lig h t .

E . I ts  a c t io n s  a re  m e d ia te d  th ro u g h  b in d in g  to  G  p r o te in - c o u p le d  

re c e p to rs .



F. It opposes the effect of parathyroid hormone.

C o r re c t  a n s w e r  = D . V ita m in  D  is  r e q u ire d  in  th e  d ie t  o f  in d iv id u a ls  w ith  

l im i te d  e x p o s u re  to  s u n lig h t ,  s u c h  a s  th o s e  l iv in g  a t  n o r th e rn  la t i tu d e s  l ik e  

M a in e  a n d  th o s e  w ith  d a rk  sk in . N o te  th a t  b r e a s t  m i lk  is  lo w  in  v i ta m in  D , a n d  

th e  la c k  o f  s u p p le m e n ta t io n  in c re a s e s  th e  r is k  o f  a  d e f ic ie n c y . V ita m in  D  

d e f ic ie n c y  r e s u l ts  in  d e c re a s e d  s y n th e s is  o f  c a lb in d in . C h ro n ic  k id n e y  d is e a se  

d e c re a s e s  p r o d u c t io n  o f  c a lc i t r io l  (1 ,2 5 -d ih y d ro x y c h o le c a lc if e ro l) ,  th e  a c t iv e  

fo rm  o f  th e  v i ta m in . V ita m in  D  b in d s  to  n u c le a r  r e c e p to r s  a n d  a l te rs  g e n e  

tr a n s c r ip tio n .  I ts  e f fe c ts  a re  s y n e rg is t ic  w i th  p a r a th y ro id  h o rm o n e .

8 .8 . W h y  m ig h t  a  d e f ic ie n c y  o f  v i ta m in  B 6 r e s u l t  in  a  fa s t in g  h y p o g ly c e m ia ?  

D e f ic ie n c y  o f  w h a t  o th e r  v i ta m in  c o u ld  a lso  r e s u l t  in  h y p o g ly c e m ia ?

V ita m in  B 6 is  r e q u ire d  fo r  g ly c o g e n  d e g ra d a t io n  b y  g ly c o g e n  p h o s p h o ry la s e .  A  

d e f ic ie n c y  w o u ld  r e s u l t  in  fa s t in g  h y p o g ly c e m ia .  A d d it io n a l ly ,  a  d e f ic ie n c y  o f  

b io t in  ( r e q u ire d  b y  p y ru v a te  c a rb o x y la s e  o f  g lu c o n e o g e n e s is )  w o u ld  a lso  re s u l t  

in  fa s t in g  h y p o g ly c e m ia .
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Point" F o r

c h a p te r , p le a s e  v is i t  th e P o in t .

a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is

I. OVERVIEW

M in e ra ls  a re  in o rg a n ic  s u b s ta n c e s  (e le m e n ts )  r e q u ire d  in  s m a l l  a m o u n ts  b y  th e  

b o d y . T h e y  fu n c t io n  in  a  n u m b e r  o f  p ro c e s s e s  in c lu d in g  fo rm a t io n  o f  b o n e s  a n d  

te e th , f lu id  b a la n c e , n e rv e  c o n d u c t io n , m u s c le  c o n tra c tio n , s ig n a l in g , a n d  

c a ta ly s is .  [N o te : S e v e ra l  m in e ra ls  a re  e s s e n t ia l  e n z y m e  c o fa c to rs .]  L ik e  th e  

o rg a n ic  v i ta m in s  (s e e  C h a p te r  2 8 ), m in e ra ls  a re  m ic ro n u tr ie n ts  r e q u ire d  in  m g  o r  

|ig  a m o u n ts .  T h o s e  r e q u ire d  b y  a d u lts  in  th e  la rg e s t  a m o u n ts  (> 1 0 0  m g /d a y )  a re  

r e fe r re d  to  a s  th e  m a c ro m in e ra ls .  M in e ra ls  r e q u ire d  in  a m o u n ts  b e tw e e n  1 a n d  

1 0 0  m g /d a y  a re  th e  m ic ro m in e ra ls  ( tra c e  m in e ra ls ) .  U ltr a tr a c e  m in e ra ls  a re  

re q u ire d  in  a m o u n ts  < 1  m g /d a y  (F ig . 2 9 .1 ). [N o te : T h e  c la s s i f ic a t io n  o f  s p e c if ic  

m in e ra ls  in to  th e s e  c a te g o r ie s  c a n  v a ry  a m o n g  s o u rc e s .]  M in e ra l  c o n c e n tra t io n s  

in  th e  b o d y  a re  in f lu e n c e d  b y  th e ir  ra te s  o f  a b s o rp t io n  a n d  e x c re tio n .



r------------------------------------------------------

MINERAL
CLASSIFICATIONS

-------------------------------- i

RDA (OR Al*)
FOR ADULTS

MACROMINERALS

Calcium  (Ca) 1 ,00 0 -20 00  mg

Chloride (Cl) 1 ,8 00 -2 ,300  mg*

M agnesium  (Mg) 3 1 0 -4 2 0  mg

Phosphorus (P) 700 mg

Potassium (K) 4,700 mg*

Sodium  (Na) 1,500 mg*

MICROMINERALS (TRACE)

Chrom ium  (Cr) 3 0 -3 5  mg

C opper (Cu) 900 pg

Fluorine (as fluoride [F - ]) 3 -4  mg

Iron (Fe) 8 -1 8  mg

M anganese (Mn) 1 .8 -2 .3  mg*

Zinc (Zn) 8 - 1 1  mg

MICROMINERALS (ULTRATRACE)

Iodine (1) 150 pg

M olybdenum  (Mo) 45 pg

Selenium  (Se)

s__________________________________________________

55 pg

___________________________________ /



F ig u re  2 9 .1  C la s s if ic a t io n  o f  m in e ra ls  a n d  r e c o m m e n d e d  a m o u n ts  to  b e  

c o n s u m e d /d a y  b y  a d u lts . [N o te : * A n  a d e q u a te  in ta k e  (A I)  is  s e t  i f  in s u f f ic ie n t  

s c ie n tif ic  e v id e n c e  is  a v a i la b le  to  c a lc u la te  a  R e c o m m e n d e d  D ie ta ry  A llo w a n c e  

(R D A ).]

II. MACROMINERALS

T h e  m a c ro m in e ra ls  in c lu d e  c a lc iu m  (C a 2+), p h o s p h o ru s  ([P ] a s  in o rg a n ic  

p h o s p h a te  [P j, o r  P O 43 -]), m a g n e s iu m  (M g 2+), s o d iu m  (N a+ ), c h lo r id e  (C l- ), a n d  

p o ta s s iu m  (K +). [N o te : T h e  f re e  io n ic  fo rm s  a re  e le c tro ly te s .]

A. Calcium and phosphorus
T h e s e  m a c ro m in e ra ls  a re  c o n s id e re d  to g e th e r  b e c a u s e  th e y  a re  c o m p o n e n ts  

o f  h y d ro x y la p a t i te  ( C a 5[P O 4]3O H ), w h ic h  m a k e s  u p  b o n e s  a n d  te e th .

1. C a lc iu m : C a 2+ is  th e  m o s t  a b u n d a n t  m in e ra l  in  th e  b o d y , w i th  ~ 9 8 %  

b e in g  fo u n d  in  b o n e s . T h e  r e m a in d e r  is  in v o lv e d  in  a  n u m b e r  o f  

p ro c e s s e s  s u c h  a s  s ig n a l in g , m u s c le  c o n tra c tio n , a n d  b lo o d  c lo tt in g . C a 2+ 

b in d s  to  a  v a r ie ty  o f  p ro te in s  in c lu d in g  c a lm o d u l in  (s e e  p . 1 3 3 ), 

phospholipase A 2 ( s e e  p . 2 1 3 ) , a n d  protein  kinase C  ( s e e  p . 2 0 5 )  a n d  

a l te rs  th e ir  a c tiv i ty . [N o te : C a lb in d in  is  a  v i ta m in  D - in d u c e d  in t r a c e l lu la r  

C a 2+ -b in d in g  p ro te in  in v o lv e d  in  C a 2+ a b s o rp t io n  in  th e  in te s t in e  (s e e  p . 

3 9 2 ) .]  D a iry  p ro d u c ts ,  m a n y  g re e n  v e g e ta b le s  ( fo r  e x a m p le , b ro c c o l i ,  b u t  

n o t  s p in a c h ) ,  a n d  fo r t i f ie d  o ra n g e  ju ic e  a re  g o o d  d ie ta ry  s o u rc e s . 

A lth o u g h  d ie ta ry  d e f ic ie n c y  s y n d ro m e s  a re  u n k n o w n , a v e ra g e  C a 2+ 

in ta k e  in  th e  U n ite d  S ta te s  is  in s u f f ic ie n t  fo r  o p t im a l  b o n e  h e a lth .  

T o x ic i ty  is  s e e n  o n ly  w i th  s u p p le m e n ts  ( to le ra b le  u p p e r  l im i t  [U L ] = 

2 ,5 0 0  m g /d a y  fo r  a d u lts ) .  H y p e rc a lc e m ia  ( e le v a te d  s e ru m  C a 2+) c a n  

r e s u l t  f ro m  o v e rp ro d u c t io n  o f  p a ra th y ro id  h o rm o n e  (P T H ). T h is  m a y  

c a u s e  c o n s t ip a t io n  a n d  k id n e y  s to n e s . H y p o c a lc e m ia  ( lo w  s e ru m  C a 2+) 

c a n  r e s u l t  f ro m  a  d e f ic ie n c y  o f  P T H  o r  v i ta m in  D . I t  c a n  le a d  to  b o n e  

d e m in e ra l iz a t io n  ( re s o rp tio n ) .  [N o te : T h e  h o rm o n a l  r e g u la t io n  o f  s e ru m  

C a 2+ le v e ls  w a s  p r e s e n te d  in  th e  v i ta m in  D  s e c t io n  o f  C h a p te r  2 8  a n d  is  

r e v ie w e d  in  3. b e lo w .]



B o n e  m a ss  in c re a s e s  f ro m  in fa n c y  th ro u g h  th e  e a r ly  r e p ro d u c t iv e  y e a r s  a n d  

th e n  s h o w s  a n  a g e - re la te d  lo s s  in  b o th  m e n  a n d  w o m e n  th a t  in c re a s e s  th e  

r is k  fo r  f ra c tu re .  T h is  lo s s  is  g r e a te s t  in  p o s tm e n o p a u s a l  C a u c a s ia n  w o m e n . 

S o m e  s tu d ie s  h a v e  s h o w n  th a t  s u p p le m e n ta t io n  w i th  C a 2+ a n d  v i ta m in  D  

d e c re a s e s  th is  r isk .

2. P h o s p h o ru s :  F re e  p h o s p h a te  (P i) is  th e  m o s t  a b u n d a n t  in t r a c e l lu la r  a n io n . 

H o w e v e r ,  8 5 %  o f  th e  b o d y ’s p h o s p h o ru s  is  in  th e  fo rm  o f  in o rg a n ic  

h y d ro x y la p a t i te ,  w ith  m o s t  o f  th e  r e m a in d e r  in  in t r a c e l lu la r  o rg a n ic  

c o m p o u n d s  s u c h  a s  p h o s p h o lip id s ,  n u c le ic  a c id s , A T P , a n d  c re a tin e  

p h o s p h a te .  P h o s p h a te  is  s u p p lie d  a s  A T P  fo r  kinases  a n d  as  Pj fo r  

phosphorylases  ( fo r  e x a m p le , glycogen phosphorylase, s e e  p . 1 2 8 ). 

[N o te : I ts  a d d i t io n  (b y  kinases) o r  r e m o v a l  (b y  phosphatases)  is  a n  

im p o r ta n t  m e a n s  o f  c o v a le n t  r e g u la t io n  o f  e n z y m e s  (s e e  C h a p te r  2 4 ).] 

P h o s p h o ru s  is  w id e ly  d is tr ib u te d  in  fo o d  (m ilk  is  a  g o o d  s o u rc e ) ,  a n d  

d ie ta ry  d e f ic ie n c y  is  ra re . H y p o p h o s p h a te m ia  c a n  b e  c a u s e d  b y  r e fe e d in g  

c a rb o h y d ra te s  to  m a ln o u r is h e d  p a t ie n ts  ( r e fe e d in g  s y n d ro m e , s e e  p . 3 6 9 ), 

o v e ru s e  o f  a lu m in u m -c o n ta in in g  a n ta c id s  ( a lu m in u m  c h e la te s  P i), a n d  

in c re a s e d  u r in a ry  lo s s  in  r e s p o n s e  to  in c re a s e d  p r o d u c t io n  o f  P T H  (se e  

b e lo w ) . M u s c le  w e a k n e s s  is  a  c o m m o n  s y m p to m . H y p e rp h o s p h a te m ia  is  

c a u s e d  p r im a r i ly  b y  d e c re a s e d  P T H  le v e ls .  T h e  e x c e s s  P i c a n  c o m b in e

w ith  C a 2+ a n d  fo rm  c ry s ta ls  th a t  d e p o s i t  in  s o f t  t i s s u e  (m e ta s ta t ic  

c a lc if ic a t io n ) .  [N o te : T h e  C a 2+ /P i r a t io  is  im p o r ta n t  fo r  b o n e  fo rm a t io n  

( th e  r a t io  is  ~ 2 /1  in  b o n e ) ,  a n d  s o m e  e x p e r ts  a re  c o n c e rn e d  th a t  

r e p la c e m e n t  o f  C a 2+ -rich  m i lk  b y  C a 2+ -p o o r, P i- r ic h  s o f t  d r in k s  c a n  a f fe c t  

b o n e  h e a l th .]

3. H o rm o n a l  re g u la tio n :  S e ru m  le v e ls  o f  C a 2+ a n d  P i a re  p r im a r ily  

c o n tro l le d  b y  c a lc i t r io l  (1 ,2 5 -d ih y d ro x y c h o le c a lc if e ro l ,  th e  a c t iv e  fo rm  o f  

v i ta m in  D ) a n d  P T H , b o th  o f  w h ic h  r e s p o n d  to  a  d e c re a s e  in  s e ru m  C a 2+. 

C a lc it r io l ,  p ro d u c e d  b y  th e  k id n e y s , in c re a s e s  s e ru m  C a 2+ a n d  P i b y  

in c re a s in g  b o n e  r e s o rp t io n  a n d  in te s t in a l  a b s o rp t io n  a n d  r e n a l  

r e a b s o rp t io n  o f  C a 2+ a n d  P i (F ig . 2 9 .2 ). P T H  ( f ro m  th e  p a ra th y ro id  

g la n d s )  in c re a s e s  s e ru m  C a 2+ b y  in c re a s in g  b o n e  r e s o rp tio n , in c re a s in g  

r e n a l  r e a b s o rp t io n  o f  C a 2+, a n d  a c t iv a t in g  th e  r e n a l  1-hydroxylase  th a t  

p ro d u c e s  c a lc i t r io l  f ro m  c a lc id io l  (s e e  p . 3 9 0 )  (F ig . 2 9 .3 ). In  c o n t r a s t  to



c a lc it r io l ,  P T H  d e c re a s e s  P i r e a b s o rp t io n  in  th e  k id n e y s , lo w e r in g  s e ru m  

Pj. [N o te : H ig h  s e ru m  P i in c re a s e s  P T H  a n d  d e c re a s e s  c a lc i t r io l .]  A  th ird  

h o rm o n e , c a lc i to n in  ( f ro m  th e  C  c e lls  o f  th e  th y ro id  g la n d ) , r e s p o n d s  to  

e le v a te d  s e ru m  C a 2+ le v e ls  b y  p ro m o tin g  b o n e  m in e ra l iz a t io n  a n d  

in c re a s in g  r e n a l  e x c re t io n  o f  C a 2+ (a n d  P j).

F ig u re  2 9 .3  E f f e c t  o f  p a r a th y ro id  h o rm o n e  o n  s e ru m  c a lc iu m  (C a 2+). P O 43 

p h o s p h a te .



F ig u re  2 9 .2  E f f e c t  o f  c a lc i t r io l  o n  s e ru m  c a lc iu m  (C a 2+).

B. Magnesium
A b o u t  6 0 %  o f  th e  b o d y ’s M g 2+ is  in  b o n e , b u t  i t  a c c o u n ts  fo r  ju s t  1 %  o f  th e  

b o n e  m a ss . T h e  m in e ra l  is  r e q u ire d  b y  a  v a r ie ty  o f  e n z y m a tic  re a c tio n s ,  

in c lu d in g  p h o s p h o ry la t io n  b y  kinases  (M g 2+ b in d s  th e  A T P  c o s u b s tra te )  

a n d  p h o s p h o d ie s te r  b o n d  fo rm a t io n  b y  D N A  a n d  RN A polym erases. M g 2+ 

is  w id e ly  d is tr ib u te d  in  fo o d s , b u t  th e  a v e ra g e  in ta k e  in  th e  U n ite d  S ta te s  is



b e lo w  th e  r e c o m m e n d e d  le v e l. H y p o m a g n e s e m ia  c a n  r e s u l t  f ro m  d e c re a s e d  

a b s o rp t io n  o r  in c re a s e d  e x c re t io n  o f  M g 2+. S y m p to m s  in c lu d e  

h y p e re x c i ta b i l i ty  o f  s k e le ta l  m u s c le s  a n d  n e rv e s  a n d  c a rd ia c  a r rh y th m ia s .  

W ith  h y p e rm a g n e s e m ia ,  h y p o te n s io n  is  s e e n . [N o te : M a g n e s iu m  s u lfa te  is  

u s e d  in  th e  t r e a tm e n t  o f  p re e c la m p s ia ,  a  h y p e r te n s iv e  d is o rd e r  o f  

p re g n a n c y .]

C. Sodium, chloride, and potassium
T h e s e  m a c ro m in e ra ls  a re  c o n s id e re d  to g e th e r  b e c a u s e  th e y  p la y  im p o r ta n t  

ro le s  in  s e v e ra l  p h y s io lo g ic  p ro c e s s e s .  F o r  e x a m p le , th e y  m a in ta in  w a te r  

b a la n c e , o s m o tic  e q u i l ib r iu m , a c id - b a s e  b a la n c e  (p H ), a n d  th e  e le c tr ic a l  

g ra d ie n ts  a c ro s s  c e l l  m e m b ra n e s  (m e m b ra n e  p o te n tia l)  th a t  a re  e s s e n t ia l  fo r  

th e  fu n c t io n in g  o f  n e u ro n s  a n d  m y o c y te s .  [N o te : T h e s e  p ro c e s s e s  a re  

d is c u s s e d  in  L ip p in c o t t ’s I l lu s t r a te d  R e v ie w s : P h y s io lo g y .]

1. S o d iu m  a n d  c h lo r id e : N a+  a n d  C l-  a re  p r im a r i ly  e x tr a c e l lu la r  

e le c tro ly te s .  T h e y  a re  r e a d i ly  a b s o rb e d  f ro m  fo o d s  c o n ta in in g  s a lt  

(N a C l) , m u c h  o f  w h ic h  c o m e s  f ro m  p ro c e s s e d  fo o d s . [N o te : N a + is  

r e q u ire d  fo r  th e  in te s t in a l  a b s o rp t io n  ( a n d  r e n a l  r e a b s o rp t io n )  o f  g lu c o se  

a n d  g a la c to s e  ( s e e  p . 8 7 )  a n d  f re e  a m in o  a c id s  (s e e  p . 2 4 9 )  b y  N a + -lin k e d  

tr a n s p o r te r s .  C l-  is  u s e d  to  fo rm  h y d ro c h lo r ic  a c id  r e q u ire d  fo r  d ig e s t io n  

( s e e  p . 2 4 8 ) .]  In  th e  U n ite d  S ta te s , th e  a v e ra g e  d a i ly  c o n s u m p tio n  o f  

N a C l is  1 .5 - 3  t im e s  th e  a d e q u a te  in ta k e  (A I)  o f  3 .8  m g /d a y  (U L  = 5 .8  

g /d a y ) . D ie ta ry  d e f ic ie n c y  is  ra re .

a. H y p e r te n s io n :  N a+  in ta k e  is  r e la te d  to  b lo o d  p re s s u re  (B P ). I n g e s t io n  o f  

N a + s t im u la te s  th i r s t  c e n te r s  in  th e  b r a in  a n d  s e c re t io n  o f  a n t id iu re t ic  

h o rm o n e  f ro m  th e  p itu ita ry , le a d in g  to  w a te r  r e te n tio n . T h is  r e s u lts  in  

a n  in c re a s e  in  p la s m a  v o lu m e  a n d , c o n s e q u e n t ly ,  a n  in c re a s e  in  B P . 

C h ro n ic  h y p e r te n s io n  c a n  d a m a g e  th e  h e a r t ,  k id n e y s , a n d  b lo o d  

v e s s e ls .  M o d e s t  r e d u c t io n s  in  N a + in ta k e  h a v e  b e e n  s h o w n  to  r e s u l t  in  

m o d e s t  r e d u c t io n s  in  B P . [N o te : S o m e  p o p u la t io n s  ( fo r  e x a m p le , 

A f r ic a n  A m e r ic a n s )  a re  “ s a l t  s e n s i t iv e ” a n d  h a v e  la rg e r  r e s p o n s e s  to  

N a+ .]

b . H y p e r -  a n d  h y p o n a tre m ia :  H y p e rn a tre m ia , ty p ic a l ly  c a u s e d  b y  e x c e s s  

w a te r  lo s s , a n d  h y p o n a tre m ia ,  ty p ic a l ly  c a u s e d  b y  d e c re a s e d  a b i l i ty  to  

e x c re te  w a te r ,  c a n  r e s u l t  in  s e v e re  b r a in  d a m a g e . [N o te : C h ro n ic



h y p o n a t r e m ia  in c re a s e s  C a 2+ e x c re t io n  a n d  c a n  r e s u l t  in  o s te o p o ro s is  

( lo w  b o n e  m a ss ) .]

2. P o ta s s iu m : In  c o n t r a s t  to  N a+ , K+ is  p r im a r i ly  a n  in t r a c e l lu la r  e le c tro ly te .  

[N o te : T h e  c o n c e n tra t io n  d i f f e re n t ia l  o f  N a+  a n d  K+ a c ro s s  th e  c e ll  

m e m b ra n e  is  m a in ta in e d  b y  th e  Na+/K+ A T P ase  (F ig . 2 9 .4 ).] In  c o n tra s t  

to  N a+  a n d  C l- , K+ ( lik e  M g 2+) is  u n d e r in g e s te d  in  W e s te rn  d ie ts  b e c a u s e  

its  p r im a ry  s o u rc e s ,  f ru its  a n d  v e g e ta b le s ,  a re  u n d e r in g e s te d .  [N o te : 

In c re a s in g  d ie ta ry  K+ d e c re a s e s  B P  b y  in c re a s in g  N a+  e x c re tio n .]  T h e re  

is  a  n a r ro w  ra n g e  fo r  n o rm a l  s e ru m  K + le v e ls ,  a n d  e v e n  m o d e s t  c h a n g e s  

(u p  o r  d o w n , re s u l t in g  in  h y p e r -  o r  h y p o k a le m ia )  c a n  r e s u l t  in  c a rd ia c  

a r rh y th m ia s  a n d  s k e le ta l  m u s c le  w e a k n e s s .  [N o te : H y p o k a le m ia  c a n  

r e s u l t  f ro m  th e  in a p p ro p r ia te  u s e  o f  la x a t iv e s  to  lo s e  w e ig h t .]  N o  U L  fo r  

K + h a s  b e e n  e s ta b lis h e d .

EXTRACELLULAR CELL

ATP ADP + Pj

F ig u re  2 9 .4  Na+/K+ A T P ase. N a+ = s o d iu m ; K+ = p o ta s s iu m ; A D P  = a d e n o s in e  

d ip h o s p h a te ;  Pj = p h o s p h a te .

III. MICROMINERALS (TRACE MINERALS)

T h e  tr a c e  m in e ra ls  in c lu d e  c o p p e r  (C u ) , i ro n  (F e ) , m a n g a n e s e  (M n ) , a n d  z in c  

(Z n ) . T h e y  a re  re q u ire d  b y  a d u lts  in  a m o u n ts  b e tw e e n  1 a n d  1 0 0  m g /d a y .



A. Copper
C u  is  a  k e y  c o m p o n e n t  o f  s e v e ra l  e n z y m e s  th a t  p la y  c r i t ic a l  fu n c t io n s  in  th e  

b o d y  (F ig . 2 9 .5 ). T h e s e  in c lu d e  ferroxidases  s u c h  a s  th e  ceruloplasm in  a n d  

hephaestin  in v o lv e d  in  th e  o x id a t io n  o f  fe r ro u s  i ro n  (F e 2+) to  th e  fe r r ic  

fo rm  (F e 3+) th a t  is  r e q u ire d  fo r  its  in t r a c e l lu la r  s to ra g e  o r  t r a n s p o r t  th ro u g h  

b lo o d  (s e e  B .1 . b e lo w ) .  M e a t, s h e ll f is h ,  n u ts , a n d  w h o le  g ra in s  a re  g o o d  

d ie ta ry  s o u rc e s  o f  C u . D ie ta ry  d e f ic ie n c y  is  u n c o m m o n . I f  a  d e f ic ie n c y  d o e s  

d e v e lo p , a n e m ia  m a y  b e  s e e n  b e c a u s e  o f  th e  e f f e c t  o n  F e  m e ta b o lis m . 

T o x ic i ty  f ro m  d ie ta ry  s o u rc e s  is  r a re  (U L  = 10  m g /d a y ) .  M e n k e s  s y n d ro m e  

a n d  W ils o n  d is e a s e  a re  g e n e t ic  c a u s e s  o f  C u  d e f ic ie n c y  a n d  C u  o v e r lo a d , 

r e s p e c t iv e ly .



C u - R E Q U IR IN G

E N Z Y M E

F U N C T I O N

Cytochrome 
c oxidase

Transfers electrons from 
cytochrome c to oxygen 
in the ETC (see p. 75)

Dopamine
ß-hydroxylase

Hydroxylates dopamine 
to norepinephrine 
(see p. 286)

Ferroxidases Oxidize iron (see. p. 403)

Lysyl oxidase Forms cross-links in 
collagen and elastin 
(see pp. 48-49)

Tyrosinase Synthesizes melanin 
(see p. 288)

Superoxide 
dismutase 
(nonmitochondrial 
form; also 
requires zinc)

Converts superoxide to 
hydrogen peroxide 
(see p. 148)



F ig u re  2 9 .5  E x a m p le s  o f  e n z y m e s  th a t  r e q u ire  c o p p e r  (C u ) . E T C  = e le c tro n  

t r a n s p o r t  c h a in .

1. M e n k e s  s y n d ro m e : In  M e n k e s  s y n d ro m e  ( “k in k y  h a i r ” d is e a se ) ,  a  r a re  X - 

l in k e d  (1 :1 4 0 ,0 0 0  m a le s )  d is o rd e r ,  e f f lu x  o f  d ie ta ry  C u  o u t  o f  in te s t in a l  

e n te ro c y te s  in to  th e  c i r c u la t io n  b y  a  C u - tr a n s p o r t in g  A T P ase (ATP7A) is  

im p a ire d . T h is  r e s u l ts  in  s y s te m ic  C u  d e f ic ie n c y . C o n s e q u e n t ly ,  u r in a ry  

a n d  s e ru m  f re e  (u n b o u n d )  C u  a re  lo w , as  is  th e  c o n c e n tr a t io n  o f  

ceruloplasm in, w h ic h  c a r r ie s  o v e r  9 0 %  o f  th e  C u  in  th e  c i r c u la t io n  (F ig .

2 9 .6 )  . P ro g re s s iv e  n e u ro lo g ic  d e g e n e ra t io n  a n d  c o n n e c t iv e  t i s s u e  

d is o rd e rs  a re  s e e n , as  a re  c h a n g e s  to  h a ir .  P a r e n te r a l  a d m in is tr a t io n  o f  C u  

h a s  b e e n  u s e d  a s  a  t r e a tm e n t  w ith  v a ry in g  s u c c e s s .  [N o te : T h e  m i ld e s t  

fo rm  o f  M e n k e s  s y n d ro m e  is  c a l le d  o c c ip i ta l  h o rn  s y n d ro m e .]

2. W ils o n  d is e a se : In  W ils o n  d is e a se , a n  a u to s o m a l- re c e s s iv e  (A R )  d is o rd e r  

a f f e c tin g  1 :3 5 ,0 0 0  l iv e  b ir th s ,  e f f lu x  o f  e x c e s s  C u  f ro m  th e  l iv e r  b y  

A T P 7B  is  im p a ire d . C u  a c c u m u la te s  in  th e  liv e r ;  le a k s  in to  th e  b lo o d ; 

a n d  is  d e p o s i te d  in  th e  b ra in ,  e y e s , k id n e y s , a n d  sk in . In  c o n t r a s t  to  

M e n k e s  s y n d ro m e , u r in a ry  a n d  s e ru m  f re e  C u  a re  h ig h  (se e  F ig . 2 9 .6 ). 

H e p a tic  d y s fu n c t io n  a n d  n e u ro lo g ic  a n d  p s y c h ia tr ic  s y m p to m s  a re  s e e n . 

K a y s e r -F le is c h e r  r in g s  ( c o rn e a l  d e p o s its  o f  C u )  m a y  b e  p r e s e n t  (F ig .

2 9 .7 )  . L if e - lo n g  u s e  o f  C u -c h e la t in g  a g e n ts , s u c h  a s  p e n ic il la m in e ,  is  th e  

tre a tm e n t.



V A R I A B L E M E N K E S W I L S O N

Whole-body Cu Low High

Free serum Cu Low High

Urinary Cu Low High

Inheritance X-linked AR

Cu-transporting 
ATPase affected

ATP7A ATP7B 

___________ /
F ig u re  2 9 .6  C o m p a r is o n  o f  M e n k e s  s y n d ro m e  a n d  W ils o n  d is e a se . C u  = c o p p e r ;  

A R  = a u to s o m a l re c e s s iv e .



F ig u re  2 9 .7  K a is e r -F le is c h e r  r in g s .

T h e  b io a v a i la b i l i ty  (p e rc e n t  o f  th e  a m o u n t  in g e s te d  th a t  is  a b le  to  b e  

a b s o rb e d )  o f  a  m in e ra l  c a n  b e  in f lu e n c e d  b y  o th e r  m in e ra ls .  F o r  e x a m p le , 

e x c e s s  Z n  d e c re a s e s  th e  a b s o rp t io n  o f  C u , a n d  C u  is  n e e d e d  fo r  th e  

a b s o rp t io n  o f  F e .

B. Iron
T h e  a d u l t  b o d y  ty p ic a l ly  c o n ta in s  3 - 4  g  o f  F e . I t  is  a  c o m p o n e n t  o f  m a n y  

p ro te in s ,  b o th  c a ta ly t ic  ( fo r  e x a m p le , hydroxylases  s u c h  a s  pro ly l 
hydroxylase, s e e  p . 4 7 )  a n d  n o n c a ta ly t ic .  I ro n  c a n  b e  l in k e d  to  s u lfu r  (S ) as  

s e e n  in  th e  F e - S  p ro te in s  o f  th e  e le c tro n  t r a n s p o r t  c h a in  ( s e e  p . 7 5 ), o r  i t  

c a n  b e  p a r t  o f  th e  h e m e  p ro s th e t ic  g ro u p  (s e e  p . 2 5 ) in  p ro te in s  s u c h  as 

h e m o g lo b in  (~ 7 0 %  o f  a l l  F e ) , m y o g lo b in ,  a n d  th e  c y to c h ro m e s .  [N o te : F re e  

io n ic  F e  is  to x ic  b e c a u s e  i t  c a n  c a u s e  p r o d u c t io n  o f  th e  h y d ro x y l  ra d ic a l ,  a  

r e a c t iv e  o x y g e n  s p e c ie s  (R O S ) .]  D ie ta ry  F e  is  a v a i la b le  as  F e 2+ in  h e m e



(a n im a l s o u rc e s )  a n d  F e 3+ in  n o n h e m e  s o u rc e s  (p la n ts ) .  H e m e  i ro n  is  le s s  

a b u n d a n t ,  b u t  i t  is  b e t te r  a b s o rb e d . M e a t, p o u ltry ,  s o m e  s h e ll f is h ,  r e a d y - to -  

e a t  c e re a ls ,  le n ti ls ,  a n d  m o la s s e s  a re  g o o d  d ie ta ry  s o u rc e s  o f  F e . A b o u t  1 0 %  

o f  in g e s te d  F e  is  a b s o rb e d . T h is  a m o u n t,  ~ 1 - 2  m g /d a y , is  s u f f ic ie n t  to  

r e p la c e  F e  lo s t  f ro m  th e  b o d y  p r im a r i ly  b y  th e  s lo u g h in g  o f  c e lls .

1. A b s o rp t io n ,  s to ra g e , a n d  tra n s p o r t :  In te s t in a l  u p ta k e  o f  h e m e  is  b y  a  

h e m e  c a r r ie r  p ro te in  (F ig . 2 9 .8 ). W ith in  th e  e n te ro c y te s ,  hem e oxygenase  

r e le a s e s  F e 2+ f ro m  h e m e  (s e e  p . 2 8 2 ) . N o n h e m e  F e  is  ta k e n  u p  v ia  th e  

a p ic a l  m e m b ra n e  p ro te in  d iv a le n t  m e ta l  io n  t ra n s p o r te r -1  (D M T -1 ) .  

[N o te : V ita m in  C  e n h a n c e s  a b s o rp t io n  o f  n o n h e m e  F e  b e c a u s e  i t  is  th e  

c o e n z y m e  fo r  duodenal cytochrom e b (Dcytb), a  ferrireductase  th a t  

r e d u c e s  F e 3+ to  F e 2+.] A b s o rb e d  F e 2+ f ro m  h e m e  a n d  n o n h e m e  s o u rc e s  

h a s  tw o  p o s s ib le  fa te s : I t  c a n  b e  1) o x id iz e d  to  F e 3+ a n d  s to re d  b y  th e  

in t r a c e l lu la r  p ro te in  f e r r i t in  (u p  to  4 ,5 0 0  F e 3+ /fe rr itin )  o r  2 ) t r a n s p o r te d  

o u t  o f  th e  e n te ro c y te  b y  th e  b a s o la te r a l  m e m b ra n e  p ro te in  fe r ro p o r tin ,  

o x id iz e d  b y  th e  C u -c o n ta in in g  m e m b ra n e  p ro te in  hephaestin, a n d  ta k e n  

u p  b y  th e  p la s m a  tr a n s p o r t  p ro te in  tr a n s f e r r in  (2  F e 3+/ t r a n s fe r r in ) ,  as 

s h o w n  in  F ig u re  2 9 .8 . [N o te : C e l ls  o th e r  th a n  e n te ro c y te s  u s e  th e  C u - 

c o n ta in in g  p la s m a  p ro te in  ceruloplasm in  in  p la c e  o f  hephaestin.] In  

n o rm a l  in d iv id u a ls ,  t r a n s fe r r in  (T f)  is  a b o u t  o n e  th i rd  s a tu ra te d  w ith  F e 3+. 

F e r ro p o r tin ,  th e  o n ly  k n o w n  e x p o r te r  o f  F e  f ro m  c e l ls  to  th e  b lo o d  in  

h u m a n s , is  r e g u la te d  b y  th e  h e p a t ic  p e p t id e  h e p c id in  th a t  in d u c e s  

in te rn a l iz a t io n  a n d  ly s o s o m a l d e g ra d a t io n  o f  f e r ro p o r tin .  T h e re fo re ,  

h e p c id in  is  th e  c e n tra l  m o le c u le  in  F e  h o m e o s ta s is .  [N o te : T ra n s c r ip t io n  

o f  h e p c id in  is  s u p p re s s e d  w h e n  F e  is  d e f ic ie n t .]



Fe3+ (nonheme iron)Heme

Vitamin C

h /f u f \A T \
INTESTINAL LUMEN

oxygenase

ENTEROCYTE

Ferritin

Ferroportin

CIRCULATION Fe ' Fe

F ig u re  2 9 .8  A b s o rp t io n ,  s to ra g e , a n d  t r a n s p o r t  o f  d ie ta ry  iro n  (F e ) . H C P  = h e m e  

c a r r ie r  p ro te in ;  D M T  = d iv a le n t  m e ta l  io n  t ra n s p o r te r ;  D cytb  = duodenal 
cytochrom e b (a  ferrireductase); H eph  = hephaestin; T f  = t r a n s fe r r in .

2. R e c y c lin g : M a c ro p h a g e s  p h a g o c y to s e  o ld  a n d /o r  d a m a g e d  re d  b lo o d  

c e lls  (R B C ) , f re e in g  h e m e  F e  th a t  is  s e n t  o u t  o f  th e  c e l ls  v ia  fe r ro p o r tin ,  

o x id iz e d  b y  ceruloplasm in, a n d  t r a n s p o r te d  b y  T f  as  d e s c r ib e d  a b o v e . 

T h is  r e c y c le d  F e  m e e ts  ~ 9 0 %  o f  o u r  d a i ly  n e e d , w h ic h  is  p re d o m in a n t ly  

fo r  e ry th ro p o ie s is .

3. U p ta k e : T f -b o u n d  F e 3+ f ro m  e n te ro c y te s  a n d  m a c ro p h a g e s  b in d s  to  

re c e p to r s  (T fR )  o n  e ry th ro b la s ts  a n d  o th e r  F e - re q u ir in g  c e lls  a n d  is  ta k e n  

u p  b y  r e c e p to r -m e d ia te d  e n d o c y to s is .  T h e  F e 3+ is  r e le a s e d  f ro m  T f  fo r  

u s e  (o r  s to re d  o n  fe r r i t in ) ,  a n d  th e  T fR  (a n d  T f)  is  r e c y c le d  in  a  p ro c e s s  

s im ila r  to  th e  r e c e p to r -m e d ia te d  e n d o c y to s is  s e e n  w ith  lo w -d e n s i ty  

l ip o p ro te in  p a r t ic le s  (s e e  p . 2 3 1 ) . [N o te : R e g u la t io n  o f  th e  t r a n s la t io n  o f  

th e  m e s s e n g e r  R N A  fo r  f e r r i t in  a n d  th e  T f R  b y  iro n  re g u la to ry  p ro te in s  

a n d  iro n - r e s p o n s iv e  e le m e n ts  is  d is c u s s e d  o n  p . 4 7 4 .]

4 . D e f ic ie n c y : F e  d e f ic ie n c y  c a n  r e s u l t  in  a  m ic ro c y t ic ,  h y p o c h ro m ic  

a n e m ia  (F ig . 2 9 .9 ), th e  m o s t  c o m m o n  a n e m ia  in  th e  U n ite d  S ta te s , a s  a  

r e s u l t  o f  d e c re a s e d  h e m o g lo b in  s y n th e s is  a n d , c o n s e q u e n t ly ,  d e c re a s e d



R B C  s iz e . T re a tm e n t  is  th e  a d m in is tr a t io n  o f  F e .





F ig u re  2 9 .9  A . N o rm a l  r e d  b lo o d  c e lls  (R B C ) . B . S m a ll  (m ic ro c y tic ) ,  p a le  

(h y p o c h ro m ic )  R B C  in  m ic ro c y t ic  a n e m ia .

5. E x c e ss : F e  o v e r lo a d  c a n  o c c u r  w ith  a c c id e n ta l  in g e s t io n . [N o te : A c u te  F e  

p o is o n in g  is  th e  m o s t  c o m m o n  c a u s e  o f  p o is o n in g  d e a th s  o f  c h i ld re n  a g e  

< 6  y e a r s  (U L  = 4 0  m g /d a y  fo r  c h i ld re n , 4 5  m g /d a y  fo r  a d u lts ) .]  

T re a tm e n t  is  u s e  o f  a n  F e  c h e la to r .  O v e r lo a d  c a n  a lso  o c c u r  w i th  g e n e t ic  

d e fe c ts . A n  e x a m p le  is  h e re d i ta ry  h e m o c h ro m a to s is  (H H ), a n  A R  

d is o rd e r  o f  F e  o v e r lo a d  fo u n d  p r im a r i ly  in  th o s e  o f  N o r th e rn  E u ro p e a n  

a n c e s try .  I t  is  m o s t  c o m m o n ly  c a u s e d  b y  m u ta t io n s  to  th e  H F E  (h ig h  

iro n )  g e n e . H y p e rp ig m e n ta t io n  w i th  h y p e rg ly c e m ia  ( “b ro n z e  d ia b e te s ” ) 

a n d  d a m a g e  to  th e  l iv e r  (a  m a jo r  s to ra g e  s ite  fo r  F e ) , p a n c re a s ,  a n d  h e a r t  

m a y  b e  se e n . In  H H , s e ru m  F e  a n d  T f  s a tu ra t io n  a re  e le v a te d . T re a tm e n t  

is  p h le b o to m y  o r  u s e  o f  F e  c h e la to r s .  [N o te : F e  o v e r lo a d  is  s e e n  w ith  

m u ta t io n s  to  p ro te in s  o f  F e  m e ta b o l is m  th a t  r e s u l t  in  in a p p ro p r ia te ly  lo w  

le v e ls  o f  h e p c id in . I t  c a n  r e s u l t  in  h e m o s id e ro s is  ( th e  d e p o s i t io n  o f  

h e m o s id e r in ,  a n  in t ra c e l lu la r ,  in s o lu b le  s to ra g e  fo rm  o f  F e ) .]

C. Manganese
M n  is  im p o r ta n t  fo r  th e  fu n c t io n  o f  s e v e ra l  e n z y m e s  (F ig . 2 9 .1 0 ). W h o le  

g ra in s , le g u m e s  ( fo r  e x a m p le , b e a n s  a n d  p e a s ) , n u ts , a n d  te a  ( e s p e c ia l ly  

g re e n  te a )  a re  g o o d  s o u rc e s  o f  th e  m in e ra l .  C o n s e q u e n t ly ,  M n  d e f ic ie n c y  in  

h u m a n s  is  ra re . T o x ic i ty  f ro m  fo o d s  a n d /o r  s u p p le m e n ts  is  a lso  ra re  (U L  = 

11 m g /d a y  fo r  a d u lts ) .



r------------------------------------------------------

M n -R E Q U IR IN G
E N Z Y M E

--------------------------------------------------------------------------'

F U N C T IO N

Arginase-I H y d r o l y z e s  a r g i n i n e  

t o  u r e a  p l u s  o r n i t h i n e  

in t h e  u r e a  c y c l e  

( s e e  p . 2 5 5 )

Glycosyltrans-
ferases

T r a n s f e r  s u g a r s  in 

p r o t e o g l y c a n  s y n t h e s i s  

( s e e  p . 1 5 8 )

Pyruvate
carboxylase

C a r b o x y l a t e s  p y r u v a t e  to  

O A A  in g l u c o n e o g e n e s i s  

( s e e  p . 1 1 8 )

Superoxide
dismutase
( m i to c h o n d r i a l

fo rm )
■-

C o n v e r t s  s u p e r o x i d e  

to  h y d r o g e n  p e r o x i d e  

( s e e  p . 1 4 8 )

F ig u re  2 9 .1 0  E x a m p le s  o f  e n z y m e s  th a t  r e q u ire  m a n g a n e s e  (M n ) . O A A  = 

o x a lo a c e ta te .



D. Zinc
Z n  p la y s  im p o r ta n t  s t ru c tu ra l  a n d  c a ta ly t ic  fu n c t io n s  in  th e  b o d y . Z in c  

f in g e rs  a re  s u p e r s e c o n d a ry  s tru c tu re s  (m o tif s , s e e  p . 18 ) in  p ro te in s  ( fo r  

e x a m p le , t r a n s c r ip t io n  fa c to rs )  th a t  b in d  to  D N A  a n d  re g u la te  g e n e  

e x p re s s io n  (F ig . 2 9 .1 1 ). H u n d re d s  o f  e n z y m e s  r e q u ire  Z n  fo r  a c tiv i ty . 

E x a m p le s  in c lu d e  alcohol dehydrogenase, w h ic h  o x id iz e s  e th a n o l  to  

a c e ta ld e h y d e  (s e e  p . 3 1 7 ); carbonic anhydrase, w h ic h  is  im p o r ta n t  in  th e  

b ic a rb o n a te  b u f f e r  s y s te m  (s e e  p . 3 0 ); porphobilinogen  synthase  o f  h e m e  

s y n th e s is ,  w h ic h  is  in h ib i te d  b y  le a d  ( le a d  r e p la c e s  th e  z in c ; s e e  p . 2 7 9 ); 

a n d  th e  n o n m ito c h o n d r ia l  is o fo rm  o f  superoxide dism utase (SOD), w h ic h  

a lso  r e q u ire s  C u  (s e e  F ig . 2 9 .5 ). D ie ta ry  s o u rc e s  o f  Z n  in c lu d e  m e a t, f ish , 

e g g s , a n d  d a iry  p ro d u c ts .  P h y ta te s  (p h o s p h a te  s to ra g e  m o le c u le s  in  s o m e  

p la n t  p ro d u c ts )  ir r e v e r s ib ly  b in d  Z n  in  th e  in te s t in e , d e c re a s in g  its  

a b s o rp tio n , a n d  c a n  r e s u l t  in  a  d e f ic ie n c y . [N o te : P h y ta te s  m a y  a lso  b in d  

C a 2+ a n d  n o n h e m e  F e .]  S e v e ra l  d ru g s  ( fo r  e x a m p le , p e n ic i l la m in e )  c h e la te  

m e ta ls ,  a n d  th e ir  u s e  m a y  c a u s e  Z n  d e f ic ie n c y . [N o te : S e v e re  d e f ic ie n c y  is  

s e e n  w i th  a  d e fe c t  in  th e  in te s t in a l  t r a n s p o r te r  fo r  Z n  th a t  r e s u lts  in  th e  

m a la b s o rp t io n  d is o rd e r  a c ro d e rm a t i t i s  e n te ro p a th ic a .  S y m p to m s  in c lu d e  

ra s h e s ,  s lo w e d  g ro w th  a n d  d e v e lo p m e n t ,  d ia r rh e a , a n d  im m u n e  

d e f ic ie n c ie s .  V is io n  p ro b le m s  m a y  a lso  o c c u r  b e c a u s e  Z n  is  n e e d e d  in  th e  

m e ta b o l is m  o f  v i ta m in  A .]



F ig u re  2 9 .1 1  Z in c  (Z n )  f in g e r  is  a  c o m m o n  m o tif  in  p ro te in s  th a t  b in d  D N A . C y s  

= c y s te in e ;  H is  = h is t id in e .

E u k a ry o t ic  c e l ls  in fe c te d  w ith  b a c te r ia  c a n  r e s t r ic t  a v a i la b i l i ty  o f  th e  

e s s e n t ia l  m ic ro n u tr ie n ts  F e , M n , a n d  Z n  to  th e  p a th o g e n s .  T h is  d e c re a s e s



th e  in t r a c e l lu la r  s u rv iv a l  o f  th e  p a th o g e n  a n d  is  k n o w n  a s  “n u tr i t io n a l  

im m u n i ty .”

E. Other microminerals
C h ro m iu m  (C r)  a n d  f lu o r in e  (F ) a lso  p la y  ro le s  in  th e  b o d y . C r  p o te n t ia te s  

th e  a c t io n  o f  in s u l in  b y  a n  u n k n o w n  m e c h a n is m . I t  is  fo u n d  in  f ru its , 

v e g e ta b le s ,  d a iry  p ro d u c ts ,  a n d  m e a t. F  (a s  f lu o r id e  [F - ]) is  a d d e d  to  w a te r  

in  m a n y  p a r ts  o f  th e  w o r ld  to  r e d u c e  th e  in c id e n c e  o f  d e n ta l  c a r ie s  (F ig . 

2 9 .1 2 ) . F -  re p la c e s  th e  h y d ro x y l  g ro u p  o f  h y d ro x y la p a t i te ,  fo rm in g  

f lu o ro a p a t i te  th a t  is  m o re  r e s is ta n t  to  th e  e n a m e l-d is s o lv in g  a c id  p ro d u c e d  

b y  m o u th  b a c te r ia .

IV. ULTRATRACE MINERALS

T h e  u l t r a tr a c e  m in e ra ls  in c lu d e  io d in e  (I), s e le n iu m  (S e ), a n d  m o ly b d e n u m  

(M o ). T h e y  a re  r e q u ire d  b y  a d u lts  in  a m o u n ts  < 1  m g /d a y .

A. Iodine
I is  u t i l iz e d  in  th e  s y n th e s is  o f  th e  th y ro id  h o rm o n e s  t r i io d o th y ro n in e  (T 3) 

a n d  th y ro x in e  (T 4) th a t  a re  r e q u ire d  fo r  d e v e lo p m e n t ,  g ro w th , a n d

m e ta b o l is m . C irc u la t in g  io d id e  ( I - ) is  ta k e n  u p  ( “ t r a p p e d ” ) a n d  

c o n c e n tra te d  in  th e  e p i th e l ia l  fo l l ic u la r  c e l ls  o f  th e  th y ro id  g la n d . I t  th e n  is  

s e n t  in to  th e  c o l lo id  o f  th e  fo ll ic u la r  lu m e n  w h e re  i t  is  o x id iz e d  to  io d in e  

( I2) b y  thyroperoxidase (TPO), a s  s h o w n  in  F ig u re  2 9 .1 3 . TPO  th e n  u s e s  I2 

to  io d in a te  s e le c te d  ty ro s in e  r e s id u e s  in  th y ro g lo b u lin  (T g ) , fo rm in g  

m o n o io d in a te d  ty ro s in e  (M IT )  a n d  d i io d in a te d  ty ro s in e  (D IT ) , as  s h o w n  in  

F ig u re  2 9 .1 4 . [N o te : T g  is  s y n th e s iz e d  a n d  s e c re te d  in to  c o l lo id  b y  

fo ll ic u la r  c e lls .]  T h e  c o u p l in g  o f  tw o  D IT  o n  T g  g iv e s  T 4, w h e re a s  c o u p lin g  

o n e  M IT  a n d  o n e  D IT  g iv e s  T 3. T h e  io d in a te d  T g  is  e n d o c y to s e d  a n d  s to re d  

in  fo l l ic u la r  c e l ls  u n t i l  n e e d e d , a t  w h ic h  t im e  i t  is  p ro te o ly t ic a l ly  d ig e s te d  to  

re le a s e  T 3 a n d  T 4, w h ic h  a re  s e c re te d  in to  th e  c i r c u la t io n  ( s e e  F ig . 2 9 .1 3 ).



U n d e r  n o rm a l  c o n d it io n s ,  ~ 9 0 %  o f  s e c re te d  th y ro id  h o rm o n e  is  T 4 th a t  is  

c a r r ie d  b y  tr a n s th y re tin .  In  ta rg e t  t is s u e s  ( fo r  e x a m p le , th e  l iv e r  a n d  

d e v e lo p in g  b ra in ) ,  T 4 is  c o n v e r te d  to  T 3 ( th e  m o re  a c t iv e  fo rm )  b y  S e- 

c o n ta in in g  deiodinases. T 3 b in d s  to  a  n u c le a r  r e c e p to r  th a t  b in d s  D N A  a t 

th y ro id  r e s p o n s e  e le m e n ts  a n d  fu n c t io n s  as  a  t r a n s c r ip t io n  fa c to r . [N o te : 

T h y ro id  h o rm o n e  p ro d u c t io n  is  c o n tro l le d  b y  th y ro t ro p in  ( th y ro id -  

s t im u la t in g  h o rm o n e  ( [T S H ])  f ro m  th e  a n te r io r  p i tu i ta ry . T S H  s e c re t io n  is  

i t s e l f  c o n tro l le d  b y  th y ro t ro p in - r e le a s in g  h o rm o n e  (T R H ) f ro m  th e  

h y p o th a la m u s .]

F ig u re  2 9 .1 3  T h y ro id  h o rm o n e  s y n th e s is .  T g  = th y ro g lo b u lin ;  I = io d id e ; I 2 =

io d in e ; TPO  = thyroperoxidase; M IT  = m o n o io d in a te d  ty ro s in e ;  D IT  = 

d i io d in a te d  ty ro s in e ;  T 3 = t r i io d o th y ro n in e ;  T 4 = th y ro x in e .



F ig u re  2 9 .1 4  Io d in a t io n  o f  th y ro g lo b u lin  (T g )  w i th  p ro d u c t io n  o f  M IT  a n d  D IT .

1. H y p o th y ro id is m : U n d e r in g e s t io n  o f  I c a n  r e s u l t  in  g o ite r  ( e n la rg e m e n t  o f  

th e  th y ro id  in  r e s p o n s e  to  e x c e s s iv e  s t im u la t io n  b y  T S H ) , a s  s h o w n  in  

F ig u re  2 9 .1 5 . M o re  s e v e re  d e f ic ie n c y  re s u lts  in  h y p o th y ro id is m  th a t  is  

c h a ra c te r iz e d  b y  fa t ig u e , w e ig h t  g a in , d e c r e a s e d  th e rm o g e n e s is ,  a n d  

d e c re a s e d  m e ta b o l ic  ra te  (s e e  p . 3 5 9 ) . I f  h o rm o n e  d e f ic ie n c y  o c c u rs  

d u r in g  fe ta l  a n d  in fa n t  d e v e lo p m e n t  ( c o n g e n i ta l  h y p o th y ro id is m ) ,  

ir r e v e r s ib le  in te l le c tu a l  d is a b i l i ty  ( fo rm e r ly  c a l le d  “ c r e t in is m ” ), h e a r in g  

lo s s , s p a s tic i ty ,  a n d  s h o r t  s ta tu re  c a n  re s u lt .  In  th e  U n ite d  S ta te s , d a iry  

p ro d u c ts ,  s e a fo o d , a n d  m e a t  a re  th e  p r im a ry  s o u rc e s  o f  I. T h e  u se  o f  

io d iz e d  s a lt  h a s  g re a t ly  r e d u c e d  d ie ta ry  I d e f ic ie n c y . [N o te : A u to im m u n e  

d e s tru c t io n  o f  TPO  is  a  c a u se  o f  H a s h im o to  th y ro id i t i s  (a  p r im a ry  

h y p o th y ro id is m ) .]



F ig u re  2 9 .1 5  G o ite r .



2. H y p e r th y ro id is m : T h is  c o n d i t io n  is  th e  r e s u l t  o f  o v e rp ro d u c t io n  o f  

th y ro id  h o rm o n e . A l th o u g h  i t  c a n  b e  c a u s e d  b y  o v e r in g e s t io n  o f  I- 

c o n ta in in g  s u p p le m e n ts  (U L  = 1 .1  g /d a y  fo r  a d u lts ) ,  th e  m o s t  c o m m o n  

c a u s e  o f  h y p e r th y ro id is m  is  G ra v e s  d is e a se , in  w h ic h  a n  a n t ib o d y  th a t  

m im ic s  th e  e f f e c t  o f  T S H  is  p ro d u c e d , r e s u l t in g  in  d y s re g u la te d  

p ro d u c t io n  o f  th y ro id  h o rm o n e . T h is  c a n  c a u s e  n e rv o u s n e s s ,  w e ig h t  lo s s , 

in c re a s e d  p e r s p ir a t io n  a n d  h e a r t  ra te , p ro tru d in g  e y e s  (e x o p h th a lm o s , 

F ig . 2 9 .1 6 ), a n d  g o ite r .

F ig u re  2 9 .1 6  E x o p h th a lm o s .

B. Selenium
S e  is  p r e s e n t  in  ~ 2 5  h u m a n  p ro te in s  ( s e le n o p ro te in s )  as  a  c o n s t i tu e n t  o f  th e  

a m in o  a c id  s e le n o c y s te in e , w h ic h  is  d e r iv e d  f ro m  s e r in e  (s e e  p . 2 6 8 ). 

S e le n o p ro te in s  in c lu d e  glu tath ione peroxidase  th a t  o x id iz e s  g lu ta th io n e  in



th e  r e d u c t io n  o f  h y d ro g e n  p e ro x id e , a  R O S , to  w a te r  (s e e  p . 1 4 8 ); 

thioredoxin reductase  th a t  r e d u c e s  th io re d o x in , a  c o e n z y m e  o f  

ribonucleotide reductase  ( s e e  p . 2 9 7 ); a n d  deiodinases  th a t  r e m o v e  I f ro m  

th y ro id  h o rm o n e s . M e a t, d a iry  p ro d u c ts ,  a n d  g ra in s  a re  im p o r ta n t  d ie ta ry  

s o u rc e s .  K e s h a n  d is e a s e , f i r s t  id e n t if ie d  in  C h in a , is  a  c a rd io m y o p a th y  

c a u s e d  b y  e a t in g  fo o d s  p ro d u c e d  f ro m  S e -d e f ic ie n t  so il. T o x ic i ty  ( s e le n o s is )  

c a u s e d  b y  o v e r in g e s t io n  o f  s u p p le m e n ts  c a u s e s  b r i t t le  n a ils  a n d  h a ir . 

C u ta n e o u s  a n d  n e u ro lo g ic  e f fe c ts  m a y  a lso  b e  s e e n  (U L  = 4 0 0  |ig  in  a d u lts ) .

F ig u re  2 9 .1 2  D e n ta l  c a r ie s  (c a v itie s ) .

C. Molybdenum
M o  fu n c t io n s  a s  a  c o fa c to r  fo r  a  s m a l l  n u m b e r  o f  m a m m a lia n  oxidases  (F ig . 

2 9 .1 7 ). L e g u m e s  a re  im p o r ta n t  d ie ta ry  s o u rc e s . N o  d ie ta ry  d e f ic ie n c y  

s y n d ro m e s  a re  k n o w n . M o  h a s  lo w  to x ic i ty  in  h u m a n s  (U L  = 2 m g /d a y  in  

a d u lts ) .



r--------------------------------------------------------------------------------

M o -R E Q U IR IN G

E N Z Y M E

---------------------------------------------------------------------------------------------------- -

F U N C T IO N

A l d e h y d e  o x i d a s e M e t a b o l i z e s  d r u g s

S u l f i t e  o x i d a s e C o n v e r t s  s u l f i t e  to  

s u l f a t e  in m e t a b o l i s m  

o f  t h e  s u l f u r - c o n t a i n i n g  

a m i n o  a c i d s  m e t h i o n i n e  

a n d  c y s t e i n e  

( s e e  p p .  2 6 3 - 2 6 4 )

X a n t h i n e  o x i d a s e  

________________________

O x i d i z e s  h y p o x a n t h i n e  

to  x a n t h i n e  a n d  

x a n t h i n e  to  u r ic  a c id  in 

p u r i n e  d e g r a d a t i o n  

( s e e  p . 2 9 9 )
______________________________ /

F ig u re  2 9 .1 7  E n z y m e s  (oxidases) th a t  r e q u ire  m o ly b d e n u m  (M o ).

C o b a l t  (C o ) , a n  u l t r a tr a c e  m in e ra l ,  is  a  c o m p o n e n t  o f  v i ta m in  B 12 

(c o b a la m in , s e e  p . 3 7 9 ) , w h ic h  is  r e q u ire d  a s  m e th y lc o b a la m in  in  th e  

r e m e th y la t io n  o f  h o m o c y s te in e  to  m e th io n in e  ( s e e  p . 2 6 4 )  o r  

a d e n o s y lc o b a la m in  in  th e  is o m e r iz a t io n  o f  m e th y lm a lo n y l  c o e n z y m e  A  

(C o A )  to  s u c c in y l  C o A  (s e e  p . 1 9 4 ). N o  R e c o m m e n d e d  D ie ta ry  A llo w a n c e  

o r  D a ily  R e fe re n c e  In ta k e  (s e e  p . 3 5 8 )  h a s  b e e n  e s ta b l is h e d  fo r  C o .



V. CHAPTER SUMMARY

T h e  m in e ra ls  a re  s u m m a r iz e d  in  F ig u re  2 9 .1 8  o n  p . 4 0 8 .

C L A S S IF IC A T IO N F U N C T IO N (S ) N O TE S

Macrominerals:
>100 mg/day for adults

Calcium (Ca) Component of hydroxylapatite 
(Ca5[P 0 4]30FI) of bone and teeth, muscle 
contraction, signaling, blood clotting

Dietary deficiencies unknown; toxicity from 
supplements; hypocalcemia with PTFI or vitamin D 
deficiency causes kidney stones; hypercalcemia with 
increased PTFI causes bone resorption

Chloride (Cl) Fluid balance (along with Na, K), digestion Dietary deficiency rare; overingested as NaCI

Magnesium (Mg) Component (minor) of bone; regulates 
enzyme activity (binds substrate or enzyme)

Average U.S. intake is below recommended level; 
hyperexcitability and arrhythmias seen with 
hypomagnesemia; hypotension with hypermagnesemia

Phosphorus (P) Component of hydroxylapatite of bone and 
teeth, energy storage, membrane structure, 
regulation

Dietary deficiency rare; hypophosphatemia with muscle 
weakness in refeeding syndrome, increased PTFI, and 
use of aluminum-containing antacids; hyperphosphatemia 
with metastatic calcification in PTFI deficiency

Potassium (K) Membrane potential, blood pressure Average U.S. intake is below recommended level; 
modest changes up or down in serum level result in 
arrhythmias and muscle weakness

Sodium (Na) Membrane potential; blood volume and 
pressure; uptake of glucose, galactose, and 
amino acids

Dietary deficiency rare; overingested as NaCI; 
hyponatremia seen with excess water loss; 
hypernatremia with water retention

Microminerals (Trace): 
1-100 mg/day

Chromium (Cr) Potentiates insulin action Mechanism unknown

Copper (Cu) Enzyme cofactor Dietary deficiency rare; Menkes (genetic systemic Cu 
deficiency) and Wilson (genetic systemic Cu overload)

Fluorine (as fluoride [F- ]) Increases resistance to enamel-dissolving 
acid of mouth bacteria

Deficiency results in dental caries

Iron (Fe) Enzyme cofactor, oxygen binding, 
Fe-S proteins

Dietary deficiency results in microcytic anemia; 
hereditary hemochromatosis, a genetic disease of Fe 
overload, with “bronze diabetes’’ (hyperglycemia, 
hyperpigmentation)

Manganese (Mn) Enzyme cofactor Dietary deficiency rare

Zinc (Zn) Enzyme cofactor, protein structure (Zn finger) Phytates and some drugs decrease absorption; severe 
deficiency (acrodermatitis enteropathica) with transporter 
defect

Microminerals (Ultratrace): 
<1 mg/day

Iodine (I) Thyroid hormone (T3, T4) synthesis Underingestion causes goiter, hypothyroidism with 
fatigue, weight gain, and decreased metabolic rate; 
neurologic damage in congenital deficiency; 
hyperthyroidism (overproduction of T3, T4) in 
Graves disease

Molybdenum (Mo) Enzyme cofactor Dietary deficiency unknown

Selenium (Se) Found (as selenocysteine) in selenoproteins Dietary deficiency rare (Keshan disease with Se-deficient 
soil), toxicity from supplements



F ig u re  2 9 .1 8  S u m m a ry  o f  m in e ra ls .  P T H  = p a ra th y ro id  h o rm o n e ; C I  = c h lo r id e ; 

S = su lfu r ;  T 3 = t r i io d o th y ro n in e ;  T 4 = th y ro x in e .

Study Questions

o r  Q u e s tio n s  2 9 .1 -2 9 .7 ,  m a tc h  th e  m in e ra l  to  th e  m o s t  a p p ro p r ia te  d e s c r ip t io n .

A . C a lc iu m

B . C h lo r id e

C . C o p p e r

D . Io d in e

E . I ro n

F . M a g n e s iu m

G . M a n g a n e s e

H . M o ly b d e n u m

I. P h o s p h o ru s

J. P o ta s s iu m

K . S e le n iu m

L . S o d iu m

M . Z in c

9 .1 . E le v a te d  le v e ls  o f  w h ic h  m in e ra l  m a y  r e s u l t  in  h y p e r te n s io n  in  c e r ta in  

p o p u la tio n s ?

9 .2 . W h ic h  m in e ra l  is  th e  m a jo r  e x tr a c e l lu la r  a n io n ?

9 .3 . A  d e c re a s e  o f  w h ic h  m in e ra l  is  s e e n  in  r e fe e d in g  s y n d ro m e  a n d  w ith  

o v e ru s e  o f  a lu m in u m -c o n ta in in g  a n ta c id s ?

9 .4 . W h ic h  m in e ra l  is  a  c o n s t i tu e n t  o f  s o m e  a m in o  a c id s  fo u n d  in  p ro te in s  

in v o lv e d  in  a n t io x id a n t  d e fe n s e , th y ro id  h o rm o n e  m e ta b o l is m , a n d  r e d o x  

re a c tio n s ?

9 .5 . W h ic h  m in e ra l  is  r e q u ire d  fo r  th e  fo rm a t io n  o f  a  s u p e r s e c o n d a ry  p ro te in  

s tru c tu re  th a t  a l lo w s  b in d in g  to  D N A ?  (I ts  d e f ic ie n c y  c a n  r e s u l t  in  a  

d e rm a ti t is .)

9 .6 . D e f ic ie n c y  o f  w h ic h  m in e ra l  c a n  c a u s e  b o n e  p a in , te ta n y  ( in te rm it te n t  

m u s c le  s p a s m s ) ,  p a r e s th e s ia  (a  “p in s  a n d  n e e d le s ” s e n s a tio n ) ,  a n d  a n  

in c re a s e d  te n d e n c y  to  b le e d ?



9 .7 . D e f ic ie n c y  o f  w h ic h  m in e ra l  c a n  r e s u l t  in  g o ite r  a n d  a  d e c re a s e d  m e ta b o l ic  

ra te ?

C o r r e c t  a n s w e rs  = L , B , I, K , M , A , D . H y p e rn a tr e m ia  ( e le v a t io n  o f  s e ru m  

s o d iu m )  c a n  le a d  to  w a te r  r e te n t io n  th a t  c a n  c a u s e  h y p e r te n s io n  in  sa lt-  

s e n s it iv e  p o p u la t io n s  ( fo r  e x a m p le , A f r ic a n  A m e r ic a n s ) .  C h lo r id e  is  th e  m a jo r  

e x tr a c e l lu la r  a n io n . [N o te : S o d iu m  is  th e  m a jo r  e x tr a c e l lu la r  c a tio n , p o ta s s iu m  

is  th e  m a jo r  in t r a c e l lu la r  c a tio n , a n d  p h o s p h a te  is  th e  m a jo r  in t r a c e l lu la r  a n io n . 

T h e  c o n c e n tra t io n  d i f f e re n t ia l  a c ro s s  th e  m e m b ra n e  is  m a in ta in e d  b y  a c t iv e  

t r a n s p o r t .]  C a rb o h y d ra te  m e ta b o l is m  in v o lv e s  th e  g e n e ra t io n  o f  

p h o s p h o ry la te d  in te rm e d ia te s .  R e fe e d in g  s e v e re ly  m a ln o u r is h e d  in d iv id u a ls  

tr a p s  p h o s p h a te  a n d  re s u lts  in  h y p o p h o s p h a te m ia .  M u s c le  w e a k n e s s  is  a  

c o m m o n  s y m p to m . S e le n o c y s te in e , a n  a m in o  a c id  fo rm e d  f ro m  s e r in e  a n d  

s e le n iu m , is  fo u n d  in  p ro te in s  ( s e le n o p ro te in s )  s u c h  as  g lu ta th io n e  p e ro x id a s e , 

d e io d in a s e s ,  a n d  th io r e d o x in  re d u c ta s e .  Z in c  f in g e rs  a re  a  ty p e  o f  s tru c tu ra l  

m o t i f  fo u n d  in  p ro te in s  ( fo r  e x a m p le , t r a n s c r ip t io n  fa c to rs )  th a t  b in d  to  D N A . 

S e v e re  d e f ic ie n c y  o f  z in c  a s  a  r e s u l t  o f  m u ta t io n s  to  i ts  in te s t in a l  t r a n s p o r te r  

c a n  r e s u l t  in  a c ro d e rm a t i t i s  e n te ro p a th ic a ,  w h ic h  is  c h a ra c te r iz e d  b y  d e rm a ti t is ,  

d ia r rh e a , a n d  a lo p e c ia .  C a lc iu m  is  r e q u ire d  fo r  b o n e  m in e ra l iz a t io n ,  m u s c le  

c o n tra c tio n , n e rv e  c o n d u c t io n , a n d  b lo o d  c lo tt in g . I ts  d e f ic ie n c y  w il l  a f f e c t  a ll  

o f  th e s e  p ro c e s s e s .  T h y ro id  h o rm o n e s  a re  io d in a te d  ty ro s in e s  r e le a s e d  b y  

p ro te o ly t ic  d ig e s t io n  o f  th y ro g lo b u lin .  U n d e r in g e s t io n  o f  io d in e  c a u s e s  

e n la rg e m e n t  o f  th e  th y ro id  in  a n  a t te m p t to  in c re a s e  h o rm o n e  s y n th e s is .  [N o te : 

G o ite r  c a n  a lso  r e s u l t  i f  to o  m u c h  h o rm o n e  is  m a d e , a s  in  G ra v e s  d is e a se , o r  if  

to o  l i t t le  is  m a d e , a s  in  H a s h im o to  d is e a se . B o th  a re  a u to im m u n e  d is e a se s .]  

T h y ro id  h o rm o n e  in c re a s e s  th e  re s t in g  m e ta b o l ic  ra te .

9 .8 . D iG e o rg e  s y n d ro m e  is  a  c o n g e n i ta l  c o n d i t io n  th a t  r e s u lts  in  s t ru c tu ra l  

a n o m a lie s  a n d  f a i lu re  o f  th e  th y m u s  a n d  p a ra th y ro id  g la n d s  to  d e v e lo p . 

C lin ic a l  m a n ife s ta t io n s  in c lu d e  r e c u r r e n t  in fe c t io n s  a s  a  c o n s e q u e n c e  o f  a  

d e f ic ie n c y  in  T  c e lls . W h ic h  o n e  o f  th e  fo llo w in g  is  a n  e x p e c te d  c l in ic a l  

c o n s e q u e n c e  o f  th e  d e f ic ie n c y  in  p a ra th y ro id  h o rm o n e ?

A . In c re a s e d  b o n e  r e s o rp t io n

B . In c re a s e d  c a lc iu m  re a b s o rp t io n  in  th e  k id n e y

C . In c re a s e d  s e ru m  c a lc i t r io l

D . In c re a s e d  s e ru m  p h o s p h a te



C o r re c t  a n s w e r  = D . P a ra th y ro id  h o rm o n e  (P T H )  in c re a s e s  b o n e  re s o rp t io n  

(d e m in e ra l iz a t io n )  r e s u l t in g  in  th e  r e le a s e  o f  c a lc iu m  a n d  p h o s p h a te .  I t  a lso  

in c re a s e s  th e  r e n a l  r e a b s o rp t io n  o f  c a lc iu m , b e c a u s e  P T H  a c t iv a te s  th e  r e n a l  

h y d ro x y la s e  th a t  c o n v e r ts  c a lc id io l  to  c a lc i t r io l .  P T H  a lso  in c re a s e s  th e  r e n a l  

e x c re t io n  o f  p h o s p h a te .  W ith  th e  h y p o p a ra th y ro id is m  o f  D iG e o rg e  s y n d ro m e , 

a l l  o f  th e s e  a c t iv i t ie s  o f  P T H  a re  im p a ire d . C o n s e q u e n t ly ,  h y p o c a lc e m ia  a n d  

h y p e rp h o s p h a te m ia  a re  se e n .

o r  q u e s tio n s  2 9 .9  a n d  2 9 .1 0 , m a tc h  th e  s ig n s  a n d  s y m p to m s  to  th e  p a th o lo g y .

A . G ra v e s  d is e a se

B . H e re d ita ry  h e m o c h ro m a to s is

C . H y p e rc a lc e m ia

D . H y p e rp h o s p h a te m ia

E . K e s h a n  d is e a s e

F . M e n k e s  s y n d ro m e

G . S e le n o s is

H . W ils o n  d is e a s e

9 .9 . A  2 8 -y e a r -o ld  m a le  is  s e e n  fo r  c o m p la in ts  o f  re c e n t,  s e v e re , u p p e r - r ig h t-  

q u a d ra n t  p a in . H e  a lso  re p o r ts  s o m e  d if f ic u lty  w i th  f in e  m o to r  ta sk s . N o  

ja u n d ic e  is  o b s e rv e d  o n  p h y s ic a l  e x a m in a t io n . L a b o ra to ry  te s ts  w e re  

r e m a rk a b le  fo r  e le v a te d  l iv e r  fu n c t io n  te s ts  ( s e ru m  a s p a r ta te  a n d  a la n in e  

a m in o tra n s fe ra s e s )  a n d  e le v a te d  u r in a ry  c a lc iu m  a n d  p h o s p h a te .  

O p h th a lm o lo g y  c o n s u l t  r e v e a le d  K a y s e r -F le is c h e r  r in g s  in  th e  c o rn e a . T h e  

p a t ie n t  w a s  s ta r te d  o n  p e n ic i l la m in e  a n d  z in c .

C o r r e c t  a n s w e r  = H . T h e  p a t ie n t  h a s  W ils o n  d is e a se , a n  a u to s o m a l- re c e s s iv e  

d is o rd e r  th a t  d e c re a s e s  c o p p e r  e f f lu x  f ro m  th e  l iv e r  b e c a u s e  o f  m u ta t io n s  to  th e  

h e p a t ic  c o p p e r  t r a n s p o r t  p ro te in  A T P 7 B . S o m e  c o p p e r  le a k s  in to  th e  b lo o d  a n d  

is  d e p o s i te d  in  th e  b ra in ,  e y e s , k id n e y , a n d  sk in . T h is  r e s u lts  in  l iv e r  a n d  

k id n e y  d a m a g e , n e u ro lo g ic  e f fe c ts ,  a n d  c o rn e a l  c h a n g e s  c a u s e d  b y  th e  e x c e s s  

c o p p e r .  A d m in is t r a t io n  o f  th e  m e ta l  c h e la to r  p e n ic i l la m in e  is  th e  tre a tm e n t.  

[N o te : B e c a u s e  z in c  is  a lso  c h e la te d , s u p p le m e n ta t io n  w i th  z in c  is  c o m m o n .]  

G ra v e s  d is e a s e  r e s u lts  in  h y p e r th y ro id is m . H e re d ita ry  h e m o c h ro m a to s is  is  a  

d is o rd e r  o f  iro n  o v e r lo a d . K e s h a n  d is e a s e  is  th e  r e s u l t  o f  s e le n iu m  d e f ic ie n c y , 

w h e re a s  s e le n o s is  is  c a u s e d  b y  s e le n iu m  e x c e s s .  M e n k e s  s y n d ro m e  is  th e  re s u l t  

o f  a  s y s te m ic  d e f ic ie n c y  in  c o p p e r  as  a  r e s u l t  o f  m u ta t io n s  to  A T P 7 A , a n



intestinal copper transport protein.

9 .1 0 . A  5 2 -y e a r -o ld  fe m a le  is  s e e n  b e c a u s e  o f  u n p la n n e d  c h a n g e s  in  th e  

p ig m e n ta t io n  o f  h e r  s k in  th a t  g iv e  h e r  a  ta n n e d  a p p e a ra n c e . P h y s ic a l  

e x a m in a t io n  s h o w s  h y p e rp ig m e n ta t io n ,  h e p a to m e g a ly ,  a n d  m ild  s c le ra l  

ic te ru s .  L a b o ra to ry  te s ts  a re  r e m a rk a b le  fo r  e le v a te d  s e ru m  tr a n s a m in a s e s  

( l iv e r  fu n c t io n  te s ts )  a n d  fa s t in g  b lo o d  g lu c o se . R e s u lts  o f  o th e r  te s ts  a re  

p e n d in g .

C o r r e c t  a n s w e r  = B . T h e  p a t ie n t  h a s  h e re d i ta ry  h e m o c h ro m a to s is ,  a  d is e a s e  o f  

iro n  o v e r lo a d  th a t  r e s u lts  f ro m  in a p p ro p r ia te ly  lo w  le v e ls  o f  h e p c id in  c a u s e d  

p r im a r i ly  b y  m u ta t io n s  to  th e  H F E  (h ig h  iro n )  g e n e . H e p c id in  re g u la te s  

fe r ro p o r tin ,  th e  o n ly  k n o w n  i ro n  e x p o r t  p ro te in  in  h u m a n s , b y  in c re a s in g  its  

d e g ra d a tio n . T h e  in c re a s e  in  i ro n  w ith  h e p c id in  d e f ic ie n c y  c a u s e s  

h y p e rp ig m e n ta t io n  a n d  h y p e rg ly c e m ia  ( “b ro n z e  d ia b e te s ” ). P h le b o to m y  o r  u s e  

o f  iro n  c h e la to r s  is  th e  tr e a tm e n t.  [N o te : P e n d in g  la b  te s ts  w o u ld  s h o w  a n  

in c re a s e  in  s e ru m  i ro n  a n d  t r a n s fe r r in  s a tu ra t io n .]
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Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

N u c le ic  a c id s  a re  r e q u ire d  fo r  th e  s to ra g e  a n d  e x p re s s io n  o f  g e n e t ic  in fo rm a tio n . 

T h e re  a re  tw o  c h e m ic a l ly  d is t in c t  ty p e s  o f  n u c le ic  a c id s : d e o x y r ib o n u c le ic  a c id  

(D N A ) a n d  r ib o n u c le ic  a c id  ( [R N A ] s e e  C h a p te r  3 1 ). D N A , th e  re p o s i to ry  o f  

g e n e t ic  in fo rm a tio n  (o r, g e n o m e ) , is  p r e s e n t  n o t  o n ly  in  c h ro m o s o m e s  in  th e  

n u c le u s  o f  e u k a ry o t ic  o rg a n is m s , b u t  a lso  in  m ito c h o n d r ia  a n d  th e  c h lo ro p la s ts  

o f  p la n ts .  P ro k a ry o tic  c e lls ,  w h ic h  la c k  n u c le i ,  h a v e  a  s in g le  c h ro m o s o m e  b u t  

m a y  a lso  c o n ta in  n o n c h ro m o s o m a l D N A  in  th e  fo rm  o f  p la s m id s . T h e  g e n e t ic  

in fo rm a tio n  fo u n d  in  D N A  is  c o p ie d  a n d  t r a n s m it te d  to  d a u g h te r  c e l ls  th ro u g h  

D N A  re p l ic a t io n . T h e  D N A  c o n ta in e d  in  a  f e r t i l iz e d  e g g  e n c o d e s  th e  in fo rm a tio n  

th a t  d ire c ts  th e  d e v e lo p m e n t  o f  a n  o rg a n is m . T h is  d e v e lo p m e n t  m a y  in v o lv e  th e  

p ro d u c t io n  o f  b i l l io n s  o f  c e lls .  E a c h  c e l l  is  s p e c ia l iz e d , e x p re s s in g  o n ly  th o s e  

fu n c t io n s  th a t  a re  r e q u ire d  fo r  i t  to  p e r fo rm  its  ro le  in  m a in ta in in g  th e  o rg a n ism . 

T h e re fo re ,  D N A  m u s t  b e  a b le  n o t  o n ly  to  re p l ic a te  p re c is e ly  e a c h  t im e  a  c e ll  

d iv id e s ,  b u t  a lso  to  h a v e  th e  in fo rm a tio n  th a t  i t  c o n ta in s  b e  s e le c tiv e ly  e x p re s s e d . 

T ra n s c r ip t io n  (R N A  s y n th e s is )  is  th e  f i r s t  s ta g e  in  th e  e x p re s s io n  o f  g e n e t ic  

in fo rm a tio n  (s e e  C h a p te r  3 1 ). N e x t, th e  c o d e  c o n ta in e d  in  th e  n u c le o t id e  

s e q u e n c e  o f  m e s s e n g e r  R N A  m o le c u le s  is  t r a n s la te d  (p ro te in  s y n th e s is ;  s e e  

C h a p te r  3 2 ), th u s  c o m p le t in g  g e n e  e x p re s s io n . T h e  r e g u la t io n  o f  g e n e  e x p re s s io n  

is  d is c u s s e d  in  C h a p te r  3 3 .

T h e  f lo w  o f  in fo rm a tio n  f ro m  D N A  to  R N A  to  p ro te in  is  te rm e d  th e  

“ c e n tra l  d o g m a ” o f  m o le c u la r  b io lo g y  (F ig . 3 0 .1 ) a n d  is  d e s c r ip t iv e  o f  a ll  

o rg a n is m s , w ith  th e  e x c e p t io n  o f  s o m e  v iru s e s  th a t  h a v e  R N A  as  th e



re p o s i to ry  o f  th e ir  g e n e t ic  in fo rm a tio n .
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Figure 30.1 The “central dogma” of molecular biology.

II. DNA STRUCTURE

D N A  is  a  p o ly m e r  o f  d e o x y r ib o n u c le o s id e  m o n o p h o s p h a te s  (d N M P )  c o v a le n tly  

l in k e d  b y  3 ' 5 '- p h o s p h o d ie s te r  b o n d s . W ith  th e  e x c e p t io n  o f  a  f e w  v iru s e s  th a t  

c o n ta in  s in g le - s t r a n d e d  D N A  (s sD N A ), D N A  e x is ts  as  a  d o u b le - s t r a n d e d  

m o le c u le  (d s D N A ) , in  w h ic h  th e  tw o  s tra n d s  w in d  a ro u n d  e a c h  o th e r , fo rm in g  a  

d o u b le  h e lix . [N o te : T h e  s e q u e n c e  o f  th e  l in k e d  d N M P  is  p r im a ry  s tru c tu re ,  

w h e re a s  th e  d o u b le  h e l ix  is  s e c o n d a ry  s tru c tu re .]  In  e u k a ry o t ic  c e lls ,  D N A  is  

fo u n d  a s s o c ia te d  w i th  v a r io u s  ty p e s  o f  p ro te in s  (k n o w n  c o l le c t iv e ly  as  

n u c le o p ro te in )  p r e s e n t  in  th e  n u c le u s ,  w h e re a s  th e  p r o te in - D N A  c o m p le x  is  

p r e s e n t  in  a  n o n - m e m b r a n e - b o u n d  re g io n  k n o w n  as  th e  n u c le o id  in  p ro k a ry o te s .

A. 3' 5'-Phosphodiester bonds
P h o s p h o d ie s te r  b o n d s  jo in  th e  3 '- h y d ro x y l  g ro u p  o f  th e  d e o x y p e n to s e  o f  o n e  

n u c le o t id e  to  th e  5 '-h y d ro x y l  g ro u p  o f  th e  d e o x y p e n to s e  o f  a n  a d ja c e n t  

n u c le o t id e  th ro u g h  a  p h o s p h o ry l  g ro u p  (F ig . 3 0 .2 ). T h e  re s u l t in g  lo n g , 

u n b ra n c h e d  c h a in  h a s  p o la r i ty ,  w ith  b o th  a  5 '- e n d  ( th e  e n d  w ith  th e  f re e  

p h o s p h a te )  a n d  a  3 '- e n d  ( th e  e n d  w ith  th e  f re e  h y d ro x y l)  th a t  a re  n o t  

a t ta c h e d  to  o th e r  n u c le o tid e s .  B y  c o n v e n tio n , th e  b a s e s  lo c a te d  a lo n g  th e  

re s u lt in g  d e o x y r ib o s e -p h o s p h a te  b a c k b o n e  a re  a lw a y s  w r i t te n  in  s e q u e n c e  

f ro m  th e  5 '- e n d  o f  th e  c h a in  to  th e  3 '- e n d . F o r  e x a m p le , th e  s e q u e n c e  o f  

b a s e s  in  th e  D N A  s h o w n  in  F ig u re  3 0 .2 D  (5 '-T A C G -3 ')  is  r e a d  “ th y m in e , 

a d e n in e , c y to s in e , g u a n in e .” P h o s p h o d ie s te r  l in k a g e s  b e tw e e n  n u c le o t id e s  

c a n  b e  h y d ro ly z e d  e n z y m a tic a l ly  b y  a  fa m ily  o f  nucleases, 
deoxyribonucleases  fo r  D N A  a n d  ribonucleases  fo r  R N A , o r  c le a v e d  

h y d ro ly t ic a l ly  b y  c h e m ic a ls .  [N o te : O n ly  R N A  is  c le a v e d  b y  a lk a li .]
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F ig u re  3 0 .2  A . D N A  w ith  th e  n u c le o tid e  s e q u e n c e  s h o w n  w r i t te n  in  th e  5 ' 3 '

d ire c tio n . A  3 ' ^  5 '-p h o s p h o d ie s te r  b o n d  is  s h o w n  h ig h l ig h te d  in  th e  b lu e  b o x , 

a n d  th e  d e o x y r ib o s e -p h o s p h a te  b a c k b o n e  is  s h a d e d  in  y e l lo w . B .D N A  w r i t te n  in  

a  m o re  s ty liz e d  fo rm , e m p h a s iz in g  th e  d e o x y r ib o s e -p h o s p h a te  (p ) b a c k b o n e .  C .A  

s im p le r  r e p re s e n ta t io n  o f  th e  n u c le o tid e  s e q u e n c e . D .T h e  s im p le s t  ( a n d  m o s t  

c o m m o n )  re p re s e n ta t io n .  [N o te : T h e  n u c le o tid e  b a s e  s e q u e n c e  is  a s s u m e d  to  b e  

w r i t te n  in  th e  5 ' 3 ' d ir e c t io n  u n le s s  o th e rw is e  in d ic a te d .]

B. Double helix
In  th e  d o u b le  h e lix , th e  tw o  c h a in s  a re  c o i le d  a ro u n d  a  c o m m o n  a x is  c a l le d  

th e  h e l ic a l  a x is . T h e  c h a in s  a re  p a i r e d  in  a n  a n t ip a ra l le l  m a n n e r  ( th a t  is , th e  

5 '- e n d  o f  o n e  s tra n d  is  p a i r e d  w i th  th e  3 '- e n d  o f  th e  o th e r  s tra n d ) ,  a s  s h o w n  

in  F ig u re  3 0 .3 . In  th e  D N A  h e lix , th e  h y d ro p h il ic  d e o x y r ib o s e -p h o s p h a te  

b a c k b o n e  o f  e a c h  c h a in  is  o n  th e  o u ts id e  o f  th e  m o le c u le ,  w h e re a s  th e  

h y d ro p h o b ic  b a s e s  a re  s ta c k e d  in s id e . T h e  o v e ra l l  s tru c tu re  r e s e m b le s  a 

tw is te d  la d d e r .  T h e  s p a tia l  r e la t io n s h ip  b e tw e e n  th e  tw o  s tra n d s  in  th e  h e l ix  

c re a te s  a  m a jo r  (w id e )  g ro o v e  a n d  a  m in o r  (n a r ro w )  g ro o v e . T h e s e  g ro o v e s  

p ro v id e  a c c e s s  fo r  th e  b in d in g  o f  r e g u la to ry  p ro te in s  to  th e ir  s p e c if ic  

r e c o g n i t io n  s e q u e n c e s  a lo n g  th e  D N A  c h a in . [N o te : C e r ta in  a n t ic a n c e r  

d ru g s , s u c h  a s  d a c t in o m y c in  (a c t in o m y c in  D ), e x e r t  th e ir  c y to to x ic  e f f e c t  b y



in te rc a la t in g  in to  th e  n a r ro w  g ro o v e  o f  th e  D N A  d o u b le  h e lix , th e re b y  

in te r f e r in g  w ith  D N A  (a n d  R N A ) s y n th e s is .]





Figure 30.3 DNA double helix, illustrating some of its major structural features.

1. B a s e -p a ir in g :  T h e  b a s e s  o f  o n e  s tra n d  o f  D N A  a re  p a ir e d  w i th  th e  b a s e s  

o f  th e  s e c o n d  s tra n d , so  th a t  a n  a d e n in e  (A ) is  a lw a y s  p a ir e d  w ith  a  

th y m in e  (T ), a n d  a  c y to s in e  (C ) is  a lw a y s  p a ir e d  w ith  a  g u a n in e  (G ). 

[N o te : T h e  b a s e  p a ir s  a re  p e rp e n d ic u la r  to  th e  h e l ic a l  a x is  ( s e e  F ig . 

3 0 .3 ).] T h e re fo re ,  o n e  p o ly n u c le o t id e  c h a in  o f  th e  D N A  d o u b le  h e l ix  is  

a lw a y s  th e  c o m p le m e n t  o f  th e  o th e r . G iv e n  th e  s e q u e n c e  o f  b a s e s  o n  o n e  

c h a in , th e  s e q u e n c e  o f  b a s e s  o n  th e  c o m p le m e n ta ry  c h a in  c a n  b e  

d e te rm in e d  (F ig . 3 0 .4 ). [N o te : T h e  s p e c if ic  b a s e -p a i r in g  in  D N A  le a d s  to  

th e  C h a rg a f f  ru le , w h ic h  s ta te s  th a t  in  a n y  s a m p le  o f  d s D N A , th e  a m o u n t  

o f  A  e q u a ls  th e  a m o u n t  o f  T , th e  a m o u n t  o f  G  e q u a ls  th e  a m o u n t  o f  C , 

a n d  th e  to ta l  a m o u n t  o f  p u r in e s  (A  + G ) e q u a ls  th e  to ta l  a m o u n t  o f  

p y r im id in e s  (T  + C ).]  T h e  b a s e  p a ir s  a re  h e ld  to g e th e r  b y  h y d ro g e n  

b o n d s : tw o  b e tw e e n  A  a n d  T  a n d  th re e  b e tw e e n  G  a n d  C  (F ig . 3 0 .5 ). 

T h e s e  h y d ro g e n  b o n d s , p lu s  th e  h y d r o p h o b ic  in te ra c t io n s  b e tw e e n  th e  

s ta c k e d  b a s e s ,  s ta b i l iz e  th e  s tru c tu re  o f  th e  d o u b le  h e lix .



F ig u re  3 0 .4  T w o  c o m p le m e n ta ry  D N A  s e q u e n c e s .  T  = th y m in e ;  A  = a d e n in e ; C  

= c y to s in e ;  G  = g u a n in e .





F ig u re  3 0 .5  H y d ro g e n  b o n d s  b e tw e e n  c o m p le m e n ta ry  b a s e s .

2. D N A  s tra n d  s e p a ra t io n :  T h e  tw o  s tra n d s  o f  th e  d o u b le  h e l ix  s e p a ra te  

w h e n  h y d ro g e n  b o n d s  b e tw e e n  th e  p a ir e d  b a s e s  a re  d is ru p te d . D is ru p tio n  

c a n  o c c u r  in  th e  la b o ra to ry  if  th e  p H  o f  th e  D N A  s o lu t io n  is  a l te re d  so  

th a t  th e  n u c le o t id e  b a s e s  io n iz e , o r  i f  th e  s o lu tio n  is  h e a te d . [N o te : 

C o v a le n t  p h o s p h o d ie s te r  b o n d s  a re  n o t  b ro k e n  b y  s u c h  t re a tm e n t.]  W h e n  

D N A  is  h e a te d , th e  te m p e ra tu re  a t  w h ic h  o n e  h a l f  o f  th e  h e l ic a l  s tru c tu re  

is  lo s t  is  d e f in e d  a s  th e  m e lt in g  te m p e ra tu re  (T m). T h e  lo s s  o f  h e l ic a l  

s tru c tu re  in  D N A , c a l le d  d e n a tu ra tio n , c a n  b e  m o n i to re d  b y  m e a s u r in g  its  

a b s o rb a n c e  a t  2 6 0  n m . [N o te : s s D N A  h a s  a  h ig h e r  r e la t iv e  a b s o rb a n c e  a t  

th is  w a v e le n g th  th a n  d o e s  d s D N A .]  B e c a u s e  th e re  a re  th re e  h y d ro g e n  

b o n d s  b e tw e e n  G  a n d  C  b u t  o n ly  tw o  b e tw e e n  A  a n d  T , D N A  th a t  

c o n ta in s  h ig h  c o n c e n tra t io n s  o f  A  a n d  T  d e n a tu re s  a t  a  lo w e r  te m p e ra tu re  

th a n  d o e s  G - a n d  C - r ic h  D N A  (F ig . 3 0 .6 ). U n d e r  a p p ro p r ia te  c o n d it io n s ,  

c o m p le m e n ta ry  D N A  s tra n d s  c a n  r e fo rm  th e  d o u b le  h e l ix  b y  th e  p ro c e s s  

c a l le d  r e n a tu ra t io n  (o r, r e a n n e a l in g ) .  [N o te : S e p a ra t io n  o f  th e  tw o  s tra n d s  

o v e r  s h o r t  re g io n s  o c c u rs  d u r in g  b o th  D N A  a n d  R N A  s y n th e s is .]



F ig u re  3 0 .6  M e lt in g  te m p e ra tu re s  (T m) o f  D N A  m o le c u le s  w i th  d if f e re n t  

n u c le o t id e  c o m p o s i t io n s .  A  = a d e n in e ;  T  = th y m in e ;  G  = g u a n in e ; C  = c y to s in e .



3. S tru c tu ra l  fo rm s : T h e re  a re  th re e  m a jo r  s t ru c tu ra l  fo rm s  o f  D N A : th e  B 

fo rm  (d e s c r ib e d  b y  W a ts o n  a n d  C r ic k  in  1 9 5 3 ) , th e  A  fo rm , a n d  th e  Z 

fo rm . T h e  B  fo rm  is  a  r ig h t-h a n d e d  h e l ix  w ith  10  b a s e  p a ir s  (b p )  p e r  3 6 0 °  

tu rn  (o r  tw is t)  o f  th e  h e lix , a n d  w ith  th e  p la n e s  o f  th e  b a s e s  p e rp e n d ic u la r  

to  th e  h e l ic a l  a x is . C h ro m o s o m a l D N A  is  th o u g h t  to  c o n s is t  p r im a r i ly  o f  

B -D N A  (F ig . 3 0 .7  s h o w s  a  s p a c e - f i l l in g  m o d e l  o f  B -D N A ). T h e  A  fo rm  

is  p ro d u c e d  b y  m o d e ra te ly  d e h y d ra t in g  th e  B  fo rm . I t  is  a lso  a  r ig h t 

h a n d e d  h e lix , b u t  th e re  a re  11 b p  p e r  tu rn , a n d  th e  p la n e s  o f  th e  b a s e  

p a ir s  a re  t i l te d  2 0 °  a w a y  f ro m  th e  p e rp e n d ic u la r  to  th e  h e l ic a l  a x is . T h e  

c o n fo rm a tio n  fo u n d  in  D N A - R N A  h y b r id s  ( s e e  p . 4 1 8 )  o r  R N A - R N A  

d o u b le - s t r a n d e d  r e g io n s  is  p ro b a b ly  v e ry  c lo se  to  th e  A  fo rm . Z -D N A  is  

a  le f t - h a n d e d  h e l ix  th a t  c o n ta in s  12 b p  p e r  tu rn  (s e e  F ig . 3 0 .7 ). [N o te : 

T h e  d e o x y r ib o s e -p h o s p h a te  b a c k b o n e  z ig z a g s , h e n c e , th e  n a m e  Z -D N A .]  

S tre tc h e s  o f  Z -D N A  c a n  o c c u r  n a tu ra l ly  in  r e g io n s  o f  D N A  th a t  h a v e  a  

s e q u e n c e  o f  a l te rn a t in g  p u r in e s  a n d  p y r im id in e s  ( fo r  e x a m p le , p o ly  G C ). 

T ra n s i t io n s  b e tw e e n  th e  B  a n d  Z h e l ic a l  fo rm s  o f  D N A  m a y  p la y  a  ro le  in  

re g u la t in g  g e n e  e x p re s s io n .
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F ig u re  3 0 .7  S tru c tu re s  o f  B -D N A  a n d  Z -D N A .

C. Linear and circular DNA molecules
E a c h  c h ro m o s o m e  in  th e  n u c le u s  o f  a  e u k a ry o te  c o n s is ts  o f  o n e  lo n g , l in e a r  

m o le c u le  o f  d s D N A , w h ic h  is  b o u n d  b y  a  c o m p le x  m ix tu re  o f  p ro te in s  

(h is to n e  a n d  n o n h is to n e , s e e  p . 4 2 5 )  to  fo rm  c h ro m a tin .  E u k a ry o te s  h a v e



c lo se d , c irc u la r ,  d s D N A  m o le c u le s  in  th e ir  m i to c h o n d r ia ,  as  d o  p la n t  

c h lo ro p la s ts .  A  p ro k a ry o tic  o rg a n is m  ty p ic a l ly  c o n ta in s  a  s in g le , c irc u la r , 

d s D N A  m o le c u le .  [N o te : C irc u la r  D N A  is  “ s u p e rc o i le d ,” th a t  is , th e  d o u b le  

h e l ix  c ro s s e s  o v e r  o n  i t s e l f  o n e  o r  m o re  t im e s . S u p e rc o i l in g  c a n  r e s u l t  in  

o v e rw in d in g  (p o s it iv e  s u p e rc o il in g )  o r  u n d e rw in d in g  (n e g a t iv e  

s u p e rc o il in g )  o f  D N A . S u p e rc o i l in g , a  ty p e  o f  te r t ia ry  s tru c tu re ,  c o m p a c ts  

D N A .]  E a c h  p ro k a ry o tic  c h ro m o s o m e  is  a s s o c ia te d  w i th  n o n h is to n e  

p ro te in s  th a t  h e lp  c o m p a c t  th e  D N A  to  fo rm  a  n u c le o id . In  a d d i t io n , m o s t  

s p e c ie s  o f  b a c te r ia  a lso  c o n ta in  sm a ll ,  c i rc u la r ,  e x t r a c h ro m o s o m a l D N A  

m o le c u le s  c a l le d  p la s m id s . P la s m id  D N A  c a r r ie s  g e n e t ic  in fo rm a tio n  a n d  

u n d e rg o e s  r e p l ic a t io n  th a t  m a y  o r  m a y  n o t  b e  s y n c h ro n iz e d  to  c h ro m o s o m a l 

d iv is io n . [N o te : T h e  u s e  o f  p la s m id s  a s  v e c to r s  in  r e c o m b in a n t  D N A  

te c h n o lo g y  is  d e s c r ib e d  in  C h a p te r  3 4 .]

P la s m id s  m a y  c a r ry  g e n e s  th a t  c o n v e y  a n t ib io t ic  re s is ta n c e  to  th e  h o s t  

b a c te r iu m  a n d  m a y  fa c i l i ta te  th e  t r a n s fe r  o f  g e n e t ic  in fo rm a tio n  f ro m  o n e  

b a c te r iu m  to  a n o th e r .

III. STEPS IN PROKARYOTIC DNA 
REPLICATION

W h e n  th e  tw o  s tra n d s  o f  d s D N A  a re  s e p a ra te d , e a c h  c a n  s e rv e  as  a  te m p la te  fo r  

th e  r e p l ic a t io n  ( s y n th e s is )  o f  a  n e w  c o m p le m e n ta ry  s tra n d . T h is  p ro d u c e s  tw o  

d a u g h te r  m o le c u le s ,  e a c h  o f  w h ic h  c o n ta in s  tw o  D N A  s tra n d s  (o n e  o ld , o n e  n e w )  

in  a n  a n t ip a ra l le l  o r ie n ta t io n  (s e e  F ig . 3 0 .3 ). T h is  p ro c e s s  is  c a l le d  

s e m ic o n s e rv a t iv e  r e p l ic a t io n  b e c a u s e , a l th o u g h  th e  p a r e n ta l  d u p le x  is  s e p a ra te d  

in to  tw o  h a lv e s  (a n d , th e re fo re ,  is  n o t  c o n s e rv e d  a s  a n  e n t ity ) ,  e a c h  o f  th e  

p a re n ta l  s tr a n d s  re m a in s  in ta c t  in  o n e  o f  th e  tw o  n e w  d u p le x e s  (F ig . 3 0 .8 ). T h e  

e n z y m e s  in v o lv e d  in  D N A  re p l ic a t io n  a re  te m p la te -d ire c te d ,  m a g n e s iu m  (M g 2+)- 

re q u ir in g  polym erases  th a t  c a n  s y n th e s iz e  th e  c o m p le m e n ta ry  s e q u e n c e  o f  e a c h  

s tra n d  w ith  e x tr a o rd in a ry  f id e li ty .  T h e  r e a c t io n s  d e s c r ib e d  in  th is  s e c t io n  w e re  

f i r s t  k n o w n  f ro m  s tu d ie s  o f  th e  b a c te r iu m  E s c h e r ic h ia  c o l i  (E . c o l i ). a n d  th e  

d e s c r ip t io n  g iv e n  b e lo w  re fe r s  to  th e  p ro c e s s  in  p ro k a ry o te s .  D N A  s y n th e s is  in  

h ig h e r  o rg a n is m s  is  m o re  c o m p le x  b u t  in v o lv e s  th e  s a m e  ty p e s  o f  m e c h a n is m s .  

In  e i th e r  c a se , in i t ia t io n  o f  D N A  re p l ic a t io n  c o m m its  th e  c e l l  to  c o n t in u e  th e



p ro c e s s  u n t i l  th e  e n t ire  g e n o m e  h a s  b e e n  r e p l ic a te d .



Newly
synthesized

strands

Parental 
double helix

One parental strand conserved 
in each of the two new double helices



F ig u re  3 0 .8  S e m ic o n s e rv a tiv e  r e p l ic a t io n  o f  D N A . T  =  th y m in e ;  A  =  a d e n in e ; C  

=  c y to s in e ; G  =  g u a n in e .

A. Complementary strand separation
In  o rd e r  fo r  th e  tw o  c o m p le m e n ta ry  s tra n d s  o f  th e  p a re n ta l  d s D N A  to  b e  

re p l ic a te d ,  th e y  m u s t  f i r s t  s e p a ra te  (o r  “ m e l t” ) o v e r  a  s m a ll  re g io n , b e c a u s e  

th e  polym erases  u s e  o n ly  s s D N A  a s  a  te m p la te .  In  p ro k a ry o tic  o rg a n ism s , 

D N A  r e p l ic a t io n  b e g in s  a t  a  s in g le , u n iq u e  n u c le o t id e  s e q u e n c e , a  s ite  

c a l le d  th e  o r ig in  o f  r e p l ic a t io n ,  o r  o r i (o r iC  in  E . c o l i), a s  s h o w n  in  F ig u re  

3 0 .9 A . [N o te : T h is  s e q u e n c e  is  r e f e r r e d  to  a s  a  c o n s e n s u s  s e q u e n c e , b e c a u s e  

th e  o rd e r  o f  n u c le o t id e s  is  e s s e n tia l ly  th e  s a m e  a t  e a c h  s ite .]  T h e  o ri 

in c lu d e s  s h o r t,  A T - r ic h  s e g m e n ts  th a t  f a c i l i ta te  m e lt in g . In  e u k a ry o te s ,  

r e p l ic a t io n  b e g in s  a t  m u l t ip le  s ite s  a lo n g  th e  D N A  h e l ix  (F ig . 3 0 .9 B ). 

H a v in g  m u l tip le  o r ig in s  o f  r e p l ic a t io n  p ro v id e s  a  m e c h a n is m  fo r  ra p id ly  

r e p l ic a t in g  th e  g re a t  le n g th  o f  e u k a ry o t ic  D N A  m o le c u le s .

Multiple origins of replicationOrigin of
replication

I  /  L'Local opening
double helix

Replication bubble

Replication Replication
fork fork

Bidirectional
replication
continues

F ig u re  3 0 .9  R e p l ic a t io n  o f  D N A : o r ig in s  a n d  r e p l ic a t io n  fo rk s . A . S m a ll,  c irc u la r  

p ro k a ry o tic  D N A . B . L o n g , l in e a r  e u k a ry o t ic  D N A .



B. Replication fork formation
A s  th e  tw o  s tra n d s  u n w in d  a n d  s e p a ra te ,  s y n th e s is  o c c u rs  a t  tw o  r e p l ic a t io n  

fo rk s  th a t  m o v e  a w a y  f ro m  th e  o r ig in  in  o p p o s ite  d ire c tio n s  

(b id i re c tio n a lly ) ,  g e n e ra t in g  a  r e p l ic a t io n  b u b b le  (s e e  F ig . 3 0 .9 ). [N o te : T h e  

te rm  “ r e p l ic a t io n  fo rk ” d e r iv e s  f ro m  th e  Y - s h a p e d  s tru c tu re  in  w h ic h  th e  

t in e s  o f  th e  fo rk  r e p re s e n t  th e  s e p a ra te d  s tra n d s  (F ig . 3 0 .1 0 ).]



F ig u re  3 0 .1 0  P ro te in s  r e s p o n s ib le  fo r  m a in ta in in g  th e  s e p a ra t io n  o f  th e  p a re n ta l  

s tr a n d s  a n d  u n w in d in g  th e  d o u b le  h e l ix  a h e a d  o f  th e  a d v a n c in g  r e p l ic a t io n  fo rk  

(). A D P  = a d e n o s in e  d ip h o s p h a te ;  Pj =  in o rg a n ic  p h o s p h a te .

1. R e q u ire d  p ro te in s :  In i t ia t io n  o f  D N A  re p l ic a t io n  r e q u ire s  th e  re c o g n i t io n  

o f  th e  o r ig in  ( s ta r t  s ite )  b y  a  g ro u p  o f  p ro te in s  th a t  fo rm  th e  p re p r im in g  

c o m p le x . T h e s e  p ro te in s  a re  re s p o n s ib le  fo r  m e lt in g  a t  th e  o ri. 

m a in ta in in g  th e  s e p a ra t io n  o f  th e  p a re n ta l  s tra n d s , a n d  u n w in d in g  th e  

d o u b le  h e l ix  a h e a d  o f  th e  a d v a n c in g  r e p l ic a t io n  fo rk . In  E . c o l i . th e s e  

p ro te in s  in c lu d e  th e  fo llo w in g .

a. D n a A  p ro te in : D naA  p ro te in  in i t ia te s  r e p l ic a t io n  b y  b in d in g  to  s p e c if ic  

n u c le o t id e  s e q u e n c e s  (DnaA  b o x e s )  w ith in  o r iC . B in d in g  c a u s e s  a n  

A T - r ic h  r e g io n  ( th e  D N A  u n w in d in g  e le m e n t)  in  th e  o r ig in  to  m e lt.  

M e lt in g  ( s tra n d  s e p a ra t io n )  r e s u l ts  in  a  sh o r t .  lo c a l iz e d  r e g io n  o f  

s sD N A .

b . D N A  h e l ic a s e s :  T h e s e  e n z y m e s  b in d  to  s s D N A  n e a r  th e  r e p l ic a t io n  

fo rk  a n d  th e n  m o v e  in to  th e  n e ig h b o r in g  d o u b le - s t r a n d e d  re g io n . 

fo rc in g  th e  s tra n d s  a p a r t  ( in  e f fe c t.  u n w in d in g  th e  d o u b le  h e lix ) . 

H elicases  r e q u ire  e n e rg y  p ro v id e d  b y  A T P  h y d ro ly s is  ( s e e  F ig . 3 0 .1 0 ). 

U n w in d in g  a t  th e  r e p l ic a t io n  fo rk  c a u s e s  s u p e rc o i l in g  in  o th e r  re g io n s  

o f  th e  D N A  m o le c u le .  [N o te : D naB  is  th e  p r in c ip a l  helicase  o f  

r e p l ic a t io n  in  E . c o l i . B in d in g  o f  th is  h e x a m e r ic  p ro te in  to  D N A  

re q u ire s  DnaC.]
c. S in g le - s t r a n d e d  D N A - b in d in g  p ro te in : T h is  p ro te in  b in d s  to  th e  

s s D N A  g e n e ra te d  b y  helicases  ( s e e  F ig . 3 0 .1 0 ). B in d in g  is  c o o p e ra tiv e  

( th a t  is . th e  b in d in g  o f  o n e  m o le c u le  o f  s in g le - s t r a n d e d  b in d in g  [S S B ] 

p ro te in  m a k e s  i t  e a s ie r  fo r  a d d i t io n a l  m o le c u le s  o f  S S B  p ro te in  to  b in d  

t ig h tly  to  th e  D N A  s tra n d ) .  T h e  S S B  p ro te in s  a re  n o t  e n z y m e s . b u t  

r a th e r  s e rv e  to  s h if t  th e  e q u i l ib r iu m  b e tw e e n  d s D N A  a n d  s s D N A  in  th e  

d ir e c t io n  o f  th e  s in g le - s t r a n d e d  fo rm s . T h e s e  p ro te in s  n o t  o n ly  k e e p  

th e  tw o  s tra n d s  o f  D N A  s e p a ra te d  in  th e  a re a  o f  th e  r e p l ic a t io n  o r ig in . 

th u s  p ro v id in g  th e  s in g le - s t r a n d e d  te m p la te  r e q u ire d  b y  polym erases. 
b u t  a lso  p ro te c t  th e  D N A  f ro m  nucleases  th a t  d e g ra d e  s sD N A .

2. S o lv in g  th e  p ro b le m  o f  s u p e rc o ils :  A s  th e  tw o  s tra n d s  o f  th e  d o u b le  h e l ix  

a re  s e p a ra te d . a  p ro b le m  is  e n c o u n te re d . n a m e ly . th e  a p p e a ra n c e  o f  

p o s i t iv e  s u p e rc o ils  in  th e  r e g io n  o f  D N A  a h e a d  o f  th e  r e p l ic a t io n  fo rk  as  

a  r e s u l t  o f  o v e rw in d in g  (F ig . 3 0 .1 1 ) a n d  n e g a t iv e  s u p e rc o ils  in  th e  re g io n  

b e h in d  th e  fo rk . T h e  a c c u m u la t in g  p o s i t iv e  s u p e rc o ils  in te r f e re  w ith



fu r th e r  u n w in d in g  o f  th e  d o u b le  h e lix . [N o te : S u p e rc o i l in g  c a n  b e  

d e m o n s tra te d  b y  t ig h t ly  g ra s p in g  o n e  e n d  o f  a  h e l ic a l  te le p h o n e  c o rd  

w h ile  tw is t in g  th e  o th e r  e n d . I f  th e  c o rd  is  tw is te d  in  th e  d ir e c t io n  o f  

t ig h te n in g  th e  c o ils ,  th e  c o rd  w i l l  w ra p  a ro u n d  i t s e l f  in  s p a c e  to  fo rm  

p o s i t iv e  s u p e rc o ils .  I f  th e  c o rd  is  tw is te d  in  th e  d ir e c t io n  o f  lo o s e n in g  th e  

c o ils , th e  c o rd  w i l l  w ra p  a ro u n d  i t s e l f  in  th e  o p p o s i te  d ir e c t io n  to  fo rm  

n e g a t iv e  s u p e rc o ils .]  T o  s o lv e  th is  p ro b le m , th e re  is  a  g ro u p  o f  e n z y m e s  

c a l le d  D NA topoisom erases, w h ic h  a re  re s p o n s ib le  fo r  r e m o v in g  

s u p e rc o ils  in  th e  h e l ix  b y  tra n s ie n t ly  c le a v in g  o n e  o r  b o th  o f  th e  D N A  

s tra n d s .

DNA double helix

Strand separation Positive supercoiling

wm
F ig u re  3 0 .1 1  P o s i t iv e  s u p e rc o i l in g  re s u l t in g  f ro m  D N A  s tr a n d  s e p a ra t io n .



a. T y p e  I D N A  to p o is o m e ra s e s :  T h e s e  e n z y m e s  r e v e r s ib ly  c le a v e  o n e  

s tra n d  o f  th e  d o u b le  h e lix . T h e y  h a v e  b o th  s tr a n d -c u t t in g  a n d  s t r a n d 

r e s e a l in g  a c t iv i t ie s .  T h e y  d o  n o t  r e q u ire  A T P , b u t  r a th e r  a p p e a r  to  

s to re  th e  e n e rg y  f ro m  th e  p h o s p h o d ie s te r  b o n d  th e y  c le a v e , r e u s in g  th e  

e n e rg y  to  r e s e a l  th e  s t ra n d  (F ig . 3 0 .1 2 ). E a c h  t im e  a  t r a n s ie n t  n ic k  is  

c re a te d  in  o n e  D N A  s tra n d , th e  in ta c t  D N A  s tr a n d  is  p a s s e d  th ro u g h  

th e  b r e a k  b e fo re  i t  is  re s e a le d , th u s  r e l ie v in g  ( r e la x in g )  a c c u m u la te d  

s u p e rc o ils .  Type I  topoisom erases  r e la x  n e g a t iv e  s u p e rc o ils  ( th a t  is , 

th o s e  th a t  c o n ta in  f e w e r  tu rn s  o f  th e  h e l ix  th a n  d o e s  r e la x e d  D N A ) in  

E . c o l i  a n d  b o th  n e g a t iv e  a n d  p o s i t iv e  s u p e rc o ils  ( th a t  is , th o s e  th a t  

c o n ta in  f e w e r  o r  m o re  tu rn s  o f  th e  h e l ix  th a n  d o e s  r e la x e d  D N A ) in  

m a n y  p ro k a ry o tic  c e l ls  (b u t  n o t  E . c o l i ) a n d  in  e u k a ry o t ic  c e lls .

F ig u re  3 0 .1 2  A c tio n  o f  type I  D NA topoisom erases.

b . T y p e  II  D N A  to p o is o m e ra s e s :  T h e s e  e n z y m e s  b in d  t ig h t ly  to  th e  D N A  

d o u b le  h e l ix  a n d  m a k e  t r a n s ie n t  b re a k s  in  b o th  s tra n d s . T h e  e n z y m e  

th e n  c a u s e s  a  s e c o n d  s tre tc h  o f  th e  D N A  d o u b le  h e l ix  to  p a s s  th ro u g h  

th e  b r e a k  a n d , f in a lly ,  r e s e a ls  th e  b r e a k  (F ig . 3 0 .1 3 ). A s  a  re s u lt ,  b o th  

n e g a t iv e  a n d  p o s i t iv e  s u p e rc o ils  c a n  b e  r e l ie v e d  b y  th is  A T P - re q u ir in g



p ro c e s s .  D NA gyrase, a  type II  topoisom erase  f o u n d  in  b a c te r ia  a n d  

p la n ts ,  h a s  th e  u n u s u a l  p ro p e r ty  o f  b e in g  a b le  to  in t ro d u c e  n e g a t iv e  

s u p e rc o ils  in to  c i r c u la r  D N A  u s in g  e n e rg y  f ro m  th e  h y d ro ly s is  o f  

A T P . T h is  fa c i l i ta te s  th e  r e p l ic a t io n  o f  D N A  b e c a u s e  th e  n e g a t iv e  

s u p e rc o ils  n e u tra l iz e  th e  p o s i t iv e  s u p e rc o ils  in t ro d u c e d  d u r in g  o p e n in g  

o f  th e  d o u b le  h e lix . I t  a lso  a id s  in  th e  t r a n s ie n t  s t r a n d  s e p a ra t io n  

re q u ire d  d u r in g  tr a n s c r ip t io n  (s e e  p . 4 3 6 ) .



The left half of the circle 
folds over the right half.
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The front half of 
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through the break, 
which is resealed.

V.



F ig u re  3 0 .1 3  A c tio n  o f  type I I  D N A topoisom erase.

A n tic a n c e r  a g e n ts , s u c h  a s  th e  c a m p to th e c in s ,  ta rg e t  h u m a n  type I  
topoisom erases, w h e re a s  e to p o s id e  ta rg e ts  h u m a n  type I I  topoisom erases. 
B a c te r ia l  D N A gyrase  is  a  u n iq u e  ta r g e t  o f  a  g ro u p  o f  a n t im ic ro b ia l  a g e n ts  

c a l le d  f lu o ro q u in o lo n e s  ( fo r  e x a m p le , c ip ro f lo x a c in ) .

C. Direction of DNA replication
T h e  D N A polym erases  ( DNA po ls)  r e s p o n s ib le  fo r  c o p y in g  th e  D N A  

te m p la te s  a re  o n ly  a b le  to  r e a d  th e  p a re n ta l  n u c le o t id e  s e q u e n c e s  in  th e  

3 ' ^ 5 '  d ire c tio n , a n d  th e y  s y n th e s iz e  th e  n e w  D N A  s tra n d s  o n ly  in  th e  

5 ' ^ 3 '  ( a n t ip a ra l le l )  d ire c tio n . T h e re fo re ,  b e g in n in g  w ith  o n e  p a re n ta l  

d o u b le  h e l ix ,  th e  tw o  n e w ly  s y n th e s iz e d  s tre tc h e s  o f  n u c le o tid e  c h a in s  m u s t  

g ro w  in  o p p o s ite  d ire c tio n s ,  o n e  in  th e  5 ' ^ 3 '  d ir e c t io n  to w a rd  th e  

r e p l ic a t io n  fo rk  a n d  o n e  in  th e  5 ' 3 ' d ir e c t io n  a w a y  f ro m  th e  r e p l ic a t io n

fo rk  (F ig . 3 0 .1 4 ). T h is  f e a t  is  a c c o m p lis h e d  b y  a  s l ig h t ly  d if f e re n t  

m e c h a n is m  o n  e a c h  s tra n d .

F ig u re  3 0 .1 4  S e m id is c o n tin u o u s  s y n th e s is  o f  D N A . B la c k  a r ro w s  = c o n tin u o u s  

s y n th e s is ;  w h ite  a r ro w s  = d is c o n tin u o u s .

1. L e a d in g  s tra n d : T h e  s tra n d  th a t  is  b e in g  c o p ie d  in  th e  d ir e c t io n  o f  th e  

a d v a n c in g  r e p l ic a t io n  fo rk  is  s y n th e s iz e d  c o n t in u o u s ly  a n d  is  c a l le d  th e  

le a d in g  s tra n d .

2. L a g g in g  s tra n d : T h e  s tra n d  th a t  is  b e in g  c o p ie d  in  th e  d ir e c t io n  a w a y  

f ro m  th e  r e p l ic a t io n  fo rk  is  s y n th e s iz e d  d is c o n t in u o u s ly ,  w ith  s m a ll  

f ra g m e n ts  o f  D N A  b e in g  c o p ie d  n e a r  th e  r e p l ic a t io n  fo rk . T h e s e  s h o r t  

s t r e tc h e s  o f  d is c o n t in u o u s  D N A , te rm e d  O k a z a k i f ra g m e n ts ,  a re



e v e n tu a lly  jo in e d  ( l ig a te d )  b y  ligase  to  b e c o m e  a  s in g le , c o n t in u o u s  

s tra n d . T h e  n e w  s tr a n d  o f  D N A  p ro d u c e d  b y  th is  m e c h a n is m  is  te rm e d  

th e  la g g in g  s tra n d .

D. RNA primer
D NA po ls  c a n n o t  in i t ia te  s y n th e s is  o f  a  c o m p le m e n ta ry  s tra n d  o f  D N A  o n  a  

to ta l ly  s in g le - s t r a n d e d  te m p la te .  R a th e r ,  th e y  r e q u ire  a n  R N A  p r im e r ,  w h ic h  

is  a  s h o r t  p ie c e  o f  R N A  b a s e -p a i r e d  to  th e  D N A  te m p la te ,  th e re b y  fo rm in g  

a  d o u b le - s t r a n d e d  D N A - R N A  h y b r id .  T h e  f re e  h y d ro x y l  g ro u p  o n  th e  3 '-  

e n d  o f  th e  R N A  p r im e r  s e rv e s  as  th e  f i r s t  a c c e p to r  o f  a  d e o x y n u c le o t id e  b y  

a c t io n  o f  a  D NA p o l  (F ig . 3 0 .1 5 ). [N o te : R e c a l l  th a t  glycogen synthase  a lso  

r e q u ire s  a  p r im e r  (s e e  p . 1 2 6 ).]





F ig u re  3 0 .1 5  U s e  o f  a n  R N A  p r im e r  to  in i t ia te  D N A  s y n th e s is .  a n d  =  p h o s p h a te ;  

d C T P  = d e o x y c y t id in e  t r ip h o s p h a te .

1. P r im a se : A  s p e c if ic  RN A polym erase, c a l le d  prim ase (DnaG), 
s y n th e s iz e s  th e  s h o r t  s t r e tc h e s  o f  R N A  (~ 1 0  n u c le o t id e s  lo n g )  th a t  a re  

c o m p le m e n ta ry  a n d  a n t ip a ra l le l  to  th e  D N A  te m p la te .  In  th e  re s u l t in g  

h y b r id  d u p le x , th e  U  (u ra c i l)  in  R N A  p a ir s  w i th  A  in  D N A . A s  s h o w n  in  

F ig u re  3 0 .1 6 , th e s e  s h o r t  R N A  s e q u e n c e s  a re  c o n s ta n t ly  b e in g  

s y n th e s iz e d  a t  th e  r e p l ic a t io n  fo rk  o n  th e  la g g in g  s tra n d , b u t  o n ly  o n e  

R N A  s e q u e n c e  a t  th e  o r ig in  o f  r e p l ic a t io n  is  r e q u ire d  o n  th e  le a d in g  

s tra n d . T h e  s u b s tra te s  fo r  th is  p ro c e s s  a re  5 '- r ib o n u c le o s id e  

t r ip h o s p h a te s ,  a n d  p y ro p h o s p h a te  is  r e le a s e d  a s  e a c h  r ib o n u c le o s id e  

m o n o p h o s p h a te  is  a d d e d  th ro u g h  fo rm a t io n  o f  a  3 '^ 5 '- p h o s p h o d i e s t e r  

b o n d . [N o te : T h e  R N A  p r im e r  is  la te r  r e m o v e d , a s  d e s c r ib e d  in  F . 

b e lo w .]

F ig u re  3 0 .1 6  E lo n g a t io n  o f  th e  le a d in g  a n d  la g g in g  s tra n d s . [N o te : T h e  D N A  

s lid in g  c la m p  is  n o t  s h o w n  fo r  th e  la g g in g  s tra n d .]

2. P r im o s o m e : T h e  a d d i t io n  o f  prim ase  c o n v e r ts  th e  p r e p r im in g  c o m p le x  o f  

p ro te in s  r e q u i re d  fo r  D N A  s tra n d  s e p a ra t io n  (se e  p . 4 1 5 )  to  a  p r im o s o m e . 

T h e  p r im o s o m e  m a k e s  th e  R N A  p r im e r  r e q u ire d  fo r  le a d in g - s tr a n d  

s y n th e s is  a n d  in i t ia te s  O k a z a k i f r a g m e n t  fo rm a t io n  in  d is c o n t in u o u s  

la g g in g - s tr a n d  s y n th e s is .  A s  w ith  D N A  s y n th e s is ,  th e  d i r e c t io n  o f



s y n th e s is  o f  th e  p r im e r  is  5 '^ - 3 '.

E. Chain elongation
P ro k a ry o tic  ( a n d  e u k a ry o t ic )  D N A pols  e lo n g a te  a  n e w  D N A  s tra n d  b y  

a d d in g  d e o x y r ib o n u c le o t id e s ,  o n e  a t  a  tim e , to  th e  3 '- e n d  o f  th e  g ro w in g  

c h a in  ( s e e  F ig . 3 0 .1 6 ). T h e  s e q u e n c e  o f  n u c le o t id e s  th a t  a re  a d d e d  is  

d ic ta te d  b y  th e  b a s e  s e q u e n c e  o f  th e  te m p la te  s t ra n d  w ith  w h ic h  th e  

in c o m in g  n u c le o t id e s  a re  p a ire d .

1. D N A  p o ly m e ra s e  III: D N A  c h a in  e lo n g a t io n  is  c a ta ly z e d  b y  th e  

m u l t i s u b u n i t  e n z y m e , D N A p o l III. U s in g  th e  3 '- h y d ro x y l  g ro u p  o f  th e  

R N A  p r im e r  as  th e  a c c e p to r  o f  th e  f i r s t  d e o x y r ib o n u c le o t id e ,  D N A p o l 
III  b e g in s  to  a d d  n u c le o t id e s  a lo n g  th e  s in g le - s t r a n d e d  te m p la te  th a t  

s p e c if ie s  th e  s e q u e n c e  o f  b a s e s  in  th e  n e w ly  s y n th e s iz e d  c h a in . D NA p o l 
III  is  a  h ig h ly  p ro c e s s iv e  e n z y m e  ( th a t  is , i t  r e m a in s  b o u n d  to  th e  

te m p la te  s t ra n d  a s  i t  m o v e s  a lo n g  a n d  d o e s  n o t  d if fu s e  a w a y  a n d  th e n  

re b in d  b e fo re  a d d in g  e a c h  n e w  n u c le o tid e ) .  T h e  p ro c e s s iv i ty  o f  D N A p o l 
III  is  th e  r e s u l t  o f  th e  P s u b u n its  o f  th e  h o lo e n z y m e  fo rm in g  a  r in g  th a t  

e n c irc le s  a n d  m o v e s  a lo n g  th e  te m p la te  s t ra n d  o f  th e  D N A , th u s  s e rv in g  

as  a  s l id in g  D N A  c la m p . [N o te : C la m p  fo rm a t io n  is  f a c i l i ta te d  b y  a  

p ro te in  c o m p le x , th e  c la m p  lo a d e r ,  a n d  A T P  h y d ro ly s is .]  T h e  n e w  

(d a u g h te r )  s t r a n d  g ro w s  in  th e  5 ' 3 ' d ire c tio n , a n t ip a ra l le l  to  th e  p a re n ta l

s tra n d  (s e e  F ig . 3 0 .1 6 ). T h e  n u c le o t id e  s u b s t ra te s  a re  5 '-  

d e o x y r ib o n u c le o s id e  t r ip h o s p h a te s .  P y ro p h o s p h a te  (P P j) is  r e le a s e d  w h e n  

e a c h  n e w  d e o x y n u c le o s id e  m o n o p h o s p h a te  is  a d d e d  to  th e  f re e  3 '-  

h y d ro x y l  g ro u p  o f  th e  g ro w in g  c h a in  th ro u g h  a  3 '^ 5 '- p h o s p h o d i e s t e r  

b o n d  (s e e  F ig . 3 0 .1 5 ). H y d ro ly s is  o f  P P j to  2 Pj b y  pyrophosphatase  

m e a n s  th a t  a  to ta l  o f  tw o  h ig h -e n e rg y  b o n d s  a re  u s e d  to  d r iv e  th e  a d d i t io n  

o f  e a c h  d e o x y n u c le o tid e .

T h e  p ro d u c t io n  o f  P P j w i th  s u b s e q u e n t  h y d ro ly s is  to  2 Pj is  a  c o m m o n  

th e m e  in  b io c h e m is t ry .  R e m o v a l  o f  th e  P P i p ro d u c t  d r iv e s  a  r e a c t io n  in  th e  

fo rw a rd  d ire c tio n , m a k in g  i t  e s s e n tia l ly  i r r e v e rs ib le .

A l l  fo u r  s u b s t ra te s  (d e o x y a d e n o s in e  t r ip h o s p h a te  [d A T P ], 

d e o x y th y m id in e  t r ip h o s p h a te  [d T T P ] , d e o x y c y t id in e  tr ip h o s p h a te



[d C T P ] , a n d  d e o x y g u a n o s in e  tr ip h o s p h a te  [d G T P ])  m u s t  b e  p r e s e n t  fo r  

D N A  e lo n g a t io n  to  o c c u r . I f  o n e  o f  th e  fo u r  is  in  s h o r t  su p p ly , D N A  

s y n th e s is  s to p s  w h e n  th a t  n u c le o tid e  is  d e p le te d .

2. P ro o f re a d in g  n e w ly  s y n th e s iz e d  D N A : I t  is  h ig h ly  im p o r ta n t  fo r  th e  

s u rv iv a l  o f  a n  o rg a n is m  th a t  th e  n u c le o tid e  s e q u e n c e  o f  D N A  b e  

r e p l ic a te d  w i th  a s  fe w  e r ro rs  a s  p o s s ib le .  M is re a d in g  o f  th e  te m p la te  

s e q u e n c e  c o u ld  r e s u l t  in  d e le te r io u s ,  p e rh a p s  le th a l ,  m u ta tio n s .  T o  in s u re  

r e p l ic a t io n  f id e li ty ,  D N A p o l III  h a s  a  p ro o f r e a d in g  a c t iv i ty  (3 r^ 5 r 
exonuclease, F ig . 3 0 .1 7 ) in  a d d i t io n  to  its  5 '^ 3 '  polym erase  a c t iv i ty .  A s  

e a c h  n u c le o tid e  is  a d d e d  to  th e  c h a in , D N A p o l III  c h e c k s  to  m a k e  

c e r ta in  th e  b a s e  o f  th e  n e w ly  a d d e d  n u c le o tid e  is , in  fa c t,  th e  c o m p le m e n t  

o f  th e  b a s e  o n  th e  te m p la te  s tra n d . I f  i t  is  n o t, th e  3 '^ 5 '  exonuclease  
a c t iv i ty  r e m o v e s  th e  e r ro r  in  th e  d ir e c t io n  o p p o s ite  to  p o ly m e r iz a tio n .  

[N o te : B e c a u s e  th e  e n z y m e  re q u ire s  a n  im p ro p e r ly  b a s e -p a i r e d  3 '-  

h y d ro x y  te rm in u s ,  i t  d o e s  n o t  d e g ra d e  c o r re c tly  p a i r e d  n u c le o tid e  

s e q u e n c e s .]  F o r  e x a m p le , if  th e  te m p la te  b a s e  is  C  a n d  th e  e n z y m e  in s e r ts  

a n  A  in s te a d  o f  a  G  in to  th e  n e w  c h a in , th e  3 '^ 5 '  exonuclease  a c t iv i ty  

h y d ro ly t ic a l ly  r e m o v e s  th e  m is p la c e d  n u c le o tid e . T h e  5 '^ 3 '  polym erase  
a c t iv i ty  th e n  re p la c e s  i t  w i th  th e  c o r re c t  n u c le o tid e  c o n ta in in g  G  (s e e  F ig . 

3 0 .1 7 ). [N o te : T h e  5 '^ 3 '  polym erase  a n d  3 '^ 5 '  exonuclease  d o m a in s  

a re  lo c a te d  o n  d i f f e r e n t  s u b u n its  o f  D N A p o l  I I I . ]

□POLYMERASE FUNCTION : i  PROOFREADING FUNCTION

An incoming nucleoside triphosphate If DNA polym erase  mispairs a nucleotide
is correctly matched to its complementary with the template, it uses its exonuclease
base on the DNA template and is added as activity to excise the mismatched nucleotide.DNA the monophosphate to the growing DNA chain

polym erase

©-©

5'—>3' DNA 3'->5' Exo
polymerase activity p) nuclease activity

DNA Newly
template synthesized strand

F ig u re  3 0 .1 7  3 r^ 5 r E xonuclease  a c t iv i ty  e n a b le s  D N A polym erase III  to  

p ro o f r e a d  th e  n e w ly  s y n th e s iz e d  D N A  s tra n d .



F. RNA primer excision and replacement by DNA
D NA p o l III  c o n t in u e s  to  s y n th e s iz e  D N A  o n  th e  la g g in g  s tra n d  u n t i l  i t  is  

b lo c k e d  b y  p ro x im ity  to  a n  R N A  p r im e r .  W h e n  th is  o c c u rs ,  th e  R N A  is  

e x c is e d  a n d  th e  g a p  f i l le d  b y  D NA p o l I.

1. 5 ' 3 ' E x o n u c le a s e  a c tiv ity :  In  a d d i t io n  to  h a v in g  th e  5 '^ 3 '  polym erase
a c t iv i ty  th a t  s y n th e s iz e s  D N A  a n d  th e  3 '^ 5 '  exonuclease  a c t iv i ty  th a t  

p ro o f re a d s  th e  n e w ly  s y n th e s iz e d  D N A  l ik e  D NA p o l III, m o n o m e r ic  

D NA p o l I  a lso  h a s  a  5 '^ 3 '  exonuclease  a c t iv i ty  th a t  is  a b le  to  

h y d ro ly t ic a l ly  r e m o v e  th e  R N A  p r im e r .  [N o te : E xonucleases  r e m o v e  

n u c le o t id e s  f ro m  th e  e n d  o f  th e  D N A  c h a in , r a th e r  th a n  c le a v in g  th e  

c h a in  in te rn a l ly  as  d o  endonucleases  (F ig . 3 0 .1 8 ).] F ir s t ,  D NA p o l I  
lo c a te s  th e  s p a c e  (n ic k )  b e tw e e n  th e  3 '- e n d  o f  th e  D N A  n e w ly  

s y n th e s iz e d  b y  D N A p o l III  a n d  th e  5 '- e n d  o f  th e  a d ja c e n t  R N A  p r im e r .  

N e x t, D N A p o l I  h y d ro ly t ic a l ly  r e m o v e s  th e  R N A  n u c le o t id e s  a h e a d  o f  

its e lf ,  m o v in g  in  th e  5 ' ^ 3 '  d ir e c t io n  ( 5 '^ 3 '  exonuclease  a c t iv i ty ) .  A s  i t  

r e m o v e s  r ib o n u c le o t id e s ,  D NA p o l I  r e p la c e s  th e m  w ith  

d e o x y r ib o n u c le o t id e s ,  s y n th e s iz in g  D N A  in  th e  5 ' ^ 3 '  d ir e c t io n  (5 '^ 3 '  
polym erase  a c t iv i ty ) .  A s  i t  s y n th e s iz e s  th e  D N A , i t  a lso  p ro o f re a d s  u s in g  

its  3 '^ 5 '  exonuclease  a c t iv i ty  to  r e m o v e  e r ro rs . T h is  

r e m o v a l/ s y n th e s is /p ro o f r e a d in g  c o n t in u e s  u n t i l  th e  R N A  p r im e r  is  to ta l ly  

d e g ra d e d , a n d  th e  g a p  is  f i l le d  w ith  D N A  (F ig . 3 0 .1 9 ). [N o te : D N A p o l I  
u s e s  i ts  5 '^ 3 '  polym erase  a c t iv i ty  to  f i l l  in  g a p s  g e n e ra te d  d u r in g  m o s t  

ty p e s  o f  D N A  re p a ir  ( s e e  p . 4 2 8 ) .]



F ig u re  3 0 .1 8  E ndonuclease  v e r s u s  exonuclease  a c t iv i ty .  [N o te : Restriction
endonucleases  ( s e e  p . 4 8 1 )  c le a v e  b o th  s tra n d s .]  T  = th y m in e ;  A  = a d e n in e ; C  = 

c y to s in e ; G  = g u a n in e .



F ig u re  3 0 .1 9  R e m o v a l  o f  R N A  p r im e r  a n d  f i l l in g  o f  th e  r e s u l t in g  g a p s  b y  D N A  
polym erase I.

2. C o m p a r is o n  o f  5 ' ^ 3 '  a n d  3 ' ^ 5 '  e x o n u c le a s e  a c t iv i t ie s :  T h e  5 '^ 3 '  
exonuclease  a c t iv i ty  o f  D N A p o l I  a l lo w s  th e  polym erase, m o v in g  

5 ' 3 ',  to  h y d ro ly t ic a l ly  re m o v e  o n e  o r  m o re  n u c le o t id e s  a t  a  t im e  f ro m

th e  5 '- e n d  o f  th e  ~ 1 0  n u c le o t id e - lo n g  R N A  p r im e r .  In  c o n tra s t ,  th e  

3 '^ 5 '  exonuclease  a c t iv i ty  o f  D N A p o l I  a n d  p o l III  a l lo w s  th e s e  

polym erases, m o v in g  3 ' ^ 5 ' ,  to  h y d ro ly t ic a l ly  re m o v e  o n e  m is p la c e d  

n u c le o t id e  a t  a  t im e  f ro m  th e  3 '- e n d  o f  a  g ro w in g  D N A  s tra n d , in c re a s in g  

th e  f id e l i ty  o f  r e p l ic a t io n  s u c h  th a t  n e w ly  r e p l ic a te d  D N A  h a s  o n e  e r ro r  

p e r  1 0 7 n u c le o tid e s .

G. DNA ligase
T h e  f in a l  p h o s p h o d ie s te r  l in k a g e  b e tw e e n  th e  5 '-p h o s p h a te  g ro u p  o n  th e  

D N A  s y n th e s iz e d  b y  D N A p o l III  a n d  th e  3 '- h y d ro x y l  g ro u p  o n  th e  D N A  

m a d e  b y  D N A p o l I  is  c a ta ly z e d  b y  D N A ligase  (F ig . 3 0 .2 0 ). T h e  jo in in g  o f  

th e s e  tw o  s tr e tc h e s  o f  D N A  re q u ire s  e n e rg y , w h ic h  in  m o s t  o rg a n is m s  is  

p ro v id e d  b y  th e  c le a v a g e  o f  A T P  to  a d e n o s in e  m o n o p h o s p h a te  +  P P i .
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F ig u re  3 0 .2 0  F o rm a t io n  o f  a  p h o s p h o d ie s te r  b o n d  b y  D NA ligase. [N o te : 

A d e n o s in e  m o n o p h o s p h a te  (A M P )  is  f i r s t  l in k e d  to  ligase, th e n  to  th e  5 '-  

p h o s p h a te ,  a n d  th e n  re le a s e d .]

H. Termination
R e p l ic a t io n  te rm in a t io n  in  E . c o l i  is  m e d ia te d  b y  s e q u e n c e - s p e c if ic  b in d in g  

o f  th e  p ro te in  T u s  ( te rm in u s  u t i l iz a t io n  s u b s ta n c e )  to  r e p l ic a t io n  te rm in a t io n  

( te r)  s i te s  o n  th e  D N A , s to p p in g  th e  m o v e m e n t  o f  th e  r e p l ic a t io n  fo rk .

IV. EUKARYOTIC DNA REPLICATION

T h e  p ro c e s s  o f  e u k a ry o t ic  D N A  re p l ic a t io n  c lo se ly  fo llo w s  th a t  o f  p ro k a ry o tic  

D N A  s y n th e s is .  S o m e  d if fe re n c e s ,  s u c h  a s  th e  m u l t ip le  o r ig in s  o f  r e p l ic a t io n  in  

e u k a ry o t ic  c e lls  v e r s u s  s in g le  o r ig in s  o f  r e p l ic a t io n  in  p ro k a ry o te s ,  h a v e  a lre a d y  

b e e n  n o te d . E u k a ry o t ic  o r ig in  r e c o g n i t io n  p ro te in s ,  s s D N A -b in d in g  p ro te in s ,  a n d  

A T P -d e p e n d e n t  D N A helicases  h a v e  b e e n  id e n tif ie d , a n d  th e ir  fu n c t io n s  a re  

a n a lo g o u s  to  th o s e  o f  th e  p ro k a ry o tic  p ro te in s  p re v io u s ly  d is c u s s e d . In  c o n tra s t ,  

R N A  p r im e rs  a re  r e m o v e d  b y  R N ase H  a n d  flap endonuclease 1 (FEN1) r a th e r  

th a n  b y  a  D NA p o l  (F ig . 3 0 .2 1 ).



FUNCTION PROTEIN (S)

Origin recognition ORC

Helicase activity MCM

ssDNA protection RPA

Primer synthesis Pol a/primase

Sliding clamp PCNA

Primer removal RNase H, FEN1

F ig u re  3 0 .2 1  P ro te in s  a n d  th e ir  fu n c t io n  in  e u k a ry o t ic  r e p l ic a t io n .  O R C  = o r ig in  

r e c o g n i t io n  c o m p le x ; M C M  = m inichrom osom e m aintenance (complex); R P A  

= r e p l ic a t io n  p ro te in  A ; P C N A  = p ro l i f e ra t in g  c e l l  n u c le a r  a n tig e n ; F E N  = flap  

endonuclease.

A. Eukaryotic cell cycle
T h e  e v e n ts  s u r ro u n d in g  e u k a ry o t ic  D N A  re p l ic a t io n  a n d  c e l l  d iv is io n  

(m ito s is )  a re  c o o rd in a te d  to  p ro d u c e  th e  c e ll  c y c le  (F ig . 3 0 .2 2 ). T h e  p e r io d  

p r e c e d in g  r e p l ic a t io n  is  c a l le d  th e  G]^ p h a s e  (G a p  1). D N A  re p l ic a t io n  

o c c u rs  d u r in g  th e  S ( s y n th e s is )  p h a s e . F o l lo w in g  D N A  s y n th e s is ,  th e re  is  

a n o th e r  p h a s e  (G 2, o r  G a p  2 ) b e fo re  m ito s is  (M ). C e l ls  th a t  h a v e  s to p p e d  

d iv id in g , s u c h  as  m a tu re  T  ly m p h o c y te s ,  a re  s a id  to  h a v e  g o n e  o u t  o f  th e  

c e l l  c y c le  in to  th e  G 0 p h a s e . S u c h  q u ie s c e n t  c e l ls  c a n  b e  s t im u la te d  to  

r e e n te r  th e  G 1 p h a s e  to  r e s u m e  d iv is io n . [N o te : T h e  c e l l  c y c le  is  c o n tro lle d  

a t  a  s e r ie s  o f  c h e c k p o in ts  th a t  p r e v e n t  e n try  in to  th e  n e x t  p h a s e  o f  th e  c y c le  

u n t i l  th e  p re c e d in g  p h a s e  h a s  b e e n  c o m p le te d . T w o  k e y  c la s s e s  o f  p ro te in s  

th a t  c o n tro l  th e  p ro g re s s  o f  a  c e l l  th ro u g h  th e  c e l l  c y c le  a re  th e  c y c l in s  a n d  

cyclin-dependent kinases (Cdk).]



F ig u re  3 0 .2 2  T h e  e u k a ry o t ic  c e l l  c y c le . [N o te : C e l ls  c a n  le a v e  th e  c e l l  c y c le  a n d  

e n te r  a  r e v e r s ib le  q u ie s c e n t  s ta te  c a l le d  G 0.]

B. Eukaryotic DNA polymerases
A t le a s t  f iv e  h ig h - f id e l i ty  e u k a ry o t ic  D NA po ls  h a v e  b e e n  id e n t if ie d  a n d  

c a te g o r iz e d  o n  th e  b a s is  o f  m o le c u la r  w e ig h t ,  c e l lu la r  lo c a tio n , s e n s i t iv i ty  to  

in h ib ito rs ,  a n d  th e  te m p la te s  o r  s u b s t ra te s  o n  w h ic h  th e y  a c t. T h e y  a re  

d e s ig n a te d  b y  G re e k  le t te r s  r a th e r  th a n  b y  R o m a n  n u m e ra ls  (F ig . 3 0 .2 3 ).
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F ig u re  3 0 .2 3  A c tiv i t ie s  o f  e u k a ry o t ic  D N A polym erases (pol). [N o te : T h e  

a s te r is k  (* ) d e n o te s  3 ' 5 ' exonuclease  a c t iv i ty .]

1. P o l  a : P ol a  is  a  m u l t i s u b u n i t  e n z y m e . O n e  s u b u n it  h a s  prim ase  a c t iv i ty , 

w h ic h  in i t ia te s  s t r a n d  s y n th e s is  o n  th e  le a d in g  s tr a n d  a n d  a t  th e  b e g in n in g  

o f  e a c h  O k a z a k i  f r a g m e n t  o n  th e  la g g in g  s tra n d . T h e  prim ase  s u b u n it  

s y n th e s iz e s  a  s h o r t  R N A  p r im e r  th a t  is  e x te n d e d  b y  th e  5 '^ 3 '  
polym erase  a c t iv i ty  o f  p o l a, g e n e ra t in g  a  s h o r t  p ie c e  o f  D N A . [N o te : 

P ol a  is  a lso  r e fe r re d  to  a s  p o l a/prim ase.]

2. P o l e a n d  p o l  5: P ol £ is  r e c ru i te d  to  c o m p le te  D N A  s y n th e s is  o n  th e



le a d in g  s tra n d , w h e re a s  p o l S e lo n g a te s  th e  O k a z a k i  f r a g m e n ts  o f  th e  

la g g in g  s tra n d , e a c h  u s in g  3 '^ 5 '  exonuclease  a c t iv i ty  to  p ro o f re a d  th e  

n e w ly  s y n th e s iz e d  D N A . [N o te : D N A p o l £ a s s o c ia te s  w ith  p ro l i f e ra t in g  

c e l l  n u c le a r  a n t ig e n  (P C N A ), a  p ro te in  th a t  s e rv e s  a s  a  s l id in g  D N A  

c la m p  in  m u c h  th e  s a m e  w a y  th e  ß s u b u n its  o f  D N A p o l III  d o  in  E . c o l i . 

th u s  in s u r in g  h ig h  p ro c e s s iv i ty .]

3. P o l  ß a n d  p o l  y : P ol ß  is  in v o lv e d  in  g a p  f i l l in g  in  D N A  re p a ir .  P ol y 
re p l ic a te s  m i to c h o n d r ia l  D N A .

C. Telomeres
T e lo m e re s  a re  c o m p le x e s  o f  D N A  p lu s  p ro te in s  ( c o l le c t iv e ly  k n o w n  as 

s h e lte r in )  lo c a te d  a t  th e  e n d s  o f  l in e a r  c h ro m o s o m e s .  T h e y  m a in ta in  th e  

s tru c tu ra l  in te g r i ty  o f  th e  c h ro m o s o m e , p re v e n t in g  a t ta c k  b y  nucleases, a n d  

a l lo w  re p a ir  s y s te m s  to  d is t in g u is h  a  t ru e  e n d  f ro m  a  b r e a k  in  d s D N A . In  

h u m a n s , te lo m e r ic  D N A  c o n s is ts  o f  s e v e ra l  th o u s a n d  ta n d e m  re p e a ts  o f  a  

n o n c o d in g  h e x a m e r ic  s e q u e n c e , A G G G T T , b a s e -p a i r e d  to  a  c o m p le m e n ta ry  

re g io n  c o n ta in in g  C  a n d  A . T h e  G - r ic h  s tra n d  is  lo n g e r  th a n  its  C - r ic h  

c o m p le m e n t,  le a v in g  s s D N A  a  f e w  h u n d re d  n u c le o t id e s  in  le n g th  a t  th e  3 '-  

e n d . T h e  s in g le - s t r a n d e d  re g io n  is  th o u g h t  to  fo ld  b a c k  o n  its e lf ,  fo rm in g  a  

lo o p  s tru c tu re  th a t  is  s ta b i l iz e d  b y  p ro te in .

1. T e lo m e re  s h o r te n in g : E u k a ry o t ic  c e l ls  f a c e  a  s p e c ia l  p ro b le m  in  

re p l ic a t in g  th e  e n d s  o f  th e ir  l in e a r  D N A  m o le c u le s .  F o l lo w in g  r e m o v a l  o f  

th e  R N A  p r im e r  f ro m  th e  e x tr e m e  5 '- e n d  o f  th e  la g g in g  s tra n d , th e re  is  

n o  w a y  to  f i l l  in  th e  re m a in in g  g a p  w ith  D N A . C o n s e q u e n t ly ,  in  m o s t  

n o rm a l  h u m a n  s o m a t ic  c e lls ,  te lo m e re s  s h o r te n  w ith  e a c h  s u c c e s s iv e  c e ll  

d iv is io n . O n c e  te lo m e re s  a re  s h o r te n e d  b e y o n d  s o m e  c r i t ic a l  le n g th , th e  

c e l l  is  n o  lo n g e r  a b le  to  d iv id e  a n d  is  s a id  to  b e  s e n e s c e n t .  In  g e rm  c e lls  

a n d  s te m  c e lls ,  a s  w e l l  as  in  c a n c e r  c e lls ,  te lo m e re s  d o  n o t  s h o r te n  a n d  

th e  c e lls  d o  n o t  s e n e s c e . T h is  is  a  r e s u l t  o f  th e  r ib o n u c le o p ro te in  

telom erase, w h ic h  m a in ta in s  te lo m e r ic  le n g th  in  th e s e  c e lls .

2. T e lo m e ra s e :  T h is  c o m p le x  c o n ta in s  a  p ro te in  (T e r t)  th a t  a c ts  as  a  reverse
transcriptase  a n d  a  s h o r t  p ie c e  o f  R N A  (T e rc )  th a t  a c ts  as  a  te m p la te .  

T h e  C - r ic h  R N A  te m p la te  b a s e -p a ir s  w ith  th e  G -r ic h , s in g le - s t r a n d e d  3 '-  

e n d  o f  te lo m e r ic  D N A  (F ig . 3 0 .2 4 ). T h e  reverse transcriptase  u s e s  th e  

R N A  te m p la te  to  s y n th e s iz e  D N A  in  th e  u s u a l  5 ' 3 ' d ire c tio n , e x te n d in g

th e  a l r e a d y  lo n g e r  3 '- e n d . Telom erase  th e n  t r a n s lo c a te s  to  th e  n e w ly



s y n th e s iz e d  e n d , a n d  th e  p ro c e s s  is  r e p e a te d . O n c e  th e  G - r ic h  s tr a n d  h a s  

b e e n  le n g th e n e d ,  prim ase  a c t iv i ty  o f  D N A p o l a  c a n  u s e  i t  a s  a  te m p la te  

to  s y n th e s iz e  a n  R N A  p r im e r .  T h e  p r im e r  is  e x te n d e d  b y  D NA p o l a  a n d  

th e n  r e m o v e d  b y  nucleases.
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F ig u re  3 0 .2 4  M e c h a n is m  o f  a c t io n  o f  telom erase, a  r ib o n u d e o p r o te in .  T  = 

th y m in e ;  A  = a d e n in e ; C  = c y to s in e ;  G  = g u a n in e ; p o l  = polym erase.

T e lo m e re s  m a y  b e  v ie w e d  as  m ito t ic  c lo c k s  in  th a t  th e ir  le n g th  in  m o s t  c e lls  

is  in v e r s e ly  r e la te d  to  th e  n u m b e r  o f  t im e s  th e  c e l ls  h a v e  d iv id e d . T h e  s tu d y  

o f  te lo m e re s  p ro v id e s  in s ig h t  in to  th e  b io lo g y  o f  n o rm a l  a g in g , d is e a s e s  o f  

p re m a tu re  a g in g  ( th e  p ro g e r ia s ) ,  a n d  c a n c e r .

D. Reverse transcriptases
A s  s e e n  w ith  telom erase, reverse transcriptases  a re  R N A -d ire c te d  DNA  
pols. A  reverse transcriptase  is  in v o lv e d  in  th e  r e p l ic a t io n  o f  re t ro v iru s e s ,  

s u c h  a s  h u m a n  im m u n o d e f ic ie n c y  v iru s  (H IV ) . T h e s e  v iru s e s  c a r ry  th e ir  

g e n o m e  in  th e  fo rm  o f  s s R N A  m o le c u le s .  F o l lo w in g  in fe c t io n  o f  a  h o s t  c e ll, 

th e  v i r a l  e n z y m e  reverse transcriptase  u s e s  th e  v i r a l  R N A  a s  a  te m p la te  fo r  

th e  5 ' 3 ' s y n th e s is  o f  v i r a l  D N A , w h ic h  th e n  b e c o m e s  in te g ra te d  in to  h o s t

c h ro m o s o m e s .  R everse transcriptase  a c t iv i ty  is  a lso  s e e n  w ith  tr a n s p o s o n s ,  

D N A  e le m e n ts  th a t  c a n  m o v e  a b o u t  th e  g e n o m e  (se e  p . 4 7 7 ) . In  e u k a ry o te s ,  

m o s t  tr a n s p o s o n s  a re  tr a n s c r ib e d  to  R N A , th e  R N A  is  u s e d  as  a  te m p la te  fo r  

D N A  s y n th e s is  b y  a  reverse transcriptase  e n c o d e d  b y  th e  tr a n s p o s o n ,  a n d  

th e  D N A  is  ra n d o m ly  in s e r te d  in to  th e  g e n o m e . [N o te : T ra n s p o s o n s  th a t  

in v o lv e  a n  R N A  in te rm e d ia te  a re  c a l le d  r e t ro t r a n s p o s o n s  o r  re tro p o s o n s .]

E. DNA replication inhibition by nucleoside analogs
D N A  c h a in  g ro w th  c a n  b e  b lo c k e d  b y  th e  in c o rp o ra t io n  o f  c e r ta in  

n u c le o s id e  a n a lo g s  th a t  h a v e  b e e n  m o d if ie d  o n  th e  s u g a r  p o r t io n  (F ig . 

3 0 .2 5 ). F o r  e x a m p le , r e m o v a l  o f  th e  h y d ro x y l  g ro u p  f ro m  th e  3 '- c a rb o n  o f  

th e  d e o x y r ib o s e  r in g  as  in  2 ',3 '- d id e o x y in o s in e  ([d d I]  a lso  k n o w n  as 

d id a n o s in e ) ,  o r  c o n v e r s io n  o f  th e  d e o x y r ib o s e  to  a n o th e r  su g a r , s u c h  as  

a ra b in o se , p re v e n ts  fu r th e r  c h a in  e lo n g a tio n . B y  b lo c k in g  D N A  re p l ic a t io n , 

th e s e  c o m p o u n d s  s lo w  th e  d iv is io n  o f  r a p id ly  g ro w in g  c e l ls  a n d  v iru s e s .  

C y to s in e  a ra b in o s id e  ( c y ta ra b in e , o r  a ra C )  h a s  b e e n  u s e d  in  a n t ic a n c e r  

c h e m o th e ra p y , w h e re a s  a d e n in e  a ra b in o s id e  (v id a ra b in e , o r  a ra A )  is  a n  

a n t iv ir a l  a g e n t. S u b s t i tu t io n  o n  th e  s u g a r  m o ie ty , as  s e e n  in  a z id o th y m id in e



(A Z T ), a lso  c a l le d  z id o v u d in e  (Z D V ), a lso  te rm in a te s  D N A  c h a in  

e lo n g a tio n . [N o te : T h e s e  d ru g s  a re  g e n e ra lly  s u p p lie d  as  n u c le o s id e s ,  w h ic h  

a re  th e n  c o n v e r te d  to  n u c le o t id e s  b y  c e l lu la r  kinases.]



AZT
(azidothymidine)

Thymidine
(naturally occurring 

nucleoside)

2 ,3 -D id eo xy in o s in e  Deoxyadenosine
(ddl, didanosine) (naturally occurring

nucleoside)



F ig u re  3 0 .2 5  E x a m p le s  o f  n u c le o s id e  a n a lo g s  th a t  la c k  a  3 '- h y d ro x y l  g ro u p . 

[N o te : T h e  d d l  is  c o n v e r te d  to  its  a c t iv e  fo rm  (d id e o x y  A T P ) .]

V. EUKARYOTIC DNA ORGANIZATION

A  ty p ic a l  (d ip lo id )  h u m a n  s o m a t ic  c e l l  c o n ta in s  4 6  c h ro m o s o m e s ,  w h o s e  to ta l  

D N A  is  ~ 2  m  lo n g !  I t  is  d if f ic u l t  to  im a g in e  h o w  s u c h  a  la rg e  a m o u n t  o f  g e n e t ic  

m a te r ia l  c a n  b e  e f f e c t iv e ly  p a c k a g e d  in to  a  v o lu m e  th e  s iz e  o f  a  c e l l  n u c le u s  so  

th a t  i t  c a n  b e  e f f ic ie n t ly  r e p l ic a te d  a n d  its  g e n e t ic  in fo rm a tio n  e x p re s s e d . T o  d o  

so  r e q u ire s  th e  in te ra c t io n  o f  D N A  w ith  a  la rg e  n u m b e r  o f  p ro te in s ,  e a c h  o f  

w h ic h  p e r fo rm s  a  s p e c if ic  fu n c t io n  in  th e  o rd e re d  p a c k a g in g  o f  th e s e  lo n g  

m o le c u le s  o f  D N A . E u k a ry o t ic  D N A  is  a s s o c ia te d  w i th  t ig h tly  b o u n d  b a s ic  

p ro te in s ,  c a l le d  h is to n e s .  T h e s e  s e rv e  to  o rd e r  th e  D N A  in to  fu n d a m e n ta l  

s t ru c tu ra l  u n its ,  c a l le d  n u c le o s o m e s ,  w h ic h  r e s e m b le  b e a d s  o n  a  s tr in g . 

N u c le o s o m e s  a re  fu r th e r  a r r a n g e d  in to  in c re a s in g ly  m o re  c o m p le x  s tru c tu re s  th a t  

o rg a n iz e  a n d  c o n d e n s e  th e  lo n g  D N A  m o le c u le s  in to  c h ro m o s o m e s  th a t  c a n  b e  

s e g re g a te d  d u r in g  c e l l  d iv is io n . [N o te : T h e  c o m p le x  o f  D N A  a n d  p ro te in  fo u n d  

in s id e  th e  n u c le i  o f  e u k a ry o t ic  c e lls  is  c a l le d  c h ro m a tin .]

A. Histones and nucleosome formation
T h e re  a re  f iv e  c la s s e s  o f  h is to n e s ,  d e s ig n a te d  H 1 , H 2 A , H 2 B , H 3 , a n d  H 4 . 

T h e s e  sm a ll,  e v o lu t io n a l ly  c o n s e rv e d  p ro te in s  a re  p o s i t iv e ly  c h a rg e d  a t  

p h y s io lo g ic  p H  as  a  r e s u l t  o f  th e ir  h ig h  c o n te n t  o f  ly s in e  a n d  a rg in in e . 

B e c a u s e  o f  th e ir  p o s i t iv e  c h a rg e , th e y  fo rm  io n ic  b o n d s  w ith  n e g a t iv e ly  

c h a rg e d  D N A . H is to n e s ,  a lo n g  w ith  io n s  s u c h  a s  M g 2+, h e lp  n e u tra l iz e  th e  

n e g a t iv e ly  c h a rg e d  D N A  p h o s p h a te  g ro u p s .

1. N u c le o s o m e s :  T w o  m o le c u le s  e a c h  o f  H 2 A , H 2 B , H 3 , a n d  H 4  fo rm  th e  

o c ta m e r ic  c o re  o f  th e  in d iv id u a l  n u c le o s o m e  “b e a d s .” A ro u n d  th is  

s t ru c tu ra l  c o re , a  s e g m e n t  o f  d s D N A  is  w o u n d  n e a r ly  tw ic e  (F ig . 3 0 .2 6 ). 

W in d in g  e l im in a te s  a  h e l ic a l  tu rn , c a u s in g  n e g a t iv e  s u p e rc o il in g .  [N o te : 

T h e  N - te rm in a l  e n d s  o f  th e s e  h is to n e s  c a n  b e  a c e ty la te d , m e th y la te d ,  o r  

p h o s p h o ry la te d .  T h e s e  r e v e r s ib le  c o v a le n t  m o d if ic a t io n s  in f lu e n c e  h o w  

t ig h tly  th e  h is to n e s  b in d  to  th e  D N A , th e re b y  a f fe c tin g  th e  e x p re s s io n  o f  

s p e c if ic  g e n e s . H is to n e  m o d if ic a t io n  is  a n  e x a m p le  o f  e p ig e n e tic s ,  o r



h e r i ta b le  c h a n g e s  in  g e n e  e x p re s s io n  c a u s e d  w i th o u t  a l te ra t io n  o f  th e  

n u c le o t id e  s e q u e n c e .]  N e ig h b o r in g  n u c le o s o m e s  a re  jo in e d  b y  l in k e r  

D N A  ~ 5 0  b p  lo n g . H 1  is  n o t  fo u n d  in  th e  n u c le o s o m e  c o re , b u t  in s te a d  

b in d s  to  th e  l in k e r  D N A  c h a in  b e tw e e n  th e  n u c le o s o m e  b e a d s . H 1  is  th e  

m o s t  t i s s u e  s p e c if ic  a n d  s p e c ie s  s p e c if ic  o f  th e  h is to n e s .  I t  f a c i l i ta te s  th e  

p a c k in g  o f  n u c le o s o m e s  in to  m o re  c o m p a c t  s tru c tu re s .



Nucleosome core



F ig u re  3 0 .2 6  O rg a n iz a t io n  o f  h u m a n  D N A , i l lu s tr a t in g  th e  s tru c tu re  o f  

n u c le o s o m e s . H  = h is to n e .

2. H ig h e r  le v e ls  o f  o rg a n iz a tio n :  N u c le o s o m e s  c a n  b e  p a c k e d  m o re  t ig h tly  

( s ta c k e d )  to  fo rm  a  n u c le o f i la m e n t .  T h is  s tru c tu re  a s s u m e s  th e  s h a p e  o f  a 

c o il, o f te n  r e f e r r e d  to  a s  a  3 0 -n m  f ib e r . T h e  f ib e r  is  o rg a n iz e d  in to  lo o p s  

th a t  a re  a n c h o re d  b y  a  n u c le a r  s c a f fo ld  c o n ta in in g  s e v e ra l  p ro te in s .  

A d d it io n a l  le v e ls  o f  o rg a n iz a t io n  le a d  to  th e  f in a l c h ro m o s o m a l s tru c tu re  

(F ig . 3 0 .2 7 ).

(histones plus DNA)
N u c le o s o m e  c o r e

N u c le a r  s c a f fo ld  p r o te in

Nucleofilament coiled and
anchored to scaffold protein

Mitotic chromosome
(highly condensed chromatin)

Nucleofilament
(30-nm fiber)

Nucleosome beads

Naked DNA
(all histones removed)

D N A

F ig u re  3 0 .2 7  S tru c tu ra l  o rg a n iz a t io n  o f  e u k a ry o t ic  D N A . [N o te : A  1 0 4 lin e a r  

c o m p a c t io n  is  s e e n  f ro m  1 - 5 .]  H  = h is to n e .

B. Nucleosome fate during DNA replication
P a re n ta l  n u c le o s o m e s  a re  d is a s s e m b le d  to  a l lo w  a c c e s s  to  D N A  d u r in g  

re p l ic a t io n .  O n c e  D N A  is  s y n th e s iz e d , n u c le o s o m e s  fo rm  ra p id ly . T h e ir  

h is to n e  p ro te in s  c o m e  b o th  f ro m  d e  n o v o  s y n th e s is  a n d  f ro m  th e  tr a n s f e r  o f  

p a re n ta l  h is to n e s .



VI. DNA REPAIR

D e s p ite  th e  e la b o ra te  p ro o f re a d in g  s y s te m  e m p lo y e d  d u r in g  D N A  s y n th e s is ,  

e r ro rs  ( in c lu d in g  in c o r re c t  b a s e -p a ir in g  o r  in s e r t io n  o f  o n e  to  a  f e w  e x tra  

n u c le o t id e s )  c a n  o c c u r . In  a d d i tio n , D N A  is  c o n s ta n tly  b e in g  s u b je c te d  to  

e n v iro n m e n ta l  in s u lts  th a t  c a u s e  th e  a l te ra t io n  o r  r e m o v a l  o f  n u c le o t id e  b a s e s .  

T h e  d a m a g in g  a g e n ts  c a n  b e  e i th e r  c h e m ic a ls  ( fo r  e x a m p le , n i t ro u s  a c id , w h ic h  

c a n  d e a m in a te  b a s e s )  o r  r a d ia t io n  ( fo r  e x a m p le , n o n io n iz in g  u l t r a v io le t  [U V ] 

r a d ia t io n , w h ic h  c a n  fu s e  tw o  p y r im id in e s  a d ja c e n t  to  e a c h  o th e r  in  th e  D N A , 

a n d  h ig h -e n e rg y  io n iz in g  r a d ia t io n , w h ic h  c a n  c a u s e  d o u b le - s t r a n d  b re a k s ) .  

B a s e s  a re  a lso  a l te re d  o r  lo s t  s p o n ta n e o u s ly  f ro m  m a m m a lia n  D N A  a t  a  ra te  o f  

m a n y  th o u s a n d s  p e r  c e l l  p e r  d a y . I f  th e  d a m a g e  is  n o t  r e p a ire d , a  p e rm a n e n t  

c h a n g e  (m u ta tio n )  is  in t ro d u c e d  th a t  c a n  r e s u l t  in  a n y  o f  a  n u m b e r  o f  d e le te r io u s  

e f fe c ts , in c lu d in g  lo s s  o f  c o n t ro l  o v e r  th e  p ro l i f e r a t io n  o f  th e  m u ta te d  c e ll, 

le a d in g  to  c a n c e r . L u c k ily ,  c e l ls  a re  re m a rk a b ly  e f f ic ie n t  a t  r e p a ir in g  d a m a g e  

d o n e  to  th e ir  D N A . M o s t  o f  th e  r e p a ir  s y s te m s  in v o lv e  r e c o g n i t io n  o f  th e  

d a m a g e  ( le s io n )  o n  th e  D N A , r e m o v a l  o r  e x c is io n  o f  th e  d a m a g e , r e p la c e m e n t  o r  

f i l l in g  th e  g a p  le f t  b y  e x c is io n  u s in g  th e  s is te r  s t r a n d  a s  a  te m p la te  fo r  D N A  

s y n th e s is ,  a n d  lig a tio n . T h e s e  e x c is io n  r e p a ir  s y s te m s  r e m o v e  o n e  to  te n s  o f  

n u c le o tid e s .  [N o te : R e p a ir  s y n th e s is  o f  D N A  c a n  o c c u r  o u ts id e  o f  th e  S p h a s e .]

A. Mismatch repair
S o m e tim e s  r e p l ic a t io n  e r ro rs  e s c a p e  th e  p ro o f re a d in g  a c t iv i ty  d u r in g  D N A  

s y n th e s is ,  c a u s in g  a  m is m a tc h  o f  o n e  to  s e v e ra l  b a s e s .  In  E . c o l i . m is m a tc h  

re p a ir  (M M R ) is  m e d ia te d  b y  a  g ro u p  o f  p ro te in s  k n o w n  a s  th e  M u t 

p ro te in s  (F ig . 3 0 .2 8 ). H o m o lo g o u s  p ro te in s  a re  p r e s e n t  in  h u m a n s . [N o te : 

M M R  o c c u rs  w ith in  m in u te s  o f  r e p l ic a t io n  a n d  r e d u c e s  th e  e r ro r  ra te  o f  

r e p l ic a t io n  f ro m  1 in  1 0 7 to  1 in  1 0 9 n u c le o tid e s .]



The newly replicated daughter 
strand (green) contains a G 
mismatched to T in the parent 
strand (blue).

Parent strand with 
methylated adenine

□ Mut proteins recognize the
mismatch, identify the methylated 
(parental) strand, and cleave the 
daughter strand.

□Segment of daughter strand is 
released.

5 '---------------------- >

3' —  GATC ka  GATC—  5'
CH3 ▼  CH3

T

B  Polymerase fills the gap, and
ligase joins the newly synthesized 
DNA piece to the original DNA 
strand.

Deoxynucleotides
DNA polymerase III 
DNA ligase

> f

5' A 3'

3 '---- GATC------------T GATC---- 5'
CH3 CH3



F ig u re  3 0 .2 8  M e th y l -d ir e c te d  m is m a tc h  r e p a ir  in  E s c h e r ic h ia  c o l i . [N o te : M u t S 

p ro te in  r e c o g n iz e s  th e  m is m a tc h  a n d  re c ru i ts  M u t L . T h e  c o m p le x  a c t iv a te s  M u t 

H , w h ic h  c le a v e s  th e  u n m e th y la te d  (d a u g h te r )  s tr a n d .]  A  = a d e n in e ; C  = 

c y to s in e ; G  = g u a n in e ; T  = th y m in e .

1. M is m a tc h e d  s tr a n d  id e n tif ic a t io n :  W h e n  a  m is m a tc h  o c c u rs ,  th e  M u t 

p ro te in s  th a t  id e n t ify  th e  m is p a ir e d  n u c le o t id e ( s )  m u s t  b e  a b le  to  

d is c r im in a te  b e tw e e n  th e  c o r r e c t  s t r a n d  a n d  th e  s tr a n d  w ith  th e  m is m a tc h . 

In  p ro k a ry o te s ,  d is c r im in a t io n  is  b a s e d  o n  th e  d e g re e  o f  m e th y la tio n . 

G A T C  s e q u e n c e s ,  w h ic h  a re  fo u n d  o n c e  e v e ry  th o u s a n d  n u c le o tid e s ,  a re  

m e th y la te d  o n  th e  a d e n in e  (A ) r e s id u e  b y  D N A adenine m ethylase  
(DAM ). T h is  m e th y la t io n  is  n o t  d o n e  im m e d ia te ly  a f te r  s y n th e s is ,  so  th e  

D N A  is  h e m im e th y la te d  ( th a t  is , th e  p a r e n ta l  s t r a n d  is  m e th y la te d , b u t  

th e  d a u g h te r  s t r a n d  is  n o t) .  T h e  m e th y la te d  p a re n ta l  s tr a n d  is  a s s u m e d  to  

b e  c o r re c t,  a n d  i t  is  th e  d a u g h te r  s t r a n d  th a t  g e ts  r e p a ire d . [N o te : T h e  

e x a c t  m e c h a n is m  b y  w h ic h  th e  d a u g h te r  s t ra n d  is  id e n t if ie d  in  e u k a ry o te s  

is  n o t  y e t  k n o w n , b u t  l ik e ly  in v o lv e s  r e c o g n i t io n  o f  n ic k s  in  th e  n e w ly  

s y n th e s iz e d  s tra n d .]

2. R e p a ir  p ro c e d u re :  W h e n  th e  s tra n d  c o n ta in in g  th e  m is m a tc h  is  id e n tif ie d , 

a n  endonuclease  n ic k s  th e  s tra n d , a n d  th e  m is m a tc h e d  n u c le o tid e ( s )  

is /a re  r e m o v e d  b y  a n  exonuclease. A d d i t io n a l  n u c le o t id e s  a t  th e  5 '-  a n d  

3 '- e n d s  o f  th e  m is m a tc h  a re  a lso  r e m o v e d . T h e  g a p  le f t  b y  r e m o v a l  o f  th e  

n u c le o t id e s  is  f il le d , u s in g  th e  s is te r  s t r a n d  as  a  te m p la te ,  b y  a  D N A pol, 
ty p ic a l ly  D N A p o l III. T h e  3 '- h y d ro x y l  o f  th e  n e w ly  s y n th e s iz e d  D N A  is  

jo in e d  to  th e  5 '-p h o s p h a te  o f  th e  re m a in in g  s tr e tc h  o f  th e  o r ig in a l  D N A  

s tra n d  b y  D N A ligase.

M u ta t io n  to  th e  p ro te in s  in v o lv e d  in  M M R  in  h u m a n s  is  a s s o c ia te d  w ith  

h e re d i ta ry  n o n p o ly p o s is  c o lo re c ta l  c a n c e r  (H N P C C ), a lso  k n o w n  as  L y n c h  

s y n d ro m e . A l th o u g h  H N P C C  c o n fe r s  a n  in c r e a s e d  r is k  fo r  d e v e lo p in g  

c o lo n  c a n c e r  (a s  w e l l  a s  o th e r  c a n c e rs ) ,  o n ly  a b o u t  5 %  o f  a l l  c o lo n  c a n c e r  is  

th e  r e s u l t  o f  m u ta t io n s  in  M M R .

B. Nucleotide excision repair
E x p o s u re  o f  a  c e l l  to  U V  ra d ia t io n  c a n  r e s u l t  in  th e  c o v a le n t  jo in in g  o f  tw o



a d ja c e n t  p y r im id in e s  (u s u a lly  th y m in e s ) ,  p ro d u c in g  a  d im e r . T h e s e  

in t r a s tr a n d  c ro s s - l in k s  p r e v e n t  D NA p o l  f ro m  r e p l ic a t in g  th e  D N A  s tra n d  

b e y o n d  th e  s i te  o f  d im e r  fo rm a tio n . T h y m in e  d im e rs  a re  e x c is e d  in  b a c te r ia  

b y  U v rA B C  p ro te in s  in  a  p ro c e s s  k n o w n  a s  n u c le o t id e  e x c is io n  re p a ir  

(N E R ), a s  i l lu s tr a te d  in  F ig u re  3 0 .2 9 . A  re la te d  p a th w a y  is  p r e s e n t  in  

h u m a n s  (s e e  2. b e lo w ) .  [N o te : T r a n s c r ip t io n -c o u p le d  re p a ir ,  a  ty p e  o f  N E R , 

f ix e s  D N A  le s io n s  e n c o u n te re d  d u r in g  R N A  s y n th e s is .]
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F ig u re  3 0 .2 9  N u c le o t id e  e x c is io n  re p a ir  o f  p y r im id in e  d im e rs  in  E s c h e r ic h ia  c o li  

D N A . U V  = u lt ra v io le t .

1. R e c o g n it io n  a n d  e x c is io n  o f  U V - in d u c e d  d im e rs : A  U V-specific  
endonuclease  ( c a l le d  uvrA B C  excinuclease ) r e c o g n iz e s  th e  b u lk y  d im e r  

a n d  c le a v e s  th e  d a m a g e d  s tra n d  o n  b o th  th e  5 '- s id e  a n d  3 '- s id e  o f  th e  

le s io n . A  s h o r t  o l ig o n u c le o t id e  c o n ta in in g  th e  d im e r  is  e x c is e d , le a v in g  a  

g a p  in  th e  D N A  s tra n d . T h is  g a p  is  f i l le d  in  u s in g  a  D NA p o l I  a n d  D NA  
ligase. N E R  o c c u rs  th r o u g h o u t  th e  c e l l  c y c le .

2. U V  ra d ia t io n  a n d  c a n c e r : P y r im id in e  d im e rs  c a n  b e  fo rm e d  in  th e  s k in  

c e lls  o f  h u m a n s  e x p o s e d  to  U V  ra d ia t io n  in  u n f i l te re d  s u n lig h t .  In  th e  

ra re  g e n e t ic  d is e a s e  x e ro d e rm a  p ig m e n to s u m  (X P ), th e  c e l ls  c a n n o t  

re p a ir  th e  d a m a g e d  D N A , re s u l t in g  in  e x te n s iv e  a c c u m u la t io n  o f  

m u ta t io n s  a n d , c o n s e q u e n t ly ,  e a r ly  a n d  n u m e ro u s  s k in  c a n c e rs  (F ig . 

3 0 .3 0 ) . X P  c a n  b e  c a u s e d  b y  d e fe c ts  in  a n y  o f  th e  s e v e ra l  g e n e s  th a t  c o d e  

fo r  th e  X P  p ro te in s  r e q u ire d  fo r  N E R  o f  U V  d a m a g e  in  h u m a n s .



F ig u re  3 0 .3 0  P a t ie n t  w ith  x e ro d e rm a  p ig m e n to s u m .

C. Base excision repair
D N A  b a s e s  c a n  b e  a l te re d , e i th e r  s p o n ta n e o u s ly ,  a s  is  th e  c a s e  w ith



c y to s in e , w h ic h  s lo w ly  u n d e rg o e s  d e a m in a t io n  ( th e  lo s s  o f  its  a m in o  g ro u p )  

to  fo rm  u ra c i l ,  o r  b y  th e  a c t io n  o f  d e a m in a t in g  o r  a lk y la t in g  c o m p o u n d s . 

F o r  e x a m p le , n i t ro u s  a c id , w h ic h  is  fo rm e d  b y  th e  c e l l  f ro m  p re c u r s o r s  s u c h  

as  th e  n it ra te s ,  d e a m in a te s  c y to s in e , a d e n in e  ( to  h y p o x a n th in e ) ,  a n d  g u a n in e  

( to  x a n th in e ) .  D im e th y l  s u lfa te  c a n  a lk y la te  (m e th y la te )  a d e n in e . B a s e s  c a n  

a lso  b e  lo s t  s p o n ta n e o u s ly .  F o r  e x a m p le , ~ 1 0 ,0 0 0  p u r in e  b a s e s  a re  lo s t  th is  

w a y  p e r  c e l l  p e r  d a y . L e s io n s  in v o lv in g  b a s e  a l te ra t io n s  o r  lo s s  c a n  b e  

c o r re c te d  b y  b a s e  e x c is io n  r e p a ir  ( [B E R ] , F ig . 3 0 .3 1 ).





F ig u re  3 0 .3 1  C o r re c t io n  o f  b a s e  a l te ra t io n s  b y  b a s e  e x c is io n  re p a ir .  C  = c y to s in e ;

U  = u ra c il;  N H 3 = a m m o n ia ;  P P j = p y ro p h o s p h a te .

1. A b n o rm a l  b a s e  r e m o v a l:  In  B E R , a b n o rm a l  b a s e s ,  s u c h  a s  u ra c i l ,  w h ic h  

c a n  o c c u r  in  D N A  b y  e i th e r  d e a m in a t io n  o f  c y to s in e  o r  im p ro p e r  u s e  o f  

d U T P  in s te a d  o f  d T T P  d u r in g  D N A  s y n th e s is ,  a re  r e c o g n iz e d  b y  s p e c if ic  

D NA glycosylases  th a t  h y d ro ly t ic a l ly  c le a v e  th e m  f ro m  th e  d e o x y r ib o s e -  

p h o s p h a te  b a c k b o n e  o f  th e  s tra n d . T h is  le a v e s  a n  a p y r im id in ic  s ite , o r  

a p u r in ic  i f  a  p u r in e  w a s  r e m o v e d , b o th  r e f e r r e d  to  as  A P  s ite s .

2. A P  s i te  r e c o g n i t io n  a n d  re p a ir :  S p e c if ic  A P  endonucleases  r e c o g n iz e  th a t  

a  b a s e  is  m is s in g  a n d  in i t ia te  th e  p ro c e s s  o f  e x c is io n  a n d  g a p  f i l l in g  b y  

m a k in g  a n  e n d o n u c le o ly t ic  c u t  ju s t  to  th e  5 '- s id e  o f  th e  A P  s ite . A  

deoxyribose phosphate lyase  r e m o v e s  th e  s in g le ,  b a s e - f r e e ,  s u g a r  

p h o s p h a te  r e s id u e . D N A p o l I  a n d  D N A ligase  c o m p le te  th e  re p a ir  

p ro c e s s .

D. Double-strand break repair
Io n iz in g  r a d ia t io n , c h e m o th e ra p e u tic  a g e n ts  s u c h  a s  d o x o ru b ic in ,  a n d  

o x id a tiv e  f re e  r a d ic a ls  ( s e e  p . 1 4 8 ) c a n  c a u s e  d o u b le - s t r a n d  b re a k s  in  D N A  

th a t  c a n  b e  le th a l  to  th e  c e ll. [N o te : S u c h  b re a k s  a lso  o c c u r  n a tu ra l ly  d u r in g  

g e n e t ic  r e c o m b in a t io n .]  d s D N A  b re a k s  c a n n o t  b e  c o r re c te d  b y  th e  

p re v io u s ly  d e s c r ib e d  s tr a te g y  o f  e x c is in g  th e  d a m a g e  o n  o n e  s tr a n d  a n d  

u s in g  th e  u n d a m a g e d  s tr a n d  a s  a  te m p la te  fo r  r e p la c in g  th e  m is s in g  

n u c le o tid e ( s ) .  In s te a d , th e y  a re  r e p a i r e d  b y  o n e  o f  tw o  s y s te m s . T h e  f i r s t  is  

n o n h o m o lo g o u s  e n d  jo in in g  (N H E J ) ,  in  w h ic h  a  g ro u p  o f  p ro te in s  m e d ia te s  

th e  re c o g n i t io n ,  p ro c e s s in g , a n d  l ig a t io n  o f  th e  e n d s  o f  tw o  D N A  f ra g m e n ts .  

H o w e v e r ,  s o m e  D N A  is  lo s t  in  th e  p ro c e s s .  C o n s e q u e n tly ,  N H E J  is  e r ro r  

p ro n e  a n d  m u ta g e n ic .  D e fe c ts  in  N H E J  a re  a s s o c ia te d  w i th  a  p r e d is p o s i t io n  

to  c a n c e r  a n d  im m u n o d e f ic ie n c y  s y n d ro m e s . T h e  s e c o n d  re p a ir  sy s te m , 

h o m o lo g o u s  r e c o m b in a t io n  (H R ), u s e s  th e  e n z y m e s  th a t  n o rm a lly  p e r fo rm  

g e n e t ic  r e c o m b in a t io n  b e tw e e n  h o m o lo g o u s  c h ro m o s o m e s  d u r in g  m e io s is .  

T h is  s y s te m  is  m u c h  le s s  e r ro r  p ro n e  ( “ e r r o r - f r e e ” ) th a n  N H E J  b e c a u s e  a n y  

D N A  th a t  w a s  lo s t  is  r e p la c e d  u s in g  h o m o lo g o u s  D N A  as  a  te m p la te .  H R  

o c c u rs  in  la te  S a n d  G 2 o f  th e  c e l l  c y c le , w h e re a s  N H E J  c a n  o c c u r  a n y tim e . 

[N o te : M u ta t io n s  to  th e  p ro te in s  B R C A 1  o r  B R C A 2  (b re a s t  c a n c e r  1 o r  2),



w h ic h  a re  in v o lv e d  in  H R , in c re a s e  th e  r is k  fo r  d e v e lo p in g  b r e a s t  a n d  

o v a r ia n  c a n c e r .]



VII. CHAPTER SUMMARY

D N A  is  a  p o ly m e r  o f  d e o x y n u c le o s id e  m o n o p h o s p h a te s  c o v a le n t ly  l in k e d  

b y  3 '^ 5 '- p h o s p h o d i e s t e r  b o n d s  (F ig . 3 0 .3 2 ). T h e  re s u l t in g  lo n g , 

u n b ra n c h e d  c h a in  h a s  p o la r i ty ,  w ith  b o th  a  5 '- e n d  ( f re e  p h o s p h a te )  a n d  a  3 '-  

e n d  ( f re e  h y d ro x y l) .  T h e  s e q u e n c e  o f  n u c le o t id e s  is  r e a d  5 ' 3 '.  D N A  e x is ts

as  a  d o u b le - s t r a n d e d  m o le c u le ,  in  w h ic h  th e  tw o  c h a in s  a re  p a i r e d  in  an  

a n t ip a ra l le l  m a n n e r  a n d  w in d  a ro u n d  e a c h  o th e r , fo rm in g  a  d o u b le  h e lix . 

A d e n in e  p a ir s  w i th  th y m in e , a n d  c y to s in e  p a ir s  w ith  g u a n in e . E a c h  s tra n d  

o f  th e  d o u b le  h e l ix  s e rv e s  a s  a  te m p la te  fo r  c o n s tru c t in g  a  c o m p le m e n ta ry  

d a u g h te r  s t r a n d  ( s e m ic o n s e rv a t iv e  re p l ic a t io n ) .  D N A  re p l ic a t io n  o c c u r s  in  

th e  S p h a s e  o f  th e  c e l l  c y c le  a n d  b e g in s  a t  a n  o r ig in  o f  re p l ic a t io n .  A s  th e  

tw o  s tra n d s  u n w in d  a n d  s e p a ra te ,  s y n th e s is  o c c u rs  a t  tw o  r e p l ic a t io n  fo rk s  

th a t  m o v e  a w a y  f ro m  th e  o r ig in  in  o p p o s ite  d ire c tio n s  (b id ire c tio n a lly ) .  

H elicase  u n w in d s  th e  d o u b le  h e lix . A s  th e  tw o  s tra n d s  o f  th e  d o u b le  h e l ix  

a re  s e p a ra te d , p o s i t iv e  s u p e rc o ils  a re  p ro d u c e d  in  th e  re g io n  o f  D N A  a h e a d  

o f  th e  r e p l ic a t io n  fo rk  a n d  n e g a t iv e  s u p e rc o ils  b e h in d  th e  fo rk . DNA  
topoisom erases  ty p e s  I a n d  II  r e m o v e  s u p e rc o ils .  D N A polym erases (pols) 
s y n th e s iz e  n e w  D N A  s tra n d s  o n ly  in  th e  5 ' 3 ' d ire c tio n . T h e re fo re ,  o n e  o f

th e  n e w ly  s y n th e s iz e d  s tr e tc h e s  o f  n u c le o t id e  c h a in s  m u s t  g ro w  in  th e  

5 ' 3 ' d ir e c t io n  to w a rd  th e  r e p l ic a t io n  fo rk  ( le a d in g  s tra n d )  a n d  o n e  in  th e

5 ' 3 ' d ir e c t io n  a w a y  f ro m  th e  r e p l ic a t io n  fo rk  ( la g g in g  s tra n d ) . D N A pols
r e q u ire  a  p r im e r ,  a  s h o r t  s t r e tc h  o f  R N A  s y n th e s iz e d  b y  prim ase. L e a d in g -  

s t ra n d  s y n th e s is  n e e d s  o n ly  o n e  R N A  p r im e r  (c o n t in u o u s  s y n th e s is ) ,  

w h e re a s  th e  la g g in g  s tr a n d  n e e d s  m a n y  (d is c o n t in u o u s  s y n th e s is  in v o lv in g  

O k a z a k i  f r a g m e n ts ) .  In  E s c h e r ic h ia  c o l i  (E . c o l i ) . D N A  c h a in  e lo n g a t io n  is  

c a ta ly z e d  b y  D N A p o l III, u s in g  5 '- d e o x y r ib o n u c le o s id e  t r ip h o s p h a te s  as  

s u b s tra te s .  T h e  e n z y m e  p ro o f re a d s  th e  n e w ly  s y n th e s iz e d  D N A , r e m o v in g  

te rm in a l  m is m a tc h e d  n u c le o t id e s  w ith  its  3 '^ 5 '  exonuclease  a c t iv i ty . 

R N A  p r im e rs  a re  r e m o v e d  b y  D N A p o l I, u s in g  its  5 '^ 3 '  exonuclease  
a c tiv ity . T h is  e n z y m e  f il ls  th e  g a p s  w i th  D N A , p ro o f re a d in g  a s  i t  

s y n th e s iz e s .  T h e  f in a l  p h o s p h o d ie s te r  l in k a g e  is  c a ta ly z e d  b y  D N A ligase. 
T h e re  a re  a t  le a s t  f iv e  h ig h - f id e l i ty  e u k a ry o t ic  D N A pols. P ol a  is  a  

m u l t i s u b u n i t  e n z y m e , o n e  s u b u n it  o f  w h ic h  is  a  prim ase. P ol a  5 '^ 3 '  
polym erase  a c t iv i ty  a d d s  a  s h o r t  p ie c e  o f  D N A  to  th e  R N A  p r im e r .  P ol £



c o m p le te s  D N A  s y n th e s is  o n  th e  le a d in g  s tra n d , w h e re a s  p o l S e lo n g a te s  

e a c h  la g g in g  s tra n d  f ra g m e n t.  P ol is  in v o lv e d  w ith  D N A  re p a ir ,  a n d  p o l y 
re p l ic a te s  m i to c h o n d r ia l  D N A . Pols £, S, a n d  y u s e  3 '^ 5 '  exonuclease  
a c t iv i ty  to  p ro o f re a d . N u c le o s id e  a n a lo g s  c o n ta in in g  m o d if ie d  s u g a rs  c a n  

b e  u s e d  to  b lo c k  D N A  c h a in  g ro w th . T h e y  a re  u s e fu l  in  a n t ic a n c e r  a n d  

a n t iv ir a l  c h e m o th e ra p y .  T e lo m e re s  a re  s t re tc h e s  o f  h ig h ly  r e p e t i t iv e  D N A  

c o m p le x e d  w ith  p ro te in  th a t  p ro te c t  th e  e n d s  o f  l in e a r  c h ro m o s o m e s .  A s  

m o s t  c e lls  d iv id e  a n d  a g e , th e s e  s e q u e n c e s  a re  s h o r te n e d , c o n tr ib u t in g  to  

s e n e s c e n c e . In  c e lls  th a t  d o  n o t  s e n e s c e  ( fo r  e x a m p le , g e rm lin e  a n d  c a n c e r  

c e lls ) ,  th e  r ib o n u c le o p ro te in  te lo m e ra s e  e m p lo y s  its  p ro te in  c o m p o n e n t  

reverse transcriptase  to  e x te n d  th e  te lo m e re s ,  u s in g  its  R N A  c o m p o n e n t  as 

a  te m p la te .  T h e re  a re  f iv e  c la s s e s  o f  p o s i t iv e ly  c h a rg e d  h is to n e  (H ) 

p ro te in s .  T w o  o f  e a c h  o f  h is to n e s  H 2 A , H 2 B , H 3 , a n d  H 4  fo rm  a n  

o c ta m e r ic  s t ru c tu ra l  c o re  a ro u n d  w h ic h  D N A  is  w ra p p e d , c re a tin g  a  

n u c le o s o m e . T h e  D N A  c o n n e c t in g  th e  n u c le o s o m e s ,  c a l le d  l in k e r  D N A , is  

b o u n d  to  H 1 . N u c le o s o m e s  c a n  b e  p a c k e d  m o re  t ig h t ly  to  fo rm  a  

n u c le o f i la m e n t .  A d d i t io n a l  le v e ls  o f  o rg a n iz a t io n  c re a te  a  c h ro m o s o m e . 

M o s t  D N A  d a m a g e  c a n  b e  c o r re c te d  b y  e x c is io n  r e p a ir  in v o lv in g  

r e c o g n i t io n  a n d  re m o v a l  o f  th e  d a m a g e  b y  r e p a ir  p ro te in s ,  fo l lo w e d  b y  

r e p la c e m e n t  b y  D NA po ls  a n d  jo in in g  b y  ligase. U lt r a v io le t  r a d ia t io n  c a n  

c a u s e  th y m in e  d im e rs  th a t  a re  r e c o g n iz e d  a n d  r e m o v e d  in  E . c o l i  b y  

u v rA B C  p ro te in s  o f  n u c le o t id e  e x c is io n  re p a ir .  D e fe c ts  in  th e  X P  p ro te in s  

n e e d e d  fo r  n u c le o t id e  e x c is io n  r e p a ir  o f  th y m in e  d im e rs  in  h u m a n s  r e s u l t  in  

x e ro d e rm a  p ig m e n to s u m . M is m a tc h e d  b a s e s  a re  r e p a i r e d  b y  a  s im ila r  

p ro c e s s  o f  r e c o g n i t io n  a n d  r e m o v a l  b y  M u t p ro te in s  in  E . c o l i . T h e  e x te n t  

o f  m e th y la t io n  is  u s e d  fo r  s t ra n d  id e n t if ic a t io n  in  p ro k a ry o te s .  D e fe c t iv e  

m is m a tc h  r e p a ir  b y  h o m o lo g o u s  p ro te in s  in  h u m a n s  is  a s s o c ia te d  w ith  

h e re d i ta ry  n o n p o ly p o s is  c o lo re c ta l  c a n c e r .  A b n o rm a l  b a s e s  ( s u c h  as  u ra c i l)  

a re  r e m o v e d  b y  D NA N -glycosylases  in  b a s e  e x c is io n  re p a ir ,  a n d  th e  s u g a r  

p h o s p h a te  a t  th e  a p y r im id in ic  o r  a p u r in ic  s ite  is  c u t  o u t. D o u b le - s tr a n d  

b re a k s  in  D N A  a re  re p a ir e d  b y  n o n h o m o lo g o u s  e n d  jo in in g  ( e r ro r  p ro n e )  

a n d  te m p la te - r e q u ir in g  h o m o lo g o u s  r e c o m b in a t io n  (“ e r r o r - f r e e ” ).





F ig u re  3 0 .3 2  K e y  c o n c e p t  m a p  fo r  D N A  s tru c tu re ,  r e p l ic a t io n ,  a n d  re p a ir .  K e y  

c o n c e p t  m a p  fo r  D N A  s tru c tu re ,  r e p l ic a t io n ,  a n d  re p a ir .  N H E J  =  n o n h o m o lo g o u s  

e n d  jo in in g ;  H R  =  h o m o lo g o u s  re c o m b in a t io n ;  U V  = u lt r a v io le t ;  N E R  = 

n u c le o tid e  e x c is io n  re p a ir ;  M M R  =  m is m a tc h  re p a ir ;  B E R  =  b a s e  e x c is io n  

re p a ir .

Study Questions

Choose th e  O N E  b e s t  a n s w e r .

0 .1 . A  1 0 -y e a r -o ld  g ir l  is  b r o u g h t  b y  h e r  p a re n ts  to  th e  d e rm a to lo g is t .  S h e  h a s  

m a n y  f re c k le s  o n  h e r  fa c e , n e c k , a rm s , a n d  h a n d s , a n d  th e  p a re n ts  r e p o r t  

th a t  sh e  is  u n u s u a l ly  s e n s it iv e  to  s u n lig h t . T w o  b a s a l  c e ll  c a rc in o m a s  a re  

id e n t if ie d  o n  h e r  fa c e . B a s e d  o n  th e  c l in ic a l  p ic tu re ,  w h ic h  o f  th e  fo l lo w in g  

p ro c e s s e s  is  m o s t  l ik e ly  to  b e  d e fe c tiv e  in  th is  p a t ie n t?

A . R e p a ir  o f  d o u b le - s t r a n d  b r e a k s  b y  e r ro r -p ro n e  h o m o lo g o u s  

r e c o m b in a t io n

B . R e m o v a l  o f  m is m a tc h e d  b a s e s  f ro m  th e  3 '- e n d  o f  O k a z a k i  f r a g m e n ts  b y  

a  m e th y l-d i r e c te d  p ro c e s s

C . R e m o v a l  o f  p y r im id in e  d im e rs  f ro m  D N A  b y  n u c le o t id e  e x c is io n  r e p a ir

D . R e m o v a l  o f  u ra c i l  f ro m  D N A  b y  b a s e  e x c is io n  r e p a ir

C o r re c t  a n s w e r  =  C . T h e  s e n s i t iv i ty  to  s u n lig h t ,  e x te n s iv e  f r e c k l in g  o n  p a r ts  o f  

th e  b o d y  e x p o s e d  to  th e  su n , a n d  p re s e n c e  o f  s k in  c a n c e r  a t  a  y o u n g  a g e  

in d ic a te  th a t  th e  p a t ie n t  m o s t  l ik e ly  s u f fe r s  f ro m  x e ro d e rm a  p ig m e n to s u m



(X P ). T h e s e  p a t ie n ts  a re  d e f ic ie n t  in  a n y  o n e  o f  s e v e ra l  X P  p ro te in s  re q u ire d  

fo r  n u c le o t id e  e x c is io n  r e p a ir  o f  p y r im id in e  d im e rs  in  u l t r a v io le t  r a d i a t i o n -  

d a m a g e d  D N A . D o u b le - s tr a n d  b r e a k s  a re  re p a ir e d  b y  n o n h o m o lo g o u s  e n d  

jo in in g  (e r ro r  p ro n e )  o r  h o m o lo g o u s  r e c o m b in a t io n  ( “ e r ro r  f r e e ” ). M e th y la t io n  

is  n o t  u s e d  fo r  s t r a n d  d is c r im in a t io n  in  e u k a ry o t ic  m is m a tc h  re p a ir .  U ra c i l  is  

r e m o v e d  f ro m  D N A  m o le c u le s  b y  a  s p e c if ic  g ly c o s y la s e  in  b a s e  e x c is io n  

re p a ir ,  b u t  a  d e f e c t  in  th is  p ro c e s s  d o e s  n o t  c a u s e  X P .

0 .2 . T e lo m e re s  a re  c o m p le x e s  o f  D N A  a n d  p ro te in  th a t  p ro te c t  th e  e n d s  o f  l in e a r  

c h ro m o s o m e s .  In  m o s t  n o rm a l  h u m a n  s o m a tic  c e lls ,  te lo m e re s  s h o r te n  w ith  

e a c h  d iv is io n . In  s te m  c e l ls  a n d  in  c a n c e r  c e lls ,  h o w e v e r ,  te lo m e r ic  le n g th  

is  m a in ta in e d . In  th e  s y n th e s is  o f  te lo m e re s :

A . te lo m e ra s e ,  a  r ib o n u c le o p ro te in ,  p ro v id e s  b o th  th e  R N A  a n d  th e  p ro te in  

n e e d e d  fo r  s y n th e s is .

B . th e  R N A  o f  te lo m e ra s e  s e rv e s  a s  a  p r im e r .

C . th e  R N A  o f  te lo m e ra s e  is  a  r ib o z y m e .

D . th e  p ro te in  o f  te lo m e ra s e  is  a  D N A -d ire c te d  D N A  p o ly m e ra s e .

E . th e  s h o r te r  3 ' 5 ' s t r a n d  g e ts  e x te n d e d .

F . th e  d ir e c t io n  o f  s y n th e s is  is  3 ' ^ 5 ' .

C o r r e c t  a n s w e r  = A . T e lo m e ra s e  is  a  r ib o n u c le o p ro te in  p a r t ic le  re q u ire d  fo r  

te lo m e re  m a in te n a n c e .  T e lo m e ra s e  c o n ta in s  a n  R N A  th a t  s e rv e s  as  th e  

te m p la te ,  n o t  th e  p r im e r ,  fo r  th e  s y n th e s is  o f  te lo m e r ic  D N A  b y  th e  r e v e rs e  

tr a n s c r ip ta s e  o f  te lo m e ra s e .  T e lo m e r ic  R N A  h a s  n o  c a ta ly t ic  a c t iv i ty .  A s  a  

re v e r s e  tr a n s c r ip ta s e ,  te lo m e ra s e  s y n th e s iz e s  D N A  u s in g  its  R N A  te m p la te  a n d  

so  is  a n  R N A -d ire c te d  D N A  p o ly m e ra s e .  T h e  d ir e c t io n  o f  s y n th e s is ,  a s  w i th  a ll 

D N A  s y n th e s is ,  is  5 ' 3 ', a n d  i t  is  th e  3 '- e n d  o f  th e  a lr e a d y  lo n g e r  5 ' 3 ' s tr a n d

th a t  g e ts  e x te n d e d .

0 .3 . W h i le  s tu d y in g  th e  s tru c tu re  o f  a  s m a l l  g e n e  th a t  w a s  s e q u e n c e d  d u r in g  th e  

H u m a n  G e n o m e  P ro je c t,  a n  in v e s t ig a to r  n o t ic e s  th a t  o n e  s tr a n d  o f  th e  

D N A  m o le c u le  c o n ta in s  2 0  A , 2 5  G , 3 0  C , a n d  2 2  T . H o w  m a n y  o f  e a c h  

b a s e  is  fo u n d  in  th e  c o m p le te  d o u b le - s t r a n d e d  m o le c u le ?

A . A  = 4 0 , G  = 50 , C  = 6 0 , T  = 4 4

E . A  = 4 2 , G  = 55 , C  = 55 , T  = 4 2

B . A  = 4 4 , G  = 6 0 , C  = 50 , T  = 4 0



C . A  = 4 5 , G  = 4 5 , C  = 52 , T  = 52

D . A  = 50 , G  = 4 7 , C  = 50 , T  = 4 7

C o r re c t  a n s w e r  = B . T h e  tw o  D N A  s tra n d s  a re  c o m p le m e n ta ry  to  e a c h  o th e r , 

w ith  A  b a s e -p a i r e d  w i th  T  a n d  G  b a s e -p a i r e d  w i th  C . S o , fo r  e x a m p le , th e  2 0  A  

o n  th e  f i r s t  s t r a n d  w o u ld  b e  p a ir e d  w ith  2 0  T  o n  th e  s e c o n d  s tra n d , th e  2 5  G  o n  

th e  f i r s t  s t r a n d  w o u ld  b e  p a ir e d  w i th  2 5  C  o n  th e  s e c o n d  s tra n d , a n d  so  fo r th . 

W h e n  th e s e  a re  a l l  a d d e d  to g e th e r ,  th e  c o r r e c t  n u m b e rs  o f  e a c h  b a s e  a re  

in d ic a te d  in  c h o ic e  B . N o tic e  th a t,  in  th e  c o r r e c t  a n s w e r ,  A  = T  a n d  G  = C .

0 .4 . L is t  th e  o rd e r  in  w h ic h  th e  fo llo w in g  e n z y m e s  p a r t ic ip a te  in  p ro k a ry o tic  

re p l ic a t io n .

A . L ig a s e

B . P o ly m e ra s e  I (3 ' 5 ' e x o n u c le a s e  a c tiv ity )

C . P o ly m e ra s e  I (5 ' 3 ' e x o n u c le a s e  a c tiv ity )

D . P o ly m e ra s e  I (5 ' 3 ' p o ly m e ra s e  a c t iv i ty )

E . P o ly m e ra s e  III

F . P r im a s e

C o r r e c t  a n sw e r : F , E , C , D , B , A . P r im a s e  m a k e s  th e  R N A  p r im e r ; p o ly m e ra s e  

(p o l)  I I I  e x te n d s  th e  p r im e r  w ith  D N A  (a n d  p ro o f re a d s ) ;  p o l  I r e m o v e s  th e  

p r im e r  w ith  its  5 ' ^ 3 '  e x o n u c le a s e  a c t iv i ty ,  f i l ls  in  th e  g a p  w ith  its  5 ' ^ 3 '  

p o ly m e ra s e  a c t iv i ty ,  a n d  re m o v e s  e r ro rs  w ith  its  3 ' 5 ' e x o n u c le a s e  a c tiv ity ;

a n d  lig a s e  m a k e s  th e  5 ' 3 '- p h o s p h o d ie s te r  b o n d  th a t  l in k s  th e  D N A  m a d e  b y  

p o ls  I a n d  III.

0 .5 . D id e o x y n u c le o t id e s  la c k  a  3 '- h y d ro x y l  g ro u p . W h y  w o u ld  in c o rp o ra t io n  o f  

a  d id e o x y n u c le o t id e  in to  D N A  s to p  r e p l ic a t io n ?

T h e  la c k  o f  th e  3 '-O H  g ro u p  p re v e n ts  fo rm a t io n  o f  th e  3 '- h y d ro x y l  5 '-  

p h o s p h a te  b o n d  th a t  l in k s  o n e  n u c le o t id e  to  th e  n e x t  in  D N A .
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Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

T h e  g e n e t ic  m a s te r  p la n  o f  a n  o rg a n is m  is  c o n ta in e d  in  th e  s e q u e n c e  o f  

d e o x y r ib o n u c le o t id e s  in  its  D N A . H o w e v e r ,  i t  is  th ro u g h  r ib o n u c le ic  a c id  

(R N A ), th e  “w o rk in g  c o p ie s ” o f  D N A , th a t  th e  m a s te r  p la n  is  e x p re s s e d  (F ig . 

3 1 .1 ). T h e  c o p y in g  p ro c e s s ,  d u r in g  w h ic h  a  D N A  s tr a n d  s e rv e s  as  a  te m p la te  fo r  

th e  s y n th e s is  o f  R N A , is  c a l le d  tr a n s c r ip tio n .  T ra n s c r ip t io n  p ro d u c e s  m e s s e n g e r  

R N A  (m R N A ), w h ic h  a re  t r a n s la te d  in to  s e q u e n c e s  o f  a m in o  a c id s  (p ro te in s ) ,  

a n d  r ib o s o m a l R N A  (rR N A ), t r a n s fe r  R N A  ( tR N A ), a n d  a d d i t io n a l  R N A  

m o le c u le s  th a t  p e r fo rm  s p e c ia l iz e d  s tru c tu ra l ,  c a ta ly t ic ,  a n d  re g u la to ry  fu n c t io n s  

a n d  a re  n o t  t r a n s la te d . T h a t  is , th e y  a re  n o n c o d in g  R N A  (n c R N A ) . T h e re fo re ,  th e  

f in a l  p ro d u c t  o f  g e n e  e x p re s s io n  c a n  b e  R N A  o r  p ro te in ,  d e p e n d in g  u p o n  th e  

g e n e . [N o te : O n ly  ~ 2 %  o f  th e  g e n o m e  e n c o d e s  p ro te in s .]  A  c e n tra l  fe a tu re  o f  

tr a n s c r ip t io n  is  th a t  i t  is  h ig h ly  s e le c tiv e . F o r  e x a m p le , m a n y  tr a n s c r ip ts  a re  

m a d e  o f  s o m e  r e g io n s  o f  th e  D N A . In  o th e r  re g io n s , f e w  o r  n o  t r a n s c r ip ts  a re  

m a d e . T h is  s e le c tiv ity  is  d u e , a t  le a s t  in  p a r t ,  to  s ig n a ls  e m b e d d e d  in  th e  

n u c le o t id e  s e q u e n c e  o f  th e  D N A . T h e s e  s ig n a ls  in s t ru c t  th e  RN A polym erase  
w h e re  to  s ta r t ,  h o w  o f te n  to  s ta r t , a n d  w h e re  to  s to p  t r a n s c r ip t io n .  S e v e ra l 

r e g u la to ry  p ro te in s  a re  a lso  in v o lv e d  in  th is  s e le c t io n  p ro c e s s .  T h e  b io c h e m ic a l  

d if f e re n t ia t io n  o f  a n  o r g a n is m ’s t is s u e s  is  u l t im a te ly  a  r e s u l t  o f  th e  s e le c t iv i ty  o f  

th e  tr a n s c r ip t io n  p ro c e s s .  [N o te : T h is  s e le c t iv i ty  o f  tr a n s c r ip t io n  is  in  c o n t r a s t  to  

th e  “ a l l - o r -n o n e ” n a tu re  o f  g e n o m ic  re p l ic a t io n .]  A n o th e r  im p o r ta n t  fe a tu re  o f  

tr a n s c r ip t io n  is  th a t  m a n y  R N A  tra n s c r ip ts  th a t  in i t ia l ly  a re  fa i th fu l  c o p ie s  o f  o n e  

o f  th e  tw o  D N A  s tra n d s  m a y  u n d e rg o  v a r io u s  m o d if ic a tio n s ,  s u c h  as  te rm in a l  

a d d i tio n s ,  b a s e  m o d if ic a t io n s ,  t r im m in g , a n d  in te rn a l  s e g m e n t  r e m o v a l,  w h ic h



c o n v e r t  th e  in a c t iv e  p r im a ry  t r a n s c r ip t  in to  a  f u n c t io n a l  m o le c u le .  T h e  

t r a n s c r ip to m e  is  th e  c o m p le te  s e t  o f  R N A  tra n s c r ip ts  e x p re s s e d  b y  a  g e n o m e .





F ig u re  3 1 .1  E x p re s s io n  o f  g e n e t ic  in fo rm a tio n  b y  tr a n s c r ip tio n .  [N o te : R N A  

s h o w n  a re  e u k a ry o tic .]  tR N A  = tr a n s f e r  R N A ; rR N A  = r ib o s o m a l R N A ; m R N A  

= m e s s e n g e r  R N A ; m 7G p p p  = 7 -m e th y lg u a n o s in e - tr ip h o s p h a te  c a p ; p A p A p A  = 

p o ly -A  ta il; p  = p h o s p h a te .

II. RNA STRUCTURE

T h e re  a re  th re e  m a jo r  ty p e s  o f  R N A  th a t  p a r t ic ip a te  in  th e  p ro c e s s  o f  p ro te in  

s y n th e s is :  rR N A , tR N A , a n d  m R N A . L ik e  D N A , th e s e  R N A  a re  u n b ra n c h e d  

p o ly m e r ic  m o le c u le s  c o m p o s e d  o f  n u c le o s id e  m o n o p h o s p h a te s  jo in e d  to g e th e r  

b y  3 ' 5 '- p h o s p h o d ie s te r  b o n d s  (s e e  p . 4 1 2 ) . H o w e v e r ,  th e y  d if fe r  f ro m  D N A  in  

s e v e ra l  w a y s . F o r  e x a m p le , th e y  a re  c o n s id e ra b ly  s m a l le r  th a n  D N A , c o n ta in  

r ib o s e  in s te a d  o f  d e o x y r ib o s e  a n d  u r a c i l  in s te a d  o f  th y m in e , a n d  e x is t  a s  s in g le  

s tra n d s  th a t  a re  c a p a b le  o f  fo ld in g  in to  c o m p le x  s tru c tu re s .  T h e  th re e  m a jo r  ty p e s  

o f  R N A  a lso  d if fe r  f ro m  e a c h  o th e r  in  s iz e , fu n c t io n , a n d  s p e c ia l  s tru c tu ra l  

m o d if ic a tio n s .  [N o te : In  e u k a ry o te s ,  a d d i t io n a l  s m a l l  n c R N A  m o le c u le s  fo u n d  in  

th e  n u c le o lu s  ( s n o R N A ) , n u c le u s  ( s n R N A ), a n d  c y to p la s m  (m ic ro R N A  

[m iR N A ])  p e r fo rm  s p e c ia l iz e d  fu n c t io n s  a s  d e s c r ib e d  o n  p p . 4 4 1 , 4 4 2 , a n d  4 7 5 .]

A. Ribosomal RNA
rR N A  a re  fo u n d  in  a s s o c ia t io n  w i th  s e v e ra l  p ro te in s  a s  c o m p o n e n ts  o f  th e  

r ib o s o m e s , th e  c o m p le x  s tru c tu re s  th a t  s e rv e  a s  th e  s ite s  fo r  p ro te in  

s y n th e s is  ( s e e  p . 4 5 1 ) . P ro k a ry o tic  c e l ls  c o n ta in  th re e  d is t in c t  s iz e  s p e c ie s  

o f  rR N A  (2 3 S , 1 6 S , a n d  5S , w h e re  S is  th e  S v e d b e rg  u n i t  fo r  s e d im e n ta t io n  

ra te  th a t  is  d e te rm in e d  b y  th e  s iz e  a n d  s h a p e  o f  th e  p a r t ic le ) ,  a s  s h o w n  in  

F ig u re  3 1 .2 . E u k a ry o t ic  c e lls  c o n ta in  fo u r  rR N A  s p e c ie s  (2 8 S , 1 8 S , 5 .8 S , 

a n d  5 S ). T o g e th e r ,  rR N A  m a k e  u p  ~ 8 0 %  o f  th e  to ta l  R N A  in  th e  c e ll. 

[N o te : S o m e  R N A  fu n c t io n  a s  c a ta ly s ts ,  fo r  e x a m p le , a n  rR N A  in  p ro te in  

s y n th e s is  (s e e  p . 4 5 5 ) . R N A  w ith  c a ta ly t ic  a c t iv i ty  is  te rm e d  a  r ib o z y m e .]



F ig u re  3 1 .2  P ro k a ry o tic  a n d  e u k a ry o t ic  r ib o s o m a l R N A  ( rR N A ). S = S v e d b e rg  

u n it .

B. Transfer RNA
tR N A  a re  th e  s m a l le s t  (4 S )  o f  th e  th re e  m a jo r  ty p e s  o f  R N A  m o le c u le s .  

T h e re  is  a t  le a s t  o n e  s p e c if ic  ty p e  o f  tR N A  m o le c u le  fo r  e a c h  o f  th e  2 0  

a m in o  a c id s  c o m m o n ly  fo u n d  in  p ro te in s .  T o g e th e r ,  tR N A  m a k e  u p  ~ 1 5 %  

o f  th e  to ta l  R N A  in  th e  c e ll. T h e  tR N A  m o le c u le s  c o n ta in  a  h ig h  p e rc e n ta g e  

o f  u n u s u a l  (m o d if ie d )  b a s e s ,  fo r  e x a m p le , d ih y d ro u ra c i l  ( s e e  F ig . 2 2 .2 , p . 

2 9 2 ) , a n d  h a v e  e x te n s iv e  in t r a c h a in  b a s e -p a ir in g  (F ig . 3 1 .3 ) th a t  le a d s  to  

c h a ra c te r is t ic  s e c o n d a ry  a n d  te r t ia ry  s tru c tu re .  E a c h  tR N A  s e rv e s  a s  a n  

a d a p to r  m o le c u le  th a t  c a r r ie s  its  s p e c if ic  a m in o  a c id , c o v a le n t ly  a t ta c h e d  to  

its  3 '-e n d , to  th e  s ite  o f  p ro te in  s y n th e s is .  T h e re ,  i t  r e c o g n iz e s  th e  g e n e t ic  

c o d e  s e q u e n c e  o n  a n  m R N A , w h ic h  s p e c if ie s  th e  a d d i t io n  o f  th a t  a m in o  

a c id  to  th e  g ro w in g  p e p t id e  c h a in  ( s e e  p . 4 4 7 ) .



3-End 
CCA 

JL

5-End

Complementary 
base pairs 
(intrachain)

\
Site of amino 
acid attachment

TFC loop

Anticodon
loop

Variable loop

Anticodon



F ig u re  3 1 .3  A . C h a ra c te r is t ic  t r a n s fe r  R N A  ( tR N A ) s e c o n d a ry  s tru c tu re  

(c lo v e r le a f ) .  B . F o ld e d  ( te r t ia ry )  tR N A  s tru c tu re  fo u n d  in  c e lls .  D  = 

d ih y d ro u ra c il ;  W = p s e u d o u ra c i l ;  T  = th y m in e ;  C  = c y to s in e ;  A  = a d e n in e .

C. Messenger RNA
m R N A  c o m p r is e s  o n ly  ~ 5 %  o f  th e  R N A  in  a  c e ll, y e t  is  b y  fa r  th e  m o s t  

h e te ro g e n e o u s  ty p e  o f  R N A  in  s iz e  a n d  b a s e  s e q u e n c e . m R N A  is  c o d in g  

R N A  in  th a t  i t  c a r r ie s  g e n e t ic  in fo rm a tio n  f ro m  D N A  fo r  u s e  in  p ro te in  

s y n th e s is .  In  e u k a ry o te s ,  th is  in v o lv e s  t r a n s p o r t  o f  m R N A  o u t  o f  th e  

n u c le u s  a n d  in to  th e  c y to so l .  A n  m R N A  c a r ry in g  in fo rm a tio n  f ro m  m o re  

th a n  o n e  g e n e  is  p o ly c is tro n ic  ( c is t ro n  = g e n e ) . P o ly c is t ro n ic  m R N A  is 

c h a ra c te r is t ic  o f  p ro k a ry o te s .  A n  m R N A  c a r ry in g  in fo rm a tio n  f ro m  o n ly  

o n e  g e n e  is  m o n o c is tro n ic  a n d  is  c h a ra c te r is t ic  o f  e u k a ry o te s .  In  a d d i t io n  to  

th e  p ro te in -c o d in g  re g io n s  th a t  c a n  b e  t r a n s la te d , m R N A  c o n ta in s  

u n tr a n s la te d  re g io n s  a t  its  5 '-  a n d  3 '- e n d s  (F ig . 3 1 .4 ). S p e c ia l  s t ru c tu ra l  

c h a ra c te r is t ic s  o f  e u k a ry o t ic  (b u t  n o t  p ro k a ry o tic )  m R N A  in c lu d e  a  lo n g  

s e q u e n c e  o f  a d e n in e  n u c le o t id e s  (a  p o ly -A  ta il)  o n  th e  3 '- e n d  o f  th e  R N A , 

p lu s  a  c a p  o n  th e  5 '- e n d  c o n s is t in g  o f  a  m o le c u le  o f  7 -m e th y lg u a n o s in e  

a t ta c h e d  th ro u g h  a n  u n u s u a l  (5 ' 5 ')  t r ip h o s p h a te  l in k a g e . T h e  m e c h a n is m s

fo r  m o d ify in g  m R N A  to  c re a te  th e s e  s p e c ia l  s t ru c tu ra l  c h a ra c te r is t ic s  a re  

d is c u s s e d  o n  p p . 4 4 1 - 4 4 2 .
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F ig u re  3 1 .4  S tru c tu re  o f  e u k a ry o t ic  m e s s e n g e r  R N A . G  = g u a n in e ; A  = a d e n in e .

III. PROKARYOTIC GENE
TRANSCRIPTION

T h e  s tru c tu re  o f  m a g n e s iu m - re q u i r in g  RN A polym erase  (RN A pol), th e  s ig n a ls  

th a t  c o n tro l  tr a n s c r ip tio n ,  a n d  th e  v a r ie t ie s  o f  m o d if ic a t io n  th a t  R N A  tra n s c r ip ts  

c a n  u n d e rg o  d if fe r  a m o n g  o rg a n is m s , p a r t ic u la r ly  f ro m  p ro k a ry o te s  to  

e u k a ry o te s .  T h e re fo re ,  th e  d is c u s s io n s  o f  p ro k a ry o tic  a n d  e u k a ry o t ic  

tr a n s c r ip t io n  a re  p r e s e n te d  s e p a ra te ly .

A. Prokaryotic RNA polymerase
In  b a c te r ia ,  o n e  s p e c ie s  o f  RN A p o l  s y n th e s iz e s  a l l  o f  th e  R N A  e x c e p t  fo r



th e  s h o r t  R N A  p r im e rs  n e e d e d  fo r  D N A  re p l ic a t io n  [N o te : R N A  p r im e rs  

a re  s y n th e s iz e d  b y  th e  s p e c ia l iz e d , m o n o m e r ic  e n z y m e  prim ase  ( s e e  p . 

4 1 8 ) .]  RN A p o l  is  a  m u l t i s u b u n i t  e n z y m e  th a t  r e c o g n iz e s  a  n u c le o t id e  

s e q u e n c e  ( th e  p ro m o te r  r e g io n )  a t  th e  b e g in n in g  o f  a  le n g th  o f  D N A  th a t  is  

to  b e  tr a n s c r ib e d .  I t  n e x t  m a k e s  a  c o m p le m e n ta ry  R N A  c o p y  o f  th e  D N A  

te m p la te  s tra n d  a n d  th e n  r e c o g n iz e s  th e  e n d  o f  th e  D N A  s e q u e n c e  to  b e  

t r a n s c r ib e d  ( th e  te rm in a t io n  r e g io n ) .  R N A  is  s y n th e s iz e d  f ro m  its  5 '- e n d  to  

its  3 '-e n d , a n t ip a ra l le l  to  i ts  D N A  te m p la te  s t ra n d  (s e e  p . 4 1 5 ) . T h e  te m p la te  

is  c o p ie d  as  i t  is  in  D N A  s y n th e s is ,  in  w h ic h  a  g u a n in e  (G ) o n  th e  D N A  

s p e c if ie s  a  c y to s in e  (C ) in  th e  R N A , a  C  s p e c if ie s  a  G , a  th y m in e  (T ) 

s p e c if ie s  a n  a d e n in e  (A ), b u t  a n  A  s p e c if ie s  a  u ra c i l  (U ) in s te a d  o f  a  T  (F ig . 

3 1 .5 ). T h e  R N A , th e n , is  c o m p le m e n ta ry  to  th e  D N A  te m p la te  (a n t is e n s e , 

m in u s )  s t r a n d  a n d  id e n t ic a l  to  th e  c o d in g  (s e n se , p lu s )  s tra n d , w i th  U  

re p la c in g  T . W ith in  th e  D N A  m o le c u le ,  r e g io n s  o f  b o th  s tra n d s  c a n  s e rv e  as 

te m p la te s  fo r  tr a n s c r ip tio n .  F o r  a  g iv e n  g e n e , h o w e v e r ,  o n ly  o n e  o f  th e  tw o  

D N A  s tra n d s  c a n  b e  th e  te m p la te .  W h ic h  s tr a n d  is  u s e d  is  d e te rm in e d  b y  th e  

lo c a t io n  o f  th e  p ro m o te r  fo r  th a t  g e n e . T ra n s c r ip t io n  b y  RN A p o l  in v o lv e s  a  

c o re  e n z y m e  a n d  s e v e ra l  a u x i l ia ry  p ro te in s .



F ig u re  3 1 .5  A n tip a ra l le l ,  c o m p le m e n ta ry  b a s e  p a ir s  b e tw e e n  D N A  a n d  R N A . T  

= th y m in e ;  A  = a d e n in e ; C  = c y to s in e ;  G  = g u a n in e ; U  = u ra c il .

1. C o re  e n z y m e : F iv e  o f  th e  e n z y m e ’s p e p t id e  s u b u n its ,  2 a ,  1 p, 1 p ', a n d  1 

Q , a re  r e q u ire d  fo r  e n z y m e  a s s e m b ly  (a ,  Q ), te m p la te  b in d in g  (p ') ,  a n d  

th e  5' -^3' polym erase  a c t iv i ty  (p ) a n d  to g e th e r  a re  r e f e r r e d  to  a s  th e  c o re  

e n z y m e  (F ig . 3 1 .6 ). H o w e v e r ,  th is  e n z y m e  la c k s  s p e c if ic i ty  ( th a t  is , i t  

c a n n o t  r e c o g n iz e  th e  p ro m o te r  re g io n  o n  th e  D N A  te m p la te ) .



F ig u re  3 1 .6  C o m p o n e n ts  o f  p ro k a ry o tic  RN A polym erase.

2. H o lo e n z y m e : T h e  a  s u b u n it  ( s ig m a  fa c to r )  e n a b le s  RN A p o l  to  r e c o g n iz e  

p ro m o te r  re g io n s  o n  th e  D N A . T h e  a  s u b u n it  p lu s  th e  c o re  e n z y m e  m a k e  

u p  th e  h o lo e n z y m e . [N o te : D if f e r e n t  a  fa c to rs  r e c o g n iz e  d if f e r e n t  g ro u p s  

o f  g e n e s , w i th  a 70 p re d o m in a t in g .]

B. Steps in RNA synthesis
T h e  p ro c e s s  o f  tr a n s c r ip t io n  o f  a  ty p ic a l  g e n e  o f  E s c h e r ic h ia  c o l i  (E . c o l i ) 

c a n  b e  d iv id e d  in to  th re e  p h a se s : in i t ia t io n , e lo n g a tio n , a n d  te rm in a tio n .  A



t r a n s c r ip t io n  u n i t  e x te n d s  f ro m  th e  p ro m o te r  to  th e  te rm in a t io n  re g io n , a n d  

th e  in i t ia l  p r o d u c t  o f  tr a n s c r ip t io n  b y  RN A p o l  is  te rm e d  th e  p r im a ry  

tra n sc r ip t .

1. In i t ia t io n :  T ra n s c r ip t io n  b e g in s  w i th  th e  b in d in g  o f  th e  R N A p o l 
h o lo e n z y m e  to  a  r e g io n  o f  th e  D N A  k n o w n  a s  th e  p ro m o te r ,  w h ic h  is  n o t  

tr a n s c r ib e d .  T h e  p ro k a ry o tic  p ro m o te r  c o n ta in s  c h a ra c te r is t ic  c o n s e n s u s  

s e q u e n c e s  (F ig . 3 1 .7 ). [N o te : C o n s e n s u s  s e q u e n c e s  a re  id e a l iz e d  

s e q u e n c e s  in  w h ic h  th e  b a s e  s h o w n  a t  e a c h  p o s i t io n  is  th e  b a s e  m o s t  

f r e q u e n t ly  (b u t  n o t  n e c e s s a r i ly  a lw a y s )  e n c o u n te re d  a t  th a t  p o s it io n .]  

T h o s e  th a t  a re  r e c o g n iz e d  b y  p ro k a ry o tic  RN A p o l  a  f a c to rs  in c lu d e  th e  

fo llo w in g .

<
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-35
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F ig u re  3 1 .7  S tru c tu re  o f  th e  p ro k a ry o tic  p ro m o te r  re g io n . T  =  th y m in e ;  G  = 

g u a n in e ; A  =  a d e n in e ;  C  =  c y to s in e .

a. - 3 5  S e q u e n c e : A  c o n s e n s u s  s e q u e n c e  (5 '-T T G A C A -3 ') ,  c e n te re d  a b o u t

3 5  b a s e s  to  th e  le f t  o f  th e  t r a n s c r ip t io n  s ta r t  s ite  (s e e  F ig . 3 1 .7 ), is  th e  

in i t ia l  p o in t  o f  c o n ta c t  fo r  th e  h o lo e n z y m e , a n d  a  c lo s e d  c o m p le x  is  

fo rm e d . [N o te : B y  c o n v e n tio n , th e  r e g u la to ry  s e q u e n c e s  th a t  c o n tro l  

tr a n s c r ip t io n  a re  d e s ig n a te d  b y  th e  5 ' 3 ' n u c le o tid e  s e q u e n c e  o n  th e

c o d in g  s tra n d . A  b a s e  in  th e  p ro m o te r  r e g io n  is  a s s ig n e d  a  n e g a t iv e  

n u m b e r  if  i t  o c c u rs  p r io r  to  ( to  th e  le f t  o f, to w a rd  th e  5 '- e n d  o f, o r  

“ u p s t r e a m ” o f)  th e  tr a n s c r ip t io n  s ta r t  s ite . T h e re fo re ,  th e  T T G A C A  

s e q u e n c e  is  c e n te re d  a t  a p p ro x im a te ly  b a s e  - 3 5 .  T h e  f i r s t  b a s e  a t  th e  

tr a n s c r ip t io n  s ta r t  s ite  is  a s s ig n e d  a  p o s i t io n  o f  + 1 . T h e re  is  n o  b a s e  

d e s ig n a te d  “ 0 ” .]

b . P r ib n o w  b o x : T h e  h o lo e n z y m e  m o v e s  a n d  c o v e rs  a  s e c o n d  c o n s e n s u s  

s e q u e n c e  (5 '-T A T A A T -3 ') ,  c e n te re d  a t  a b o u t  - 1 0  (s e e  F ig . 3 1 .7 ), 

w h ic h  is  th e  s ite  o f  m e lt in g  (u n w in d in g )  o f  a  s h o r t  s tr e tc h  (~ 1 4  b a s e  

p a ir s )  o f  D N A . T h is  in i t ia l  m e lt in g  c o n v e r ts  th e  c lo s e d  in i t ia t io n  

c o m p le x  to  a n  o p e n  c o m p le x  k n o w n  a s  a  tr a n s c r ip t io n  b u b b le .  [N o te : 

A  m u ta t io n  in  e i th e r  th e  - 1 0  o r  th e  - 3 5  s e q u e n c e  c a n  a f f e c t  th e



t r a n s c r ip t io n  o f  th e  g e n e  c o n tro l le d  b y  th e  m u ta n t  p ro m o te r .]

2 . E lo n g a tio n :  O n c e  th e  p ro m o te r  h a s  b e e n  re c o g n iz e d  a n d  b o u n d  b y  th e  

h o lo e n z y m e , lo c a l  u n w in d in g  o f  th e  D N A  h e l ix  c o n t in u e s  (F ig . 3 1 .8 ), 

m e d ia te d  b y  th e  polym erase. [N o te : U n w in d in g  g e n e ra te s  s u p e rc o ils  in  

th e  D N A  th a t  c a n  b e  r e l ie v e d  b y  D NA topoisom erases  ( s e e  p . 4 1 7 ) .]  

RN A p o l  b e g in s  to  s y n th e s iz e  a  t r a n s c r ip t  o f  th e  D N A  s e q u e n c e , a n d  

s e v e ra l  s h o r t  p ie c e s  o f  R N A  a re  m a d e  a n d  d is c a rd e d . T h e  e lo n g a t io n  

p h a s e  b e g in s  w h e n  th e  t r a n s c r ip t  ( ty p ic a l ly  s ta r t in g  w ith  a  p u r in e )  

e x c e e d s  10  n u c le o t id e s  in  le n g th . S ig m a  is  th e n  r e le a s e d , a n d  th e  c o re  

e n z y m e  is  a b le  to  le a v e  (c le a r)  th e  p ro m o te r  a n d  m o v e  a lo n g  th e  te m p la te  

s t ra n d  in  a  p ro c e s s iv e  m a n n e r ,  s e rv in g  a s  its  o w n  s l id in g  c la m p . D u r in g  

tr a n s c r ip tio n ,  a  s h o r t  D N A - R N A  h y b r id  h e l ix  is  fo rm e d  (s e e  F ig . 3 1 .8 ). 

L ik e  D NA pol, RN A p o l  u s e s  n u c le o s id e  tr ip h o s p h a te s  as  s u b s t r a te s  a n d  

r e le a s e s  p y r o p h o s p h a te  e a c h  t im e  a  n u c le o s id e  m o n o p h o s p h a te  is  a d d e d  

to  th e  g ro w in g  c h a in . A s  w i th  re p l ic a t io n , t r a n s c r ip t io n  is  a lw a y s  in  th e  

5 ' ^ 3 '  d ire c tio n . In  c o n t r a s t  to  D NA pol, RN A p o l  d o e s  n o t  r e q u ire  a  

p r im e r  a n d  d o e s  n o t  h a v e  a  3 '^ 5 '  exonuclease  d o m a in  fo r  p ro o f re a d in g . 

[N o te : M is in c o rp o ra t io n  o f  a  r ib o n u c le o t id e  c a u s e s  RNA p o l  to  p a u s e , 

b a c k tra c k ,  c le a v e  th e  t r a n s c r ip t ,  a n d  re s ta r t .  N o n e th e le s s ,  t r a n s c r ip t io n  

h a s  a  h ig h e r  e r ro r  r a te  th a n  d o e s  re p l ic a t io n .]

Nontemplate 
strand "N RNA polym erase 3 -End of RNA

Positive supercoilsbeing elongated

A/V

Negative supercoils

Template strand

RNA-DNA hybrid helix

F ig u re  3 1 .8  L o c a l  u n w in d in g  o f  D N A  b y  RN A polym erase  a n d  fo rm a t io n  o f  a n  

o p e n  in i t ia t io n  c o m p le x  ( tr a n s c r ip t io n  b u b b le ) .

3 . T e rm in a t io n :  T h e  e lo n g a t io n  o f  th e  s in g le - s t r a n d e d  R N A  c h a in  c o n tin u e s  

u n t i l  a  te rm in a t io n  s ig n a l  is  r e a c h e d . T e rm in a t io n  c a n  b e  in t r in s ic  (o c c u r  

w i th o u t  a d d i t io n a l  p ro te in s )  o r  d e p e n d e n t  u p o n  th e  p a r t ic ip a t io n  o f  a  

p ro te in  k n o w n  a s  th e  p ( rh o )  fa c to r .



a. p - In d e p e n d e n t:  S e e n  w ith  m o s t  p ro k a ry o tic  g e n e s , th is  r e q u ire s  th a t  a  

s e q u e n c e  in  th e  D N A  te m p la te  g e n e ra te s  a  s e q u e n c e  in  th e  n a s c e n t  

(n e w ly  m a d e )  R N A  th a t  is  s e lf - c o m p le m e n ta ry  (F ig . 3 1 .9 ). T h is  a l lo w s  

th e  R N A  to  fo ld  b a c k  o n  i ts e lf ,  fo rm in g  a  G C -r ic h  s te m  ( s ta b i l iz e d  b y  

h y d ro g e n  b o n d s )  p lu s  a  lo o p . T h is  s tru c tu re  is  k n o w n  a s  a  “ h a i r p in .” 

A d d it io n a l ly ,  ju s t  b e y o n d  th e  h a irp in , th e  R N A  t r a n s c r ip t  c o n ta in s  a  

s tr in g  o f  U s  a t  th e  3 '- e n d . T h e  b o n d in g  o f  th e s e  U s  to  th e  

c o m p le m e n ta ry  A s  o f  th e  D N A  te m p la te  is  w e a k . T h is  fa c i l i ta te s  th e  

s e p a ra t io n  o f  th e  n e w ly  s y n th e s iz e d  R N A  f ro m  its  D N A  te m p la te ,  as  

th e  d o u b le  h e l ix  “ z ip s  u p ” b e h in d  th e  RN A pol.



DNA coding strand

AGCCCGCNNNNNGCGGGCTTTT

TCGGGCGNNNNNCGCCCGAAAA

DNA template strand

Nascent RNA

AGCCCGCNNNNNGCGGGCUUUU

Hairpin

U

Newly synthesized 
RNA folds to form a 
“hairpin” that is 
important in chain 
termination.



F ig u re  3 1 .9  R h o - in d e p e n d e n t  te rm in a t io n  o f  p ro k a ry o tic  tr a n s c r ip tio n .  A . D N A  

te m p la te  s e q u e n c e  g e n e ra te s  a  s e lf - c o m p le m e n ta ry  s e q u e n c e  in  th e  n a s c e n t  

R N A . B . H a irp in  s tru c tu re  fo rm e d  b y  th e  R N A . N  r e p re s e n ts  a  

n o n c o m p le m e n ta ry  b a s e ;  A  = a d e n in e , T  = th y m in e ;  G  = g u a n in e ; C  = c y to s in e ; 

U  = u ra c il .

b . p -D e p e n d e n t:  T h is  r e q u ire s  th e  p a r t ic ip a t io n  o f  th e  a d d i t io n a l  p ro te in  

rh o , w h ic h  is  a  h e x a m e r ic  A T P ase  w ith  helicase  a c t iv i ty .  R h o  b in d s  a  

C - r ic h  rh o  u t i l iz a t io n  ( ru t)  s i te  n e a r  th e  5 '- e n d  o f  th e  n a s c e n t  R N A  a n d , 

u s in g  its  A T P ase  a c t iv i ty ,  m o v e s  a lo n g  th e  R N A  u n ti l  i t  r e a c h e s  th e  

RN A p o l  p a u s e d  a t  th e  te rm in a t io n  s ite . T h e  A T P -d e p e n d e n t  helicase  
a c t iv i ty  o f  rh o  s e p a ra te s  th e  R N A - D N A  h y b r id  h e lix , c a u s in g  th e  

re le a s e  o f  th e  R N A .

4 . A n tib io tic s :  S o m e  a n t ib io t ic s  p r e v e n t  b a c te r ia l  c e l l  g ro w th  b y  in h ib it in g  

R N A  s y n th e s is .  F o r  e x a m p le , r i f a m p in  ( r if a m p ic in )  in h ib its  t r a n s c r ip t io n  

in i t ia t io n  b y  b in d in g  to  th e  P s u b u n it  o f  p ro k a ry o tic  RN A p o l  a n d  

p re v e n t in g  c h a in  g ro w th  b e y o n d  th re e  n u c le o t id e s  (F ig . 3 1 .1 0 ). R ifa m p in  

is  im p o r ta n t  in  th e  t r e a tm e n t  o f  tu b e rc u lo s is .  D a c t in o m y c in  (a c t in o m y c in  

D ) w a s  th e  f i r s t  a n t ib io t ic  to  f in d  th e ra p e u tic  a p p l ic a t io n  in  tu m o r  

c h e m o th e ra p y . I t  in s e r ts  ( in te rc a la te s )  b e tw e e n  th e  D N A  b a s e s  a n d  

in h ib its  tr a n s c r ip t io n  in i t ia t io n  a n d  e lo n g a tio n .



No drug present

RNA p o lym erase

Rifampin present

Rifampin binds to RNA po lym erase
and prevents chain growth 
beyond three nucleotides. 
Eukaryotic RNA po lym erases  
do not bind rifampin, and 
transcription is unaffected.



F ig u re  3 1 .1 0  In h ib i t io n  o f  p ro k a ry o tic  RN A polym erase  b y  r i f a m p in  

( r ifa m p ic in ) .

IV. EUKARYOTIC GENE TRANSCRIPTION

T h e  tr a n s c r ip t io n  o f  e u k a ry o t ic  g e n e s  is  a  fa r  m o re  c o m p lic a te d  p ro c e s s  th a n  

tr a n s c r ip t io n  in  p ro k a ry o te s .  E u k a ry o t ic  tr a n s c r ip t io n  in v o lv e s  s e p a ra te  

polym erases  fo r  th e  s y n th e s is  o f  rR N A , tR N A , a n d  m R N A . In  a d d i t io n , a  la rg e  

n u m b e r  o f  p ro te in s  c a l le d  t r a n s c r ip t io n  fa c to rs  (T F )  a re  in v o lv e d . T F  b in d  to  

d is t in c t  s i te s  o n  th e  D N A  w ith in  th e  c o re  p ro m o te r  re g io n , c lo s e  (p ro x im a l)  to  it, 

o r  s o m e  d is ta n c e  a w a y  (d is ta l) .  T h e y  a re  r e q u i re d  fo r  b o th  th e  a s s e m b ly  o f  a  

tr a n s c r ip t io n  in i t ia t io n  c o m p le x  a t  th e  p ro m o te r  a n d  th e  d e te rm in a t io n  o f  w h ic h  

g e n e s  a re  to  b e  t r a n s c r ib e d . [N o te : E a c h  e u k a ry o t ic  RN A p o l  h a s  its  o w n  

p ro m o te r s  a n d  T F  th a t  b in d  c o re  p ro m o te r  s e q u e n c e s .]  F o r  T F  to  r e c o g n iz e  a n d  

b in d  to  th e ir  s p e c if ic  D N A  s e q u e n c e s ,  th e  c h ro m a tin  s tru c tu re  in  th a t  r e g io n  

m u s t  b e  d e c o n d e n s e d  ( re la x e d )  to  a l lo w  a c c e s s  to  th e  D N A . T h e  ro le  o f  

tr a n s c r ip t io n  in  th e  r e g u la t io n  o f  g e n e  e x p re s s io n  is  d is c u s s e d  in  C h a p te r  3 3 .

A. Chromatin structure and gene expression
T h e  a s s o c ia t io n  o f  D N A  w ith  h is to n e s  to  fo rm  n u c le o s o m e s  (s e e  p . 4 2 5 )  

a f fe c ts  th e  a b i l i ty  o f  th e  t r a n s c r ip t io n  m a c h in e ry  to  a c c e s s  th e  D N A  to  b e  

tr a n s c r ib e d . M o s t  a c t iv e ly  tr a n s c r ib e d  g e n e s  a re  fo u n d  in  a  re la t iv e ly  

d e c o n d e n s e d  fo rm  o f  c h ro m a tin  c a l le d  e u c h ro m a tin ,  w h e re a s  m o s t  in a c tiv e  

s e g m e n ts  o f  D N A  a re  fo u n d  in  h ig h ly  c o n d e n s e d  h e te ro c h ro m a tin .  T h e  

in te r c o n v e r s io n  o f  th e s e  fo rm s  is  c a l le d  c h ro m a tin  r e m o d e lin g .  A  m a jo r  

c o m p o n e n t  o f  c h ro m a tin  re m o d e lin g  is  th e  c o v a le n t  m o d if ic a t io n  o f  

h is to n e s  ( fo r  e x a m p le , th e  a c e ty la t io n  o f  ly s in e  r e s id u e s  a t  th e  a m in o  

te rm in u s  o f  h is to n e  p ro te in s ) ,  a s  s h o w n  in  F ig u re  3 1 .1 1 . A c e ty la t io n , 

m e d ia te d  b y  histone acetyltransferases (H AT), e l im in a te s  th e  p o s i t iv e  

c h a rg e  o n  th e  ly s in e , th e re b y  d e c re a s in g  th e  in te r a c t io n  o f  th e  h is to n e  w ith  

th e  n e g a t iv e ly  c h a rg e d  D N A . R e m o v a l  o f  th e  a c e ty l  g ro u p  b y  histone  
deacetylases (H DAC) r e s to re s  th e  p o s i t iv e  c h a rg e  a n d  fo s te r s  s t ro n g e r  

in te ra c t io n s  b e tw e e n  h is to n e s  a n d  D N A . [N o te : T h e  A T P -d e p e n d e n t  

re p o s i t io n in g  o f  n u c le o s o m e s  is  a lso  re q u ire d  to  a c c e s s  D N A .]



F ig u re  3 1 .1 1  A c e ty la t io n /d e a c e ty la t io n  o f  a  ly s in e  re s id u e  in  a  h is to n e . A c e ty l  

c o e n z y m e  A  p ro v id e s  th e  a c e ty l  g ro u p . H A T  = histone acetyltransferase; 
H D A C  =  histone deacetylase.

B. Nuclear RNA polymerases
T h e re  a re  th re e  d is t in c t  ty p e s  o f  RN A p o l  in  th e  n u c le u s  o f  e u k a ry o t ic  c e lls . 

A l l  a re  la rg e  e n z y m e s  w ith  m u l t ip le  s u b u n its .  E a c h  ty p e  o f  RN A p o l 
r e c o g n iz e s  p a r t ic u la r  g e n e s . [N o te : M ito c h o n d r ia  c o n ta in  a  s in g le  RN A p o l 
th a t  r e s e m b le s  th e  b a c te r ia l  e n z y m e .]

1. R N A  p o ly m e ra s e  I: T h is  e n z y m e  s y n th e s iz e s  th e  p r e c u r s o r  o f  th e  2 8 S , 

1 8 S , a n d  5 .8 S  rR N A  in  th e  n u c le o lu s .

2. R N A  p o ly m e ra s e  II: T h is  e n z y m e  s y n th e s iz e s  th e  n u c le a r  p re c u r s o r s  o f  

m R N A  th a t  a re  p ro c e s s e d  a n d  th e n  t r a n s la te d  to  p ro te in s .  RN A p o l II  
a lso  s y n th e s iz e s  c e r ta in  s m a l l  n c R N A , s u c h  as  s n o R N A , s n R N A , a n d  

m iR N A .



a. P ro m o te r s  fo r  R N A  p o ly m e ra s e  II: In  s o m e  g e n e s  t r a n s c r ib e d  b y  RN A  
p o l II, a  s e q u e n c e  o f  n u c le o t id e s  (T A T A A A ) th a t  is  n e a r ly  id e n tic a l  to  

th a t  o f  th e  P r ib n o w  b o x  (s e e  p . 4 3 6 )  is  fo u n d  c e n te re d  ~ 2 5  n u c le o tid e s  

u p s tr e a m  o f  th e  tr a n s c r ip t io n  s ta r t  s ite . T h is  c o re  p ro m o te r  c o n s e n s u s  

s e q u e n c e  is  c a l le d  th e  T A T A , o r  H o g n e s s ,  b o x . In  th e  m a jo r i ty  o f  

g e n e s , h o w e v e r ,  n o  T A T A  b o x  is  p re s e n t .  In s te a d , d if f e r e n t  c o re  

p ro m o te r  e le m e n ts  s u c h  a s  In r  ( in i t ia to r )  o r  D P E  (d o w n s tre a m  

p ro m o te r  e le m e n t)  a re  p r e s e n t  (F ig . 3 1 .1 2 ). [N o te : N o  o n e  c o n s e n s u s  

s e q u e n c e  is  fo u n d  in  a l l  c o re  p ro m o te r s .]  B e c a u s e  th e s e  s e q u e n c e s  a re  

o n  th e  s a m e  m o le c u le  o f  D N A  a s  th e  g e n e  b e in g  t r a n s c r ib e d ,  th e y  a re  

c is -a c tin g . T h e  s e q u e n c e s  s e rv e  a s  b in d in g  s ite s  fo r  p ro te in s  k n o w n  as  

g e n e ra l  tr a n s c r ip t io n  f a c to rs  (G T F ) , w h ic h  in  tu rn  in te r a c t  w i th  e a c h  

o th e r  a n d  w ith  R N A p o l II.

F ig u re  3 1 .1 2  E u k a ry o t ic  g e n e  c is - a c tin g  p ro m o te r  a n d  r e g u la to ry  e le m e n ts  a n d  

th e ir  t r a n s - a c t in g  g e n e ra l  a n d  s p e c if ic  tr a n s c r ip t io n  fa c to r s  (G T F  a n d  S T F , 

r e s p e c t iv e ly ) .  In r  =  in i t ia to r ;  D P E  =  d o w n s t r e a m  p ro m o te r  e le m e n t.

b . G e n e ra l  tr a n s c r ip t io n  fa c to rs :  G T F  a re  th e  m in im a l  r e q u ire m e n ts  fo r  

r e c o g n i t io n  o f  th e  p ro m o te r ,  r e c ru i tm e n t  o f  R N A p o l I I  to  th e  

p ro m o te r ,  f o rm a t io n  o f  th e  p r e in i t ia t io n  c o m p le x , a n d  in i t ia t io n  o f  

tr a n s c r ip t io n  a t  a  b a s a l  le v e l  (F ig . 3 1 .1 3 A ). G T F  a re  e n c o d e d  b y  

d if f e r e n t  g e n e s , s y n th e s iz e d  in  th e  c y to so l ,  a n d  d if fu s e  ( tra n s i t)  to  th e ir  

s ite s  o f  a c tio n , a n d  so  a re  tr a n s -a c tin g .  [N o te : In  c o n t r a s t  to  th e  

p ro k a ry o tic  h o lo e n z y m e , e u k a ry o t ic  RN A p o l I I  d o e s  n o t  i t s e lf  

r e c o g n iz e  a n d  b in d  th e  p ro m o te r .  In s te a d , T F I ID , a  G T F  c o n ta in in g  

T A T A -b in d in g  p r o te in  a n d  T A T A -a s s o c ia te d  fa c to rs ,  r e c o g n iz e s  a n d  

b in d s  th e  T A T A  b o x  (a n d  o th e r  c o re  p ro m o te r  e le m e n ts ) .  T F IIF , 

a n o th e r  G T F , b r in g s  th e  polym erase  to  th e  p ro m o te r .  T h e  helicase  
a c t iv i ty  o f  T F I IH  m e lts  th e  D N A , a n d  its  kinase  a c t iv i ty



p h o s p h o ry lâ te s  polym erase, a l lo w in g  i t  to  c le a r  th e  p ro m o te r .]
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F ig u re  3 1 .1 2  A . A s s o c ia t io n  o f  th e  g e n e ra l  t r a n s c r ip t io n  fa c to rs  (T F II )  a n d  RNA  

polym erase II  (RNA p o l II) a t  th e  c o re  p ro m o te r .  [N o te : T h e  R o m a n  n u m e ra l  II 

d e n o te s  a  T F  fo r  RN A p o l  I I . ]  B . E n h a n c e r  s t im u la t io n  o f  tr a n s c r ip tio n .  C T F  = 

C A A T  b o x  tr a n s c r ip t io n  fa c to r ;  S p 1  = s p e c if ic i ty  fa c to r -1 .

c. R e g u la to ry  e le m e n ts  a n d  t r a n s c r ip t io n a l  a c t iv a to rs :  A d d it io n a l  

c o n s e n s u s  s e q u e n c e s  l ie  u p s tr e a m  o f  th e  c o re  p ro m o te r  ( s e e  F ig . 

3 1 .1 2 ). T h o s e  c lo s e  to  th e  c o re  p ro m o te r  (w ith in  ~ 2 0 0  n u c le o t id e s )  a re  

th e  p ro x im a l  r e g u la to ry  e le m e n ts ,  s u c h  a s  th e  C A A T  a n d  G C  b o x e s . 

T h o s e  f a r th e r  a w a y  a re  th e  d is ta l  r e g u la to ry  e le m e n ts  s u c h  as 

e n h a n c e rs  (s e e  d . b e lo w ) .  P ro te in s  k n o w n  a s  t r a n s c r ip t io n a l  a c t iv a to rs  

o r  s p e c if ic  tr a n s c r ip t io n  fa c to rs  (S T F )  b in d  th e s e  r e g u la to ry  e le m e n ts .  

S T F  b in d  to  p ro m o te r  p ro x im a l  e le m e n ts  to  r e g u la te  th e  f re q u e n c y  o f  

tr a n s c r ip t io n  in i t ia t io n  a n d  to  d is ta l  e le m e n ts  to  m e d ia te  th e  re s p o n s e  

to  s ig n a ls  s u c h  a s  h o rm o n e s  (s e e  p . 4 7 2 )  a n d  r e g u la te  w h ic h  g e n e s  a re  

e x p re s s e d  a t  a  g iv e n  p o in t  in  tim e . A  ty p ic a l  p ro te in -c o d in g  e u k a ry o t ic  

g e n e  h a s  b in d in g  s i te s  fo r  m a n y  s u c h  fa c to rs .  S T F  h a v e  tw o  b in d in g  

d o m a in s .  O n e  is  a  D N A -b in d in g  d o m a in , th e  o th e r  is  a  t r a n s c r ip t io n  

a c t iv a t io n  d o m a in  th a t  r e c ru i ts  th e  G T F  to  th e  c o re  p ro m o te r  as  w e l l  as  

c o a c t iv a to r  p ro te in s  s u c h  a s  th e  H A T  e n z y m e s  in v o lv e d  in  c h ro m a tin  

m o d if ic a tio n .  [N o te : M e d ia to r ,  a  m u l t i s u b u n i t  c o a c t iv a to r  o f  RN A p o l 
I I - c a t a ly z e d  tr a n s c r ip tio n ,  b in d s  th e  polym erase, th e  G T F , a n d  th e  

S T F  a n d  r e g u la te s  tr a n s c r ip t io n  in i t ia t io n .]

T ra n s c r ip t io n a l  a c t iv a to rs  b in d  D N A  th ro u g h  a  v a r ie ty  o f  m o tif s ,  s u c h  as 

th e  h e l ix - lo o p -h e l ix ,  z in c  f in g e r , a n d  le u c in e  z ip p e r  ( s e e  p . 18 ).

d . R o le  o f  e n h a n c e rs :  E n h a n c e r s  a re  s p e c ia l  D N A  s e q u e n c e s  th a t  in c re a s e  

th e  ra te  o f  in i t ia t io n  o f  tr a n s c r ip t io n  b y  RN A p o l I I . E n h a n c e rs  a re  

ty p ic a l ly  o n  th e  s a m e  c h ro m o s o m e  a s  th e  g e n e  w h o s e  t r a n s c r ip t io n  

th e y  s t im u la te  (F ig . 3 1 .1 3 B ). H o w e v e r ,  th e y  c a n  1) b e  lo c a te d  

u p s tr e a m  (to  th e  5 '- s id e )  o r  d o w n s t r e a m  (to  th e  3 '- s id e )  o f  th e  

tr a n s c r ip t io n  s ta r t  s ite , 2 ) b e  c lo s e  to  o r  th o u s a n d s  o f  b a s e  p a ir s  a w a y  

f ro m  th e  p ro m o te r  (F ig . 3 1 .1 4 ), a n d  3 ) o c c u r  o n  e i th e r  s t r a n d  o f  th e  

D N A . E n h a n c e rs  c o n ta in  D N A  s e q u e n c e s  c a l le d  r e s p o n s e  e le m e n ts  

th a t  b in d  S T F . B y  b e n d in g  o r  lo o p in g  th e  D N A , S T F  c a n  in te r a c t  w ith  

o th e r  T F  b o u n d  to  a  p ro m o te r  a n d  w ith  RN A p o l II , th e re b y



s t im u la t in g  tr a n s c r ip t io n  (se e  F ig . 3 1 .1 3 B ). M e d ia to r  a lso  b in d s  

e n h a n c e rs .  [N o te : A l th o u g h  s i le n c e r s  a re  s im ila r  to  e n h a n c e rs  in  th a t  

th e y  a lso  c a n  a c t  o v e r  lo n g  d is ta n c e s ,  th e y  r e d u c e  g e n e  e x p re s s io n .]



F ig u re  3 1 .1 4  S o m e  p o s s ib le  lo c a t io n s  o f  e n h a n c e r  s e q u e n c e s .



e. R N A  p o ly m e ra s e  II  in h ib ito r :  a -A m a n i t in ,  a  p o te n t  to x in  p ro d u c e d  b y  

th e  p o is o n o u s  m u s h ro o m  A m a n i ta  p h a l lo id e s  ( s o m e t im e s  c a l le d  th e  

“ d e a th  c a p ” ), b in d s  RN A p o l II  t ig h tly  a n d  s lo w s  its  m o v e m e n t ,  

th e re b y  in h ib i t in g  m R N A  s y n th e s is .

3. R N A  p o ly m e ra s e  III: T h is  e n z y m e  s y n th e s iz e s  tR N A , 5S  rR N A , a n d  

s o m e  s n R N A  a n d  s n o R N A .

V. POSTTRANSCRIPTIONAL
MODIFICATION OF RNA

A  p r im a ry  t r a n s c r ip t  is  th e  in i t ia l ,  l in e a r , R N A  c o p y  o f  a  tr a n s c r ip t io n  u n i t  ( th e  

s e g m e n t  o f  D N A  b e tw e e n  s p e c if ic  in i t ia t io n  a n d  te rm in a t io n  s e q u e n c e s ) .  T h e  

p r im a ry  t r a n s c r ip ts  o f  b o th  p ro k a ry o tic  a n d  e u k a ry o t ic  tR N A  a n d  rR N A  a re  

p o s t t r a n s c r ip t io n a l ly  m o d if ie d  b y  c le a v a g e  o f  th e  o r ig in a l  tr a n s c r ip ts  b y  

ribonucleases. tR N A  a re  fu r th e r  m o d if ie d  to  h e lp  g iv e  e a c h  s p e c ie s  its  u n iq u e  

id e n ti ty .  In  c o n tra s t ,  p ro k a ry o tic  m R N A  is  g e n e ra l ly  id e n t ic a l  to  i ts  p r im a ry  

t ra n s c r ip t ,  w h e re a s  e u k a ry o t ic  m R N A  is  e x te n s iv e ly  m o d if ie d  b o th  c o -  a n d  

p o s t t r a n s c r ip t io n a l ly .

A. Ribosomal RNA
rR N A  o f  b o th  p ro k a ry o tic  a n d  e u k a ry o t ic  c e lls  a re  g e n e ra te d  f ro m  lo n g  

p re c u r s o r  m o le c u le s  c a l le d  p re - rR N A . T h e  2 3 S , 1 6 S , a n d  5S  rR N A  o f  

p ro k a ry o te s  a re  p ro d u c e d  f ro m  a  s in g le  p r e - rR N A  m o le c u le ,  as  a re  th e  2 8 S , 

1 8 S , a n d  5 .8 S  rR N A  o f  e u k a ry o te s  (F ig . 3 1 .1 5 ). [N o te : E u k a ry o t ic  5S 

rR N A  is  s y n th e s iz e d  b y  RN A p o l III  a n d  m o d if ie d  s e p a ra te ly .]  T h e  p re -  

rR N A  a re  c le a v e d  b y  ribonucleases  to  y ie ld  in te rm e d ia te - s iz e d  p ie c e s  o f  

rR N A , w h ic h  a re  fu r th e r  p ro c e s s e d  ( tr im m e d  b y  exonucleases  a n d  m o d if ie d  

a t  s o m e  b a s e s  a n d  r ib o s e s )  to  p ro d u c e  th e  r e q u ire d  R N A  sp e c ie s .  [N o te : In  

e u k a ry o te s ,  rR N A  g e n e s  a re  fo u n d  in  lo n g , ta n d e m  a r ra y s .  rR N A  s y n th e s is  

a n d  p ro c e s s in g  o c c u r  in  th e  n u c le o lu s ,  w ith  b a s e  a n d  s u g a r  m o d if ic a t io n s  

fa c i l i ta te d  b y  s n o R N A .]



F ig u re  3 1 .1 5  P o s t t r a n s c r ip t io n a l  p ro c e s s in g  o f  e u k a ry o t ic  r ib o s o m a l R N A  b y  

ribonucleases (RNases). S = S v e d b e rg  u n it .

B. Transfer RNA
B o th  e u k a ry o t ic  a n d  p ro k a ry o tic  tR N A  a re  a lso  m a d e  f ro m  lo n g e r  p re c u r s o r  

m o le c u le s  th a t  m u s t  b e  m o d if ie d  (F ig . 3 1 .1 6 ). S e q u e n c e s  a t  b o th  e n d s  o f  th e



m o le c u le  a re  r e m o v e d , a n d , if  p re s e n t ,  a n  in t ro n  is  r e m o v e d  f ro m  th e  

a n t ic o d o n  lo o p  b y  nucleases. O th e r  p o s t t r a n s c r ip t io n a l  m o d if ic a t io n s  

in c lu d e  a d d i t io n  o f  a  - C C A  s e q u e n c e  b y  nucleotidyltransferase  to  th e  3 '-  

te rm in a l  e n d  o f  tR N A  a n d  m o d if ic a t io n  o f  b a s e s  a t  s p e c if ic  p o s i t io n s  to  

p ro d u c e  th e  u n u s u a l  b a s e s  c h a ra c te r is t ic  o f  tR N A  (se e  p . 2 9 1 ).

OH-3

Uracil residues at the
5r-P —|g | u |u | a | u | c |a |g |u |u | a |a |u | u |g |a 3 -end are replaced

by the CCA sequence
found in all mature
tRNA

A 16-nucleotide
sequence at the Many bases
5 -end (shown in are modified,
green) is cleaved producing
by RNase P unusual bases
(a ribozyme). (shown in yellow).

A 14-nucleotide
intron (shown in
dark blue) in the

Anticodonanticodon loop
loopis removed by

nucleases.

Pre-tRNA Mature tRNA

F ig u re  3 1 .1 6  A . P re c u r s o r  tr a n s fe r  R N A  (p re - tR N A )  tr a n s c r ip t .  B . M a tu re  

( fu n c tio n a l)  tR N A  a f te r  p o s t t r a n s c r ip t io n a l  m o d if ic a tio n .  M o d if ie d  b a s e s  in c lu d e  

D  (d ih y d ro u ra c il) ,  ^  (p s e u d o u ra c i l) ,  a n d  m, w h ic h  m e a n s  th a t  th e  b a s e  h a s  b e e n  

m e th y la te d .

C. Eukaryotic messenger RNA
T h e  c o l le c t io n  o f  a ll  th e  p r im a ry  tr a n s c r ip ts  s y n th e s iz e d  in  th e  n u c le u s  b y  

RN A p o l II  is  k n o w n  a s  h e te ro g e n e o u s  n u c le a r  R N A  (h n R N A ) . T h e  p re -  

m R N A  c o m p o n e n ts  o f  h n R N A  u n d e rg o  e x te n s iv e  c o -  a n d  

p o s t t r a n s c r ip t io n a l  m o d if ic a t io n  in  th e  n u c le u s  a n d  b e c o m e  m a tu re  m R N A . 

T h e s e  m o d if ic a t io n s  u s u a l ly  in c lu d e  th e  fo llo w in g . [N o te : P ol II  i ts e lf  

r e c ru i ts  th e  p ro te in s  r e q u ire d  fo r  th e  m o d if ic a tio n s .]

1. A d d i t io n  o f  a  5 '-c a p : T h is  is  th e  f i r s t  o f  th e  p ro c e s s in g  r e a c t io n s  fo r  p re -  

m R N A  (F ig . 3 1 .1 7 ). T h e  c a p  is  a  7 -m e th y lg u a n o s in e  a t ta c h e d  to  th e  5 '-  

te rm in a l  e n d  o f  th e  m R N A  th ro u g h  a n  u n u s u a l  5 '^ 5 '- t r i p h o s p h a t e  

l in k a g e  th a t  is  r e s is ta n t  to  m o s t  nucleases. C re a t io n  o f  th e  c a p  r e q u ire s



r e m o v a l  o f  th e  y p h o s p h o ry l  g ro u p  f ro m  th e  5 '- t r ip h o s p h a te  o f  th e  p re -  

m R N A , fo l lo w e d  b y  a d d i t io n  o f  g u a n o s in e  m o n o p h o s p h a te  ( f ro m  

g u a n o s in e  tr ip h o s p h a te )  b y  th e  n u c le a r  e n z y m e  guanylyltransferase. 
M e th y la t io n  o f  th is  te rm in a l  g u a n in e  o c c u rs  in  th e  c y to s o l  a n d  is  

c a ta ly z e d  b y  guanine-7-m ethyltransferase. S -A d e n o s y lm e th io n in e  is  th e  

s o u rc e  o f  th e  m e th y l  g ro u p  (s e e  p . 2 6 3 ) . A d d it io n a l  m e th y la t io n  s te p s  

m a y  o c c u r . T h e  a d d i t io n  o f  th is  7 -m e th y lg u a n o s in e  c a p  h e lp s  s ta b i liz e  

th e  m R N A  a n d  p e rm its  e f f ic ie n t  in i t ia t io n  o f  t r a n s la t io n  (s e e  p . 4 5 5 ) . 2 3

F ig u re  3 1 .1 7  P o s t t r a n s c r ip t io n a l  m o d if ic a t io n  o f  m R N A  s h o w in g  th e  7- 

m e th y lg u a n o s in e  c a p  a n d  p o ly a d e n y la te  (p o ly -A )  ta il.

2. A d d i t io n  o f  a  3 '- p o ly -A  ta il: M o s t  e u k a ry o t ic  m R N A  (w ith  s e v e ra l  

e x c e p tio n s ,  in c lu d in g  th o s e  fo r  th e  h is to n e s )  h a v e  a  c h a in  o f  4 0 - 2 5 0  

a d e n y la te s  (a d e n o s in e  m o n o p h o s p h a te s )  a t ta c h e d  to  th e  3 '- e n d  (se e  F ig . 

3 1 .1 7 ). T h is  p o ly -A  ta i l  is  n o t  t r a n s c r ib e d  f ro m  th e  D N A  b u t  r a th e r  is  

a d d e d  b y  th e  n u c le a r  e n z y m e , polyadenyla te polym erase, u s in g  A T P  as  

th e  s u b s tra te . T h e  p r e -m R N A  is  c le a v e d  d o w n s t r e a m  o f  a  c o n s e n s u s  

s e q u e n c e , c a l le d  th e  p o ly a d e n y la t io n  s ig n a l  s e q u e n c e  (A A U A A A ), fo u n d  

n e a r  th e  3 '- e n d  o f  th e  R N A , a n d  th e  p o ly -A  ta i l  is  a d d e d  to  th e  n e w  3 '-  

e n d . T a i l in g  te rm in a te s  e u k a ry o t ic  tr a n s c r ip tio n .  T a i ls  h e lp  s ta b i l iz e  th e  

m R N A , f a c i l i ta te  its  e x i t  f ro m  th e  n u c le u s ,  a n d  a id  in  tr a n s la t io n . A f te r  

th e  m R N A  e n te rs  th e  c y to so l ,  th e  p o ly -A  ta i l  is  g ra d u a l ly  s h o r te n e d .

3. S p lic in g : M a tu ra t io n  o f  e u k a ry o t ic  m R N A  u s u a l ly  in v o lv e s  re m o v a l  f ro m  

th e  p r im a ry  t r a n s c r ip t  o f  R N A  s e q u e n c e s  ( in tro n s  o r  in te rv e n in g  

s e q u e n c e s )  th a t  d o  n o t  c o d e  fo r  p ro te in .  T h e  r e m a in in g  c o d in g  

(e x p re s s e d )  s e q u e n c e s ,  th e  e x o n s , a re  jo in e d  to g e th e r  to  fo rm  th e  m a tu re  

m R N A . T h e  p ro c e s s  o f  r e m o v in g  in t ro n s  a n d  jo in in g  e x o n s  is  c a l le d  

s p lic in g . T h e  m o le c u la r  c o m p le x  th a t  a c c o m p lis h e s  th e s e  ta s k s  is  k n o w n



as  th e  s p l ic e o s o m e . A  fe w  e u k a ry o t ic  p r im a ry  tr a n s c r ip ts  c o n ta in  n o  

in t ro n s  ( fo r  e x a m p le , th o s e  f ro m  h is to n e  g e n e s ) . O th e rs  c o n ta in  a  fe w  

in tro n s , w h e re a s  so m e , s u c h  a s  th e  p r im a ry  t r a n s c r ip ts  fo r  th e  a  c h a in s  o f  

c o l la g e n , c o n ta in  > 5 0  in t ro n s  th a t  m u s t  b e  re m o v e d .

a. R o le  o f  s m a l l  n u c le a r  R N A : In  a s s o c ia t io n  w ith  m u l t ip le  p ro te in s ,  

u ra c i l - r ic h  s n R N A  fo rm  f iv e  s m a l l  n u c le a r  r ib o n u c le o p ro te in  p a r t ic le s  

( s n R N P , o r  “ s n u rp ” ) d e s ig n a te d  as  U 1 , U 2 , U 4 , U 5 , a n d  U 6  th a t  

m e d ia te  s p lic in g . T h e y  fa c i l i ta te  th e  r e m o v a l  o f  in t ro n s  b y  fo rm in g  

b a s e  p a ir s  w ith  th e  c o n s e n s u s  s e q u e n c e s  a t  e a c h  e n d  o f  th e  in t ro n  (F ig . 

3 1 .1 8 ). [N o te : In  s y s te m ic  lu p u s  e ry th e m a to s u s ,  a n  a u to im m u n e  

d is e a se , p a t ie n ts  p ro d u c e  a n t ib o d ie s  a g a in s t  th e ir  o w n  n u c le a r  p ro te in s  

s u c h  as  s n R N P .]
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F ig u re  3 1 .1 8  S p lic in g . [N o te : U 1  b in d s  th e  5 '-d o n o r  s ite , a n d  U 2  b in d s  th e  

b r a n c h  A  a n d  th e  3 '- a c c e p to r  s ite . A d d i t io n  o f  U 4 - U 6  c o m p le te s  th e  c o m p le x .]  

s n R N P  = s m a l l  n u c le a r  r ib o n u c le o p ro te in  p a r t ic le .

b . M e c h a n ism : T h e  b in d in g  o f  s n R N P  b r in g s  th e  s e q u e n c e s  o f  

n e ig h b o r in g  e x o n s  in to  th e  c o r r e c t  a l ig n m e n t  fo r  s p lic in g , a l lo w in g  

tw o  tr a n s e s te r if ic a t io n  r e a c t io n s  ( c a ta ly z e d  b y  th e  R N A  o f  U 2 , U 5 , a n d  

U 6 )  to  o c c u r . T h e  2 '-O H  g ro u p  o f  a n  a d e n in e  n u c le o t id e  (k n o w n  a s  th e  

b r a n c h  s i te  A )  in  th e  in t ro n  a t ta c k s  th e  p h o s p h a te  a t  th e  5 '- e n d  o f  th e  

in t ro n  ( s p l ic e -d o n o r  s ite ) , fo rm in g  a n  u n u s u a l  2 '^ 5 '- p h o s p h o d i e s t e r  

b o n d  a n d  c re a tin g  a  “ la r ia t” s t ru c tu re  ( s e e  F ig . 3 1 .1 8 ). T h e  n e w ly  f re e d  

3 '-O H  o f  e x o n  1 a t ta c k s  th e  5 '-p h o s p h a te  a t  th e  s p l ic e a c c e p to r  s ite , 

fo rm in g  a  p h o s p h o d ie s te r  b o n d  th a t  jo in s  e x o n s  1 a n d  2. T h e  e x c is e d  

in t ro n  is  r e le a s e d  a s  a  la r ia t ,  w h ic h  is  ty p ic a l ly  d e g ra d e d  b u t  m a y  b e  a  

p re c u r s o r  fo r  n c R N A  s u c h  as  s n o R N A . [N o te : T h e  G U  a n d  A G  

s e q u e n c e s  a t  th e  b e g in n in g  a n d  e n d , r e s p e c t iv e ly ,  o f  in t ro n s  a re  

in v a r ia n t .  H o w e v e r ,  a d d i t io n a l  s e q u e n c e s  a re  c r i t ic a l  fo r  s p l ic e - s i te  

r e c o g n i t io n .]  A f te r  in t ro n s  h a v e  b e e n  r e m o v e d  a n d  e x o n s  jo in e d ,  th e  

m a tu re  m R N A  m o le c u le s  p a s s  in to  th e  c y to s o l  th ro u g h  p o re s  in  th e  

n u c le a r  m e m b ra n e .  [N o te : T h e  in t ro n s  in  tR N A  (se e  F ig . 3 1 .1 6 ) a re  

re m o v e d  b y  a  d if f e r e n t  m e c h a n is m .]

c. E f f e c t  o f  s p lic e  s i te  m u ta tio n s :  M u ta t io n s  a t  s p lic e  s i te s  c a n  le a d  to  

im p ro p e r  s p lic in g  a n d  th e  p r o d u c t io n  o f  a b e r r a n t  p ro te in s .  I t  is  

e s t im a te d  th a t  a t  le a s t  2 0 %  o f  a l l  g e n e t ic  d is e a s e s  a re  a  r e s u l t  o f  

m u ta t io n s  th a t  a f f e c t  R N A  s p lic in g . F o r  e x a m p le , m u ta t io n s  th a t  c a u s e  

th e  in c o r re c t  s p lic in g  o f  P -g lo b in  m R N A  a re  r e s p o n s ib le  fo r  s o m e  

c a s e s  o f  p - th a la s s e m ia , a  d is e a s e  in  w h ic h  th e  p ro d u c t io n  o f  th e  p- 

g lo b in  p ro te in  is  d e fe c t iv e  (s e e  p . 3 8 ). S p lic e  s i te  m u ta t io n s  c a n  r e s u l t  

in  e x o n s  b e in g  s k ip p e d  ( re m o v e d )  o r  in t ro n s  re ta in e d . T h e y  c a n  a lso  

a c t iv a te  c ry p t ic  s p lic e  s ite s , w h ic h  a re  s i te s  th a t  c o n ta in  th e  5 ' o r  3 ' 

c o n s e n s u s  s e q u e n c e  b u t  a re  n o t  n o rm a lly  u se d .

4 . A lte rn a t iv e  s p lic in g : T h e  p re -m R N A  m o le c u le s  f ro m  > 9 0 %  o f  h u m a n  

g e n e s  c a n  b e  s p l ic e d  in  a l te rn a t iv e  w a y s  in  d if f e r e n t  t is s u e s .  B e c a u s e  th is  

p ro d u c e s  m u l t ip le  v a r ia t io n s  o f  th e  m R N A  a n d , th e re fo re ,  o f  its  p ro te in  

p ro d u c t  (F ig . 3 1 .1 9 ), i t  is  a  m e c h a n is m  fo r  p ro d u c in g  a  la rg e , d iv e r s e  s e t  

o f  p ro te in s  f ro m  a  l im i te d  s e t  o f  g e n e s . F o r  e x a m p le , th e  m R N A  fo r  

t r o p o m y o s in  (T M ), a n  a c t in  f i l a m e n t- b in d in g  p ro te in  o f  th e  c y to s k e le to n



(a n d  o f  th e  c o n tra c t i le  a p p a ra tu s  in  m u s c le  c e lls ) ,  u n d e rg o e s  e x te n s iv e  

t i s s u e - s p e c if ic  a l te rn a t iv e  s p lic in g  w i th  p r o d u c t io n  o f  m u l t ip le  is o fo rm s  

o f  th e  T M  p ro te in .

F ig u re  3 1 .1 9  A lte rn a t iv e  s p lic in g  p a t te rn s  in  e u k a ry o t ic  m e s s e n g e r  R N A  

(m R N A ). T h e  re m o v a l  ( s k ip p in g )  o f  e x o n  2 f ro m  th e  m R N A  in  p a n e l  B  re s u lts  

in  a  p ro te in  p ro d u c t  th a t  is  d if f e re n t  th a n  th e  o n e  m a d e  f ro m  th e  m R N A  in  p a n e l  

A .





VI. CHAPTER SUMMARY

T h re e  m a jo r  ty p e s  o f  R N A  p a r t ic ip a te  in  th e  p ro c e s s  o f  p ro te in  s y n th e s is :  

r ib o s o m a l R N A  ( rR N A ), t r a n s fe r  R N A  ( tR N A ), a n d  m e s s e n g e r  R N A  

(m R N A ), a s  s h o w n  in  F ig u re  3 1 .2 0 . T h e y  a re  u n b ra n c h e d  p o ly m e rs  o f  

n u c le o t id e s  b u t  d if fe r  f ro m  D N A  b y  c o n ta in in g  r ib o s e  in s te a d  o f  

d e o x y r ib o s e  a n d  u r a c i l  in s te a d  o f  th y m in e . rR N A  is  a  c o m p o n e n t  o f  th e  

r ib o s o m e s . tR N A  s e rv e s  a s  a n  a d a p to r  m o le c u le  th a t  c a r r ie s  a  s p e c if ic  

a m in o  a c id  to  th e  s ite  o f  p ro te in  s y n th e s is .  m R N A  (c o d in g  R N A ) c a r r ie s  

g e n e t ic  in fo rm a tio n  f ro m  D N A  fo r  u s e  in  p ro te in  s y n th e s is .  T h e  p ro c e s s  o f  

R N A  s y n th e s is  is  c a l le d  tr a n s c r ip tio n ,  a n d  th e  s u b s t r a te s  a re  r ib o n u c le o s id e  

tr ip h o s p h a te s .  T h e  e n z y m e  th a t  s y n th e s iz e s  R N A  is  RN A polym erase  
(RNA pol). In  p ro k a ry o tic  c e lls ,  th e  c o re  e n z y m e  h a s  f iv e  s u b u n its  (2  a ,  1 

p, 1 p ', a n d  1 Q ) a n d  p o s s e s s e s  5 '^ 3 '  polym erase  a c t iv i ty  n e e d e d  fo r  

tr a n s c r ip tio n .  T h e  c o re  e n z y m e  r e q u ire s  a n  a d d i t io n a l  s u b u n it ,  s ig m a  (a )  

fa c to r , to  r e c o g n iz e  th e  n u c le o t id e  s e q u e n c e  (p ro m o te r  r e g io n )  a t  th e  

b e g in n in g  o f  th e  D N A  to  b e  tr a n s c r ib e d . T h is  r e g io n  c o n ta in s  c o n s e n s u s  

s e q u e n c e s  th a t  a re  h ig h ly  c o n s e rv e d  a n d  in c lu d e  th e  - 1 0  P r ib n o w  b o x  a n d  

th e  - 3 5  s e q u e n c e . A n o th e r  p ro te in ,  rh o  (p ), is  r e q u i re d  fo r  te rm in a t io n  o f  

t r a n s c r ip t io n  o f  s o m e  g e n e s . T h e re  a re  th re e  d is t in c t  ty p e s  o f  RN A p o l  in  

th e  n u c le u s  o f  e u k a ry o t ic  c e lls .  R N A  p o l  I s y n th e s iz e s  th e  p re c u r s o r  o f  

rR N A  in  th e  n u c le o lu s .  In  th e  n u c le o p la s m , RN A p o l I I  s y n th e s iz e s  th e  

p re c u r s o r s  fo r  m R N A  a n d  s o m e  n o n c o d in g  R N A , a n d  RN A p o l III  

s y n th e s iz e s  th e  p re c u r s o r s  o f  tR N A  a n d  5S  rR N A . In  b o th  p ro k a ry o te s  a n d  

e u k a ry o te s ,  RN A p o l  d o e s  n o t  r e q u ire  a  p r im e r .  P ro o f re a d in g  in v o lv e s  th e  

polym erase  b a c k t r a c k in g  a n d  c le a v in g  th e  t r a n s c r ip t .  C o re  p ro m o te r s  fo r  

g e n e s  tr a n s c r ib e d  b y  RN A p o l II  c o n ta in  c is - a c tin g  c o n s e n s u s  s e q u e n c e s ,  

s u c h  as  th e  T A T A  (H o g n e s s )  b o x , w h ic h  s e rv e  a s  b in d in g  s ite s  fo r  t r a n s 

a c t in g  g e n e ra l  tr a n s c r ip t io n  fa c to rs . U p s t r e a m  o f  th e s e  a re  p ro x im a l  

r e g u la to ry  e le m e n ts ,  s u c h  a s  th e  C A A T  a n d  G C  b o x e s , a n d  d is ta l  r e g u la to ry  

e le m e n ts ,  s u c h  as  e n h a n c e rs .  S p e c if ic  t r a n s c r ip t io n  fa c to rs  ( tr a n s c r ip t io n a l  

a c t iv a to rs )  a n d  M e d ia to r  c o m p le x  b in d  th e s e  e le m e n ts  a n d  r e g u la te  th e  

f re q u e n c y  o f  t r a n s c r ip t io n  in i t ia t io n , th e  r e s p o n s e  to  s ig n a ls  s u c h  as  

h o rm o n e s , a n d  w h ic h  g e n e s  a re  e x p re s s e d  a t  a n y  g iv e n  tim e . E u k a ry o t ic  

t r a n s c r ip t io n  r e q u ire s  th a t  th e  c h ro m a tin  b e  r e la x e d  (d e c o n d e n s e d )  in  a



p ro c e s s  k n o w n  as  c h ro m a tin  re m o d e lin g .  A  p r im a ry  t r a n s c r ip t  is  a  l in e a r  

c o p y  o f  a  tr a n s c r ip t io n  u n it ,  th e  s e g m e n t  o f  D N A  b e tw e e n  s p e c if ic  

in i t ia t io n  a n d  te rm in a t io n  s e q u e n c e s .  T h e  p r im a ry  t r a n s c r ip ts  o f  b o th  

p ro k a ry o tic  a n d  e u k a ry o t ic  tR N A  a n d  rR N A  a re  p o s t t r a n s c r ip t io n a l ly  

m o d if ie d . T h e  rR N A  a re  s y n th e s iz e d  f ro m  lo n g  p re c u r s o r  m o le c u le s  c a l le d  

p re - rR N A . T h e s e  p re c u r s o r s  a re  c le a v e d  a n d  t r im m e d  b y  ribonucleases, 
p ro d u c in g  th e  th re e  la rg e s t  rR N A , a n d  b a s e s  a n d  s u g a rs  a re  m o d if ie d . 

E u k a ry o t ic  5S  rR N A  is  s y n th e s iz e d  b y  RN A p o l III  a n d  is  m o d if ie d  

s e p a ra te ly .  P ro k a ry o tic  a n d  e u k a ry o t ic  tR N A  a re  a lso  m a d e  f ro m  lo n g e r  

p re c u r s o r  m o le c u le s  (p re - tR N A ) . I f  p re s e n t ,  a n  in t ro n  is  r e m o v e d  b y  

nucleases, a n d  b o th  e n d s  o f  th e  m o le c u le  a re  t r im m e d  b y  ribonucleases. A  

3 '-C C A  s e q u e n c e  is  a d d e d , a n d  b a s e s  a t  s p e c if ic  p o s it io n s  a re  m o d if ie d . 

P ro k a ry o tic  m R N A  is  g e n e ra lly  id e n t ic a l  to  its  p r im a ry  t r a n s c r ip t ,  w h e re a s  

e u k a ry o t ic  p re -m R N A  is  e x te n s iv e ly  m o d if ie d  c o - a n d  

p o s t t r a n s c r ip t io n a l ly .  F o r  e x a m p le , a  7 -m e th y lg u a n o s in e  c a p  is  a t ta c h e d  to  

th e  5 '- e n d  o f  th e  m R N A  th ro u g h  a  5 ' ^ 5 '  l in k a g e . A  lo n g  p o ly -A  ta il ,  n o t  

t r a n s c r ib e d  f ro m  th e  D N A , is  a t ta c h e d  b y  polyadenyla te polym erase  to  th e  

3 '- e n d  o f  m o s t  m R N A . M o s t  e u k a ry o t ic  m R N A  a lso  c o n ta in s  in te rv e n in g  

s e q u e n c e s  ( in tro n s )  th a t  m u s t  b e  r e m o v e d  fo r  th e  m R N A  to  b e  fu n c t io n a l .  

T h e ir  re m o v a l,  a s  w e l l  as  th e  jo in in g  o f  e x p re s s e d  s e q u e n c e s  (e x o n s ) , 

r e q u ire s  a  s p l ic e o s o m e  c o m p o s e d  o f  s m a l l  n u c le a r  r ib o n u c le o p ro te in  

p a r t ic le s  ( “ s n u r p s ” ) th a t  m e d ia te  th e  p ro c e s s  o f  s p lic in g . E u k a ry o t ic  m R N A  

is  m o n o c is tro n ic ,  c o n ta in in g  in fo rm a tio n  f ro m  ju s t  o n e  g e n e , w h e re a s  

p ro k a ry o tic  m R N A  is  p o ly c is tro n ic .



F ig u re  3 1 .2 0  K e y  c o n c e p t  m a p  fo r  R N A  s tru c tu re  a n d  s y n th e s is .  rR N A  = 

r ib o s o m a l R N A ; tR N A  = tr a n s f e r  R N A ; m R N A  =  m e s s e n g e r  R N A .

Study Questions



Choose th e  O N E  b e s t  a n s w e r .

1 .1 . A n  8 -m o n th -o ld  m a le  w i th  s e v e re  a n e m ia  is  fo u n d  to  h a v e  P - th a la s se m ia . 

G e n e tic  a n a ly s is  s h o w s  th a t  o n e  o f  h is  p -g lo b in  g e n e s  h a s  a  m u ta t io n  th a t  

c re a te s  a  n e w  s p l ic e -a c c e p to r  s ite  19  n u c le o t id e s  u p s t r e a m  o f  th e  n o rm a l  

s p l ic e -a c c e p to r  s ite  o f  th e  f i r s t  in tro n . W h ic h  o f  th e  fo llo w in g  b e s t  

d e s c r ib e s  th e  n e w  m e s s e n g e r  R N A  m o le c u le  th a t  c a n  b e  p ro d u c e d  f ro m  

th is  m u ta n t  g e n e ?

A . E x o n  1 w i l l  b e  to o  sh o r t.

B . E x o n  1 w i l l  b e  to o  lo n g .

C . E x o n  2 w i l l  b e  to o  sh o r t.

D . E x o n  2 w i l l  b e  to o  lo n g .

E . E x o n  2 w il l  b e  m is s in g .

C o r r e c t  a n s w e r  = D . B e c a u s e  th e  m u ta t io n  c re a te s  a n  a d d i t io n a l  s p l ic e -a c c e p to r  

s ite  ( th e  3 '- e n d )  u p s tr e a m  o f  th e  n o rm a l  a c c e p to r  s ite  o f  in t ro n  1, th e  19  

n u c le o t id e s  th a t  a re  u s u a lly  fo u n d  a t  th e  3 '- e n d  o f  th e  e x c is e d  in t ro n  1 la r ia t  

c a n  r e m a in  b e h in d  a s  p a r t  o f  e x o n  2. T h e  p r e s e n c e  o f  th e s e  e x tra  n u c le o t id e s  in  

th e  c o d in g  r e g io n  o f  th e  m u ta n t  m e s s e n g e r  R N A  (m R N A )  m o le c u le  w i l l  

p r e v e n t  th e  r ib o s o m e  f ro m  tr a n s la t in g  th e  m e s s a g e  in to  a  n o rm a l  P -g lo b in  

p ro te in  m o le c u le .  T h o s e  m R N A  fo r  w h ic h  th e  n o rm a l  s p lic e  s ite  is  u s e d  to  

r e m o v e  th e  f i r s t  in t ro n  w i l l  b e  n o rm a l,  a n d  th e ir  t r a n s la t io n  w i l l  p ro d u c e  

n o rm a l  P -g lo b in  p ro te in .

1 .2 . A  4 -y e a r -o ld  c h i ld  w h o  e a s i ly  t i r e s  a n d  h a s  t ro u b le  w a lk in g  is  d ia g n o s e d  

w ith  D u c h e n n e  m u s c u la r  d y s tro p h y , a n  X - l in k e d  r e c e s s iv e  d is o rd e r . 

G e n e tic  a n a ly s is  s h o w s  th a t  th e  p a t ie n t ’s g e n e  fo r  th e  m u s c le  p ro te in  

d y s tro p h in  c o n ta in s  a  m u ta t io n  in  its  p ro m o te r  re g io n . O f  th e  c h o ic e s  

l is te d , w h ic h  w o u ld  b e  th e  m o s t  l ik e ly  e f f e c t  o f  th is  m u ta tio n ?

A . In i t ia t io n  o f  d y s tro p h in  t r a n s c r ip t io n  w i l l  b e  d e fe c tiv e .

B . T e rm in a t io n  o f  d y s tro p h in  tr a n s c r ip t io n  w i l l  b e  d e fe c tiv e .

C . C a p p in g  o f  d y s tro p h in  m e s s e n g e r  R N A  w il l  b e  d e fe c tiv e .

D . S p lic in g  o f  d y s tro p h in  m e s s e n g e r  R N A  w il l  b e  d e fe c tiv e .

E . T a il in g  o f  d y s tro p h in  m e s s e n g e r  R N A  w il l  b e  d e fe c tiv e .

C o r r e c t  a n s w e r  = A . M u ta t io n s  in  th e  p ro m o te r  ty p ic a l ly  p r e v e n t  f o rm a t io n  o f



th e  R N A  p o ly m e ra s e  II  t r a n s c r ip t io n  in i t ia t io n  c o m p le x , r e s u l t in g  in  a  d e c re a s e  

in  th e  in i t ia t io n  o f  m e s s e n g e r  R N A  (m R N A )  s y n th e s is .  A  d e f ic ie n c y  o f  

d y s tro p h in  m R N A  w il l  r e s u l t  in  a  d e f ic ie n c y  in  th e  p r o d u c t io n  o f  th e  

d y s tro p h in  p ro te in .  C a p p in g , s p lic in g , a n d  ta i l in g  d e fe c ts  a re  n o t  a  c o n s e q u e n c e  

o f  p ro m o te r  m u ta tio n s .  T h e y  c a n , h o w e v e r ,  r e s u l t  in  m R N A  w ith  d e c re a s e d  

s ta b i l i ty  ( c a p p in g  a n d  ta i l in g  d e fe c ts )  o r  a n  m R N A  in  w h ic h  e x o n s  h a v e  b e e n  

s k ip p e d  ( lo s t)  o r  in t ro n s  r e ta in e d  ( s p lic in g  d e fe c ts ) .

1 .3 . A  m u ta t io n  to  th is  s e q u e n c e  in  e u k a ry o t ic  m e s s e n g e r  R N A  (m R N A )  w il l

a f f e c t  th e  p ro c e s s  b y  w h ic h  th e  3 '- e n d  p o ly a d e n y la te  (p o ly -A )  ta i l  is  a d d e d

to  th e  m R N A .

A . A A U A A A

B . C A A T

C . C C A

D . G U . . .  A  . . .  A G

E . T A T A A A

C o r re c t  a n s w e r  = A . A n  e n d o n u c le a s e  c le a v e s  m R N A  ju s t  d o w n s tre a m  o f  th is  

p o ly a d e n y la t io n  s ig n a l ,  c re a tin g  a  n e w  3 '- e n d  to  w h ic h  p o ly a d e n y la te  

p o ly m e ra s e  a d d s  th e  p o ly -A  ta i l  u s in g  A T P  a s  th e  s u b s t r a te  in  a  te m p la te 

in d e p e n d e n t  p ro c e s s .  C A A T  a n d  T A T A A A  a re  s e q u e n c e s  fo u n d  in  p ro m o te r s  

fo r  R N A  p o ly m e ra s e  II. C C A  is  a d d e d  to  th e  3 '- e n d  o f  p r e - tr a n s f e r  R N A  b y  

n u c le o t id y l tr a n s fe ra s e .  G U . . . A . . . A G  d e n o te s  a n  in t ro n  in  e u k a ry o t ic  p re -  

m R N A .

1 .4 . T h is  p ro te in  fa c to r  id e n t if ie s  th e  p ro m o te r  o f  p ro te in - c o d in g  g e n e s  in  

e u k a ry o te s .

A . P r ib n o w  b o x

B . R h o

C . S ig m a

D . T F I ID

E . U 1

C o r re c t  a n s w e r  = D . T h e  g e n e ra l  tr a n s c r ip t io n  fa c to r  T F I ID  re c o g n iz e s  a n d  

b in d s  c o re  p ro m o te r  e le m e n ts  s u c h  as  th e  T A T A - lik e  b o x  in  e u k a ry o t ic  

p ro te in -c o d in g  g e n e s . T h e s e  g e n e s  a re  t r a n s c r ib e d  b y  R N A  p o ly m e ra s e  II. T h e



P r ib n o w  b o x  is  a  c is - a c tin g  e le m e n t  in  p ro k a ry o tic  p ro m o te rs .  R h o  is  in v o lv e d  

in  th e  te rm in a t io n  o f  p ro k a ry o tic  tr a n s c r ip tio n .  S ig m a  is  th e  s u b u n it  o f  

p ro k a ry o tic  R N A  p o ly m e ra s e  th a t  r e c o g n iz e s  a n d  b in d s  th e  p ro k a ry o tic  

p ro m o te r .  U 1  is  a  r ib o n u c le o p ro te in  in v o lv e d  in  s p lic in g  o f  e u k a ry o t ic  p re -  

m R N A .

1 .5 . W h a t  is  th e  s e q u e n c e  ( c o n v e n t io n a l ly  w r i t te n )  o f  th e  R N A  p ro d u c t  o f  th e  

D N A  te m p la te  s e q u e n c e , G A T C T A C , a lso  c o n v e n t io n a l ly  w r it te n ?

C o r r e c t  a n s w e r  = 5 '-G U A G A U C -3 '.  N u c le ic  a c id  s e q u e n c e s  a re  c o n v e n t io n a l ly  

w r i t te n  5 ' to  3 '. T h e  te m p la te  s t r a n d  (5 '-G A T C T A C -3 ')  is  u s e d  as  3 '-  

C A T C T A G -5 '.  T h e  R N A  p ro d u c t  is  c o m p le m e n ta ry  to  th e  te m p la te  s t r a n d  (a n d  

id e n t ic a l  to  th e  c o d in g  s tra n d ) ,  w ith  U  re p la c in g  T .
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Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

G e n e tic  in fo rm a tio n ,  s to re d  in  th e  c h ro m o s o m e s  a n d  t r a n s m it te d  to  d a u g h te r  

c e lls  th ro u g h  D N A  re p l ic a t io n , is  e x p re s s e d  th ro u g h  tr a n s c r ip t io n  to  R N A  a n d , 

in  th e  c a s e  o f  m e s s e n g e r  R N A  (m R N A ), s u b s e q u e n t  t r a n s la t io n  in to  p ro te in s  

(p o ly p e p tid e s )  as  s h o w n  in  F ig u re  3 2 .1 . [N o te : T h e  p ro te o m e  is  th e  c o m p le te  s e t  

o f  p ro te in s  e x p re s s e d  in  a  c e ll.]  T h e  p ro c e s s  o f  p ro te in  s y n th e s is  is  c a l le d  

t r a n s la t io n  b e c a u s e  th e  “ la n g u a g e ” o f  th e  n u c le o t id e  s e q u e n c e  o n  th e  m R N A  is  

t r a n s la te d  in to  th e  la n g u a g e  o f  a n  a m in o  a c id  s e q u e n c e . T ra n s la t io n  r e q u ire s  a  

g e n e t ic  c o d e , th ro u g h  w h ic h  th e  in fo rm a tio n  c o n ta in e d  in  th e  n u c le o t id e  

s e q u e n c e  is  e x p re s s e d  to  p ro d u c e  a  s p e c if ic  a m in o  a c id  s e q u e n c e . A n y  a l te ra t io n  

in  th e  n u c le o t id e  s e q u e n c e  m a y  r e s u l t  in  a n  in c o r re c t  a m in o  a c id  b e in g  in s e r te d  

in to  th e  p ro te in ,  p o te n t ia l ly  c a u s in g  d is e a s e  o r  e v e n  d e a th  o f  th e  o rg a n ism . 

N e w ly  m a d e  im m a tu re  (n a s c e n t)  p ro te in s  u n d e rg o  a  n u m b e r  o f  p ro c e s s e s  to  

a c h ie v e  th e ir  f u n c t io n a l  fo rm . T h e y  m u s t  fo ld  p ro p e r ly ,  a n d  m is fo ld in g  c a n  

r e s u l t  in  a g g re g a t io n  o r  d e g ra d a t io n  o f  th e  p ro te in .  M a n y  p ro te in s  a re  c o v a le n tly  

m o d if ie d  to  a l te r  th e ir  a c t iv i t ie s .  L a s tly , p ro te in s  a re  ta rg e te d  to  th e ir  f in a l  in tra -  

o r  e x tr a c e l lu la r  d e s tin a tio n s  b y  s ig n a ls  p r e s e n t  in  th e  p ro te in s  th e m s e lv e s .
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F ig u re  3 2 .1  P ro te in  s y n th e s is  o r  tr a n s la t io n . tR N A  = t r a n s fe r  R N A ; rR N A  = 

r ib o s o m a l R N A ; m R N A  = m e s s e n g e r  R N A ; U T R  = u n tr a n s la te d  re g io n .

II. THE GENETIC CODE

T h e  g e n e t ic  c o d e  is  a  “ d ic t io n a ry ” th a t  id e n tif ie s  th e  c o r re s p o n d e n c e  b e tw e e n  a  

s e q u e n c e  o f  n u c le o t id e  b a s e s  a n d  a  s e q u e n c e  o f  a m in o  a c id s . E a c h  in d iv id u a l  

“w o r d ” in  th e  c o d e  is  c o m p o s e d  o f  th re e  n u c le o tid e  b a s e s .  T h e s e  g e n e t ic  w o rd s  

a re  c a l le d  c o d o n s .

A. Codons
C o d o n s  a re  p r e s e n te d  in  th e  m R N A  la n g u a g e  o f  a d e n in e  (A ), g u a n in e  (G ), 

c y to s in e  (C ), a n d  u ra c i l  (U ). T h e ir  n u c le o tid e  s e q u e n c e s  a re  a lw a y s  w r i t te n  

f ro m  th e  5 '- e n d  to  th e  3 '-e n d . T h e  fo u r  n u c le o t id e  b a s e s  a re  u s e d  to  p ro d u c e  

th e  th re e -b a s e  c o d o n s . T h e re fo re ,  6 4  d if f e r e n t  c o m b in a t io n s  o f  b a s e s  e x is t , 

ta k e n  th re e  a t  a  t im e  (a  t r ip le t  c o d e ) , a s  s h o w n  in  th e  ta b le  in  F ig u re  3 2 .2 .

5-BASE
MIDDLE BASE

G
3-BASE

0
These four 
rows show 
16 amino 
acids whose 
codons 
begin (5') 
with A.

0 This column 
shows 16 
amino acids 
whose codons 
have the middle 
base U.

Phe Ser Tyr Cys
Phe Ser Tyr Cys
Leu Ser Stop Stop
Leu Ser Stop Trp

G

□ The codon AUG designates 
methionine (Met).

Leu
Leu
Leu

Pro
Pro
Pro

His
His
Gin

Arg
Arg
Arg

U
C
A

G i< î= A
0

These four, 
separated 
rows showLeu Pro Gin Arg

lie Thr Asn Ser U | 16 amino

lie Thr Asn Ser c codons end
lie Thr Lys Arg A (3') with G.

M et Thr Lys Arg G! < t <
ValU< Ala Asp G ly U

Val V\ Ala Asp G ly c
Val \ \  Ala Glu G ly A
Val \ \ A l a Glu G ly Gl< î= ^

F ig u re  3 2 .2  U se  o f  th e  g e n e t ic  c o d e  ta b le  to  t r a n s la te  th e  c o d o n  A U G . A  = 

a d e n in e ; G  =  g u a n in e ; C  =  c y to s in e ; U  =  u ra c i l .  T h e  th re e - le t te r  a b b re v ia t io n s  fo r



m a n y  c o m m o n  a m in o  a c id s  a re  s h o w n  as  e x a m p le s .

1. H o w  to  t r a n s la te  a  c o d o n : T h is  ta b le  c a n  b e  u s e d  to  tr a n s la te  a n y  c o d o n  

a n d , th u s , to  d e te rm in e  w h ic h  a m in o  a c id s  a re  c o d e d  fo r  b y  a n  m R N A  

s e q u e n c e . F o r  e x a m p le , th e  c o d o n  A U G  c o d e s  fo r  m e th io n in e  ( [M e t]  s e e  

F ig . 3 2 .2 ). [N o te : A U G  is  th e  in i t ia t io n  ( s ta r t)  c o d o n  fo r  t r a n s la t io n .]  

S ix ty -o n e  o f  th e  6 4  c o d o n s  c o d e  fo r  th e  2 0  s ta n d a rd  a m in o  a c id s  (s e e  p . 

1).

2. T e rm in a t io n  c o d o n s : T h re e  o f  th e  c o d o n s , U A A , U A G , a n d  U G A , d o  n o t  

c o d e  fo r  a m in o  a c id s  b u t, r a th e r ,  a re  te rm in a t io n  (a lso  c a l le d  s to p , o r  

n o n s e n s e )  c o d o n s . W h e n  o n e  o f  th e s e  c o d o n s  a p p e a rs  in  a n  m R N A  

s e q u e n c e , s y n th e s is  o f  th e  p o ly p e p tid e  c o d e d  fo r  b y  th a t  m R N A  s to p s .

B. Characteristics
U s a g e  o f  th e  g e n e t ic  c o d e  is  r e m a rk a b ly  c o n s is te n t  th ro u g h o u t  a l l  l iv in g  

o rg a n is m s . I t  is  a s s u m e d  th a t  o n c e  th e  s ta n d a rd  g e n e t ic  c o d e  e v o lv e d  in  

p r im it iv e  o rg a n is m s , a n y  m u ta t io n  (a  p e rm a n e n t  c h a n g e  in  D N A  s e q u e n c e )  

th a t  a l te re d  its  m e a n in g  w o u ld  h a v e  c a u s e d  th e  a l te ra t io n  o f  m o s t,  i f  n o t  a ll, 

p ro te in  s e q u e n c e s ,  r e s u l t in g  in  le th a l i ty .  C h a ra c te r is t ic s  o f  th e  g e n e t ic  c o d e  

in c lu d e  th e  fo llo w in g .

1. S p e c if ic i ty :  T h e  g e n e t ic  c o d e  is  s p e c if ic  (u n a m b ig u o u s ) ,  b e c a u s e  a  

p a r t ic u la r  c o d o n  a lw a y s  c o d e s  fo r  th e  s a m e  a m in o  a c id .

2. U n iv e rs a li ty :  T h e  g e n e t ic  c o d e  is  v ir tu a l ly  u n iv e r s a l  in s o fa r  a s  its  

s p e c if ic i ty  h a s  b e e n  c o n s e rv e d  f ro m  v e ry  e a r ly  s ta g e s  o f  e v o lu tio n , w ith  

o n ly  s l ig h t  d if f e re n c e s  in  th e  m a n n e r  in  w h ic h  th e  c o d e  is  tr a n s la te d . 

[N o te : A n  e x c e p tio n  o c c u rs  in  m ito c h o n d r ia ,  in  w h ic h  a  fe w  c o d o n s  h a v e  

m e a n in g s  d if f e r e n t  th a n  th o s e  s h o w n  in  F ig u re  3 2 .2 . F o r  e x a m p le , U G A  

c o d e s  fo r  t r y p to p h a n  (T rp ) .]

3. D e g e n e ra c y : T h e  g e n e t ic  c o d e  is  d e g e n e ra te  ( s o m e t im e s  c a l le d  

r e d u n d a n t) .  A lth o u g h  e a c h  c o d o n  c o r re s p o n d s  to  a  s in g le  a m in o  a c id , a  

g iv e n  a m in o  a c id  m a y  h a v e  m o re  th a n  o n e  t r ip le t  c o d in g  fo r  it. F o r  

e x a m p le , a rg in in e  (A rg )  is  s p e c if ie d  b y  s ix  d if f e r e n t  c o d o n s  ( s e e  F ig . 

3 2 .2 ). O n ly  M e t a n d  T rp  h a v e  ju s t  o n e  c o d in g  tr ip le t .

4 . N o n o v e r la p p in g  a n d  c o m m a le s s :  T h e  g e n e t ic  c o d e  is  n o n o v e r la p p in g  a n d  

c o m m a le s s ,  m e a n in g  th a t  th e  c o d e  is  r e a d  f ro m  a  f ix e d  s ta r t in g  p o in t  a s  a



c o n t in u o u s  s e q u e n c e  o f  b a s e s ,  ta k e n  th re e  a t  a  t im e  w i th o u t  a n y  

p u n c tu a t io n  b e tw e e n  c o d o n s . F o r  e x a m p le , A G C U G G A U A C A U  is  re a d  

as  A G C  U G G  A U A  C A U .

C. Consequences of altering the nucleotide sequence
C h a n g in g  a  s in g le  n u c le o t id e  b a s e  (a  p o in t  m u ta t io n )  in  th e  c o d in g  re g io n  o f  

a n  m R N A  c a n  le a d  to  a n y  o n e  o f  th re e  r e s u l ts  (F ig . 3 2 .3 ).



F ig u re  3 2 .3  P o s s ib le  e f fe c ts  o f  c h a n g in g  a  s in g le  n u c le o t id e  b a s e  in  th e  c o d in g  

re g io n  o f  a  m e s s e n g e r  R N A . A  = a d e n in e ;  C  = c y to s in e ;  U  = u ra c il .



1. S ile n t  m u ta tio n :  T h e  c o d o n  c o n ta in in g  th e  c h a n g e d  b a s e  m a y  c o d e  fo r  th e  

s a m e  a m in o  a c id . F o r  e x a m p le , i f  th e  s e r in e  (S e r)  c o d o n  U C A  is  c h a n g e d  

a t  th e  th i rd  b a s e  a n d  b e c o m e s  U C U , i t  s t i l l  c o d e s  fo r  S e r. T h is  is  te rm e d  a  

s i le n t  m u ta tio n .

2. M is s e n s e  m u ta tio n : T h e  c o d o n  c o n ta in in g  th e  c h a n g e d  b a s e  m a y  c o d e  fo r  

a  d if f e r e n t  a m in o  a c id . F o r  e x a m p le , i f  th e  S e r  c o d o n  U C A  is  c h a n g e d  a t 

th e  f i r s t  b a s e  a n d  b e c o m e s  C C A , i t  w i l l  c o d e  fo r  a  d if f e r e n t  a m in o  a c id  

( in  th is  c a se , p ro l in e  [P ro ]) . T h is  is  te rm e d  a  m is s e n s e  m u ta tio n .

3. N o n s e n s e  m u ta tio n : T h e  c o d o n  c o n ta in in g  th e  c h a n g e d  b a s e  m a y  b e c o m e  

a  te rm in a t io n  c o d o n . F o r  e x a m p le , i f  th e  S e r  c o d o n  U C A  is  c h a n g e d  a t 

th e  s e c o n d  b a s e  a n d  b e c o m e s  U A A , th e  n e w  c o d o n  c a u s e s  p re m a tu re  

te rm in a t io n  o f  t r a n s la t io n  a t  th a t  p o in t  a n d  th e  p r o d u c t io n  o f  a  s h o r te n e d  

( t ru n c a te d )  p ro te in .  T h is  is  te rm e d  a  n o n s e n s e  m u ta tio n . [N o te : T h e  

n o n s e n s e -m e d ia te d  d e g ra d a t io n  p a th w a y  c a n  d e g ra d e  m R N A  c o n ta in in g  

p re m a tu re  s to p s .]

4 . O th e r  m u ta tio n s :  T h e s e  c a n  a l te r  th e  a m o u n t  o r  s t ru c tu re  o f  th e  p ro te in  

p ro d u c e d  b y  t ra n s la t io n .

a. T r in u c le o t id e  r e p e a t  e x p a n s io n : O c c a s io n a lly ,  a  s e q u e n c e  o f  th re e  b a s e s  

th a t  is  r e p e a te d  in  ta n d e m  w il l  b e c o m e  a m p lif ie d  in  n u m b e r  so  th a t  to o  

m a n y  c o p ie s  o f  th e  t r ip le t  o c c u r . I f  th is  h a p p e n s  w i th in  th e  c o d in g  

re g io n  o f  a  g e n e , th e  p ro te in  w i l l  c o n ta in  m a n y  e x tra  c o p ie s  o f  o n e  

a m in o  a c id . F o r  e x a m p le , e x p a n s io n  o f  th e  C A G  c o d o n  in  e x o n  1 o f  

th e  g e n e  fo r  h u n tin g t in  p ro te in  le a d s  to  th e  in s e r t io n  o f  m a n y  e x tra  

g lu ta m in e  r e s id u e s  in  th e  p ro te in ,  c a u s in g  th e  n e u ro d e g e n e ra t iv e  

d is o rd e r  H u n tin g to n  d is e a s e  (F ig . 3 2 .4 ). T h e  a d d i t io n a l  g lu ta m in e s  

r e s u l t  in  a n  a b n o rm a lly  lo n g  p ro te in  th a t  is  c le a v e d , p ro d u c in g  to x ic  

f ra g m e n ts  th a t  a g g re g a te  in  n e u ro n s . I f  th e  tr in u c le o t id e  r e p e a t  

e x p a n s io n  o c c u rs  in  a n  u n tr a n s la te d  r e g io n  (U T R )  o f  a  g e n e , th e  r e s u l t  

c a n  b e  a  d e c re a s e  in  th e  a m o u n t  o f  p ro te in  p ro d u c e d , as  s e e n  in  f ra g ile  

X  s y n d ro m e  a n d  m y o to n ic  d y s tro p h y . O v e r  2 0  t r ip le t  e x p a n s io n  

d is e a s e s  a re  k n o w n . [N o te : In  f ra g ile  X  s y n d ro m e , th e  m o s t  c o m m o n  

c a u s e  o f  in te l le c tu a l  d is a b i l i ty  in  m a le s ,  th e  e x p a n s io n  r e s u lts  in  g e n e  

s i le n c in g  th ro u g h  D N A  h y p e rm e th y la t io n  ( s e e  p . 4 7 6 ) .]
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F ig u re  3 2 .4  T a n d e m  tr ip le t  r e p e a ts  in  m e s s e n g e r  R N A  (m R N A )  c a u s in g  

H u n tin g to n  d is e a s e  a n d  o th e r  t r ip le t  e x p a n s io n  d is e a se s .  [N o te : In  u n a f fe c te d  

in d iv id u a ls ,  th e  n u m b e r  o f  re p e a ts  in  th e  h u n tin g t in  p ro te in  is  < 2 7 ; in  f ra g ile  X  

m e n ta l  r e ta rd a t io n  p ro te in ,  i t  is  5 - 4 4 ;  a n d  in  m yotonic dystrophy protein  kinase, 
i t  is  5 - 3 4 .]  U T R  = u n tr a n s la te d  re g io n ; A  = a d e n in e ;  C  = c y to s in e ;  G  = g u a n in e ; 

U  = u ra c il;  Q  = s in g le - le t te r  a b b re v ia t io n  fo r  g lu ta m in e .

b . S p lic e  s i te  m u ta tio n s :  M u ta t io n s  a t  s p lic e  s ite s  ( s e e  p . 4 4 3 )  c a n  a l te r  th e  

w a y  in  w h ic h  in t ro n s  a re  r e m o v e d  f ro m  p re -m R N A  m o le c u le s ,  

p ro d u c in g  a b e r r a n t  p ro te in s .  [N o te : In  m y o to n ic  d y s tro p h y , a  m u s c le  

d is o rd e r ,  g e n e  s i le n c in g  is  th e  r e s u l t  o f  s p lic in g  a l te ra t io n s  d u e  to  

t r ip le t  e x p a n s io n .]

c. F r a m e s h i f t  m u ta tio n s :  I f  o n e  o r  tw o  n u c le o t id e s  a re  e i th e r  d e le te d  f ro m  

o r  a d d e d  to  th e  c o d in g  re g io n  o f  a n  m R N A , a  f r a m e s h if t  m u ta t io n  

o c c u rs , a l te r in g  th e  r e a d in g  f ra m e . T h is  c a n  r e s u l t  in  a  p ro d u c t  w i th  a  

ra d ic a lly  d if f e r e n t  a m in o  a c id  s e q u e n c e  o r  a  t r u n c a te d  p ro d u c t  d u e  to  

th e  e v e n tu a l  c re a t io n  o f  a  te rm in a t io n  c o d o n  (F ig . 3 2 .5 ). I f  th re e  

n u c le o t id e s  a re  a d d e d , a  n e w  a m in o  a c id  is  a d d e d  to  th e  p e p t id e . I f  

th re e  a re  d e le te d , a n  a m in o  a c id  is  lo s t .  L o s s  o f  th re e  n u c le o t id e s  

m a in ta in s  th e  re a d in g  f ra m e  b u t  c a n  r e s u l t  in  s e r io u s  p a th o lo g y . F o r  

e x a m p le , c y s tic  f ib ro s is  (C F ), a  c h ro n ic ,  p ro g re s s iv e ,  in h e r i te d  d is e a s e  

th a t  p r im a r i ly  a f fe c ts  th e  p u lm o n a ry  a n d  d ig e s t iv e  s y s te m s , is  m o s t  

c o m m o n ly  c a u s e d  b y  d e le t io n  o f  th re e  n u c le o t id e s  f ro m  th e  c o d in g  

re g io n  o f  a  g e n e , r e s u lt in g  in  th e  lo s s  o f  p h e n y la la n in e  (P h e , o r  F ; s e e  

p . 5) a t  th e  5 0 8 th  p o s i t io n  (A F 5 0 8 )  in  th e  C F  tr a n s m e m b ra n e  

c o n d u c ta n c e  r e g u la to r  (C F T R )  p ro te in  e n c o d e d  b y  th a t  g e n e . T h is  

A F 5 0 8  m u ta t io n  p re v e n ts  n o rm a l  fo ld in g  o f  C F T R , le a d in g  to  its  

d e s tru c t io n  b y  th e  p ro te a s o m e  (s e e  p . 2 4 7 ) . C F T R  n o rm a lly  fu n c t io n s  

as  a  c h lo r id e  c h a n n e l  in  e p i th e l ia l  c e l ls ,  a n d  its  lo s s  r e s u l ts  in  th e  

p ro d u c t io n  o f  th ic k , s t ic k y  s e c re t io n s  in  th e  lu n g s  a n d  p a n c re a s ,  

le a d in g  to  lu n g  d a m a g e  a n d  d ig e s t iv e  d e f ic ie n c ie s  ( s e e  p . 1 7 4 ). T h e  

in c id e n c e  o f  C F  is  h ig h e s t  (1  in  3 ,3 0 0 )  in  th o s e  o f  N o r th e rn  E u ro p e a n  

o r ig in . In  > 7 0 %  o f  in d iv id u a ls  w ith  C F , th e  A F 5 0 8  m u ta t io n  is  th e  

c a u s e  o f  th e  d is e a se .



F ig u re  3 2 .5  F ra m e s h i f t  m u ta t io n s  a s  a  r e s u l t  o f  a d d i t io n  o r  d e le t io n  o f  a  b a s e  c a n  

c a u s e  a n  a l te ra t io n  in  th e  r e a d in g  f ra m e  o f  m R N A . A  = a d e n in e ; C  = c y to s in e ;  G



g u a n in e ; U  = u ra c il .

III. COMPONENTS REQUIRED FOR 
TRANSLATION

A  la rg e  n u m b e r  o f  c o m p o n e n ts  a re  r e q u ire d  fo r  th e  s y n th e s is  o f  a  p ro te in .  T h e s e  

in c lu d e  a l l  th e  a m in o  a c id s  th a t  a re  fo u n d  in  th e  f in is h e d  p ro d u c t ,  th e  m R N A  to  

b e  t r a n s la te d , t r a n s fe r  R N A  ( tR N A ) fo r  e a c h  o f  th e  a m in o  a c id s , fu n c t io n a l  

r ib o s o m e s , e n e rg y  s o u rc e s ,  a n d  e n z y m e s  as  w e l l  as  n o n c a ta ly t ic  p ro te in  fa c to rs  

n e e d e d  fo r  th e  in i t ia t io n , e lo n g a tio n , a n d  te rm in a t io n  s te p s  o f  p o ly p e p tid e  c h a in  

s y n th e s is .

A. Amino acids
A ll  th e  a m in o  a c id s  th a t  e v e n tu a l ly  a p p e a r  in  th e  f in is h e d  p ro te in  m u s t  b e  

p r e s e n t  a t  th e  t im e  o f  p ro te in  s y n th e s is .  I f  o n e  a m in o  a c id  is  m is s in g , 

t r a n s la t io n  s to p s  a t  th e  c o d o n  s p e c ify in g  th a t  a m in o  a c id . [N o te : T h is  

d e m o n s tra te s  th e  im p o r ta n c e  o f  h a v in g  a l l  th e  e s s e n t ia l  a m in o  a c id s  (s e e  p . 

2 6 2 )  in  s u f f ic ie n t  q u a n t i t ie s  in  th e  d ie t  to  in s u re  c o n t in u e d  p ro te in  

s y n th e s is .]

B. Transfer RNA
A t le a s t  o n e  s p e c if ic  ty p e  o f  tR N A  is  re q u ire d  fo r  e a c h  a m in o  a c id . In  

h u m a n s , th e re  a re  a t  le a s t  5 0  s p e c ie s  o f  tR N A , w h e re a s  b a c te r ia  c o n ta in  a t 

le a s t  3 0  s p e c ie s .  B e c a u s e  th e re  a re  o n ly  2 0  d if f e r e n t  a m in o  a c id s  c o m m o n ly  

c a r r ie d  b y  tR N A , s o m e  a m in o  a c id s  h a v e  m o re  th a n  o n e  s p e c if ic  tR N A  

m o le c u le .  T h is  is  p a r t ic u la r ly  tru e  o f  th o s e  a m in o  a c id s  th a t  a re  c o d e d  fo r  

b y  s e v e ra l  c o d o n s .

1. A m in o  a c id  a t ta c h m e n t  s ite : E a c h  tR N A  m o le c u le  h a s  a n  a t ta c h m e n t  s ite  

fo r  a  s p e c if ic  ( c o g n a te )  a m in o  a c id  a t  its  3 '- e n d  (F ig . 3 2 .6 ). T h e  c a rb o x y l  

g ro u p  o f  th e  a m in o  a c id  is  in  a n  e s te r  l in k a g e  w i th  th e  3 '- h y d ro x y l  o f  th e  

r ib o s e  p o r t io n  o f  th e  A  n u c le o t id e  in  th e  - C C A  s e q u e n c e  a t  th e  3 '- e n d  o f  

th e  tR N A . [N o te : A  tR N A  w ith  a  c o v a le n t ly  a t ta c h e d  (a c t iv a te d )  a m in o



a c id  is  c h a rg e d . W i th o u t  a n  a t ta c h e d  a m in o  a c id , i t  is  u n c h a rg e d .]
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F ig u re  3 2 .6  C o m p le m e n ta ry ,  a n t ip a ra l le l  b in d in g  o f  th e  a n t ic o d o n  fo r  m e th io n y l-  

tR N A  (C A U ) to  th e  m e s s e n g e r  R N A  (m R N A )  c o d o n  fo r  m e th io n in e  (A U G ), th e  

in i t ia t io n  c o d o n  fo r  t r a n s la t io n .

2. A n tic o d o n : E a c h  tR N A  m o le c u le  a lso  c o n ta in s  a  th re e -b a s e  n u c le o t id e  

s e q u e n c e , th e  a n t ic o d o n , w h ic h  p a ir s  w i th  a  s p e c if ic  c o d o n  o n  th e  m R N A  

(se e  F ig . 3 2 .6 ). T h is  c o d o n  s p e c if ie s  th e  in s e r t io n  in to  th e  g ro w in g  

p o ly p e p tid e  c h a in  o f  th e  a m in o  a c id  c a r r ie d  b y  th a t  tR N A .

C. Aminoacyl-tRNA synthetases
T h is  f a m ily  o f  2 0  d if f e r e n t  e n z y m e s  is  r e q u i re d  fo r  a t ta c h m e n t  o f  a m in o  

a c id s  to  th e ir  c o r re s p o n d in g  tR N A . E a c h  m e m b e r  o f  th is  fa m ily  re c o g n iz e s  

a  s p e c if ic  a m in o  a c id  a n d  a l l  th e  tR N A  th a t  c o r re s p o n d  to  th a t  a m in o  a c id  

( is o a c c e p tin g  tR N A , u p  to  f iv e  p e r  a m in o  a c id ) . A m inoacyl-tR N A  

synthetases  c a ta ly z e  a  tw o -s te p  r e a c t io n  th a t  r e s u lts  in  th e  c o v a le n t  

a t ta c h m e n t  o f  th e  a - c a r b o x y l  g ro u p  o f  a n  a m in o  a c id  to  th e  A  in  th e  - C C A  

s e q u e n c e  a t  th e  3 '- e n d  o f  its  c o r re s p o n d in g  tR N A . T h e  o v e ra l l  r e a c t io n  

r e q u ire s  A T P , w h ic h  is  c le a v e d  to  a d e n o s in e  m o n o p h o s p h a te  a n d  in o rg a n ic  

p y ro p h o s p h a te  (P P j), a s  s h o w n  in  F ig u re  3 2 .7 . T h e  e x tr e m e  s p e c if ic i ty  o f  

th e  synthetases  in  re c o g n iz in g  b o th  th e  a m in o  a c id  a n d  its  c o g n a te  tR N A  

c o n tr ib u te s  to  th e  h ig h  f id e li ty  o f  t r a n s la t io n  o f  th e  g e n e t ic  m e s s a g e . In  

a d d i t io n  to  th e ir  s y n th e t ic  a c t iv i ty ,  th e  am inoacyl-tR N A synthetases  h a v e  a  

p ro o f re a d in g ,  o r  e d i t in g  a c t iv i ty  th a t  c a n  r e m o v e  a n  in c o r re c t  a m in o  a c id  

f ro m  th e  e n z y m e  o r  th e  tR N A  m o le c u le .
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F ig u re  3 2 .7  A t ta c h m e n t  o f  a  s p e c if ic  a m in o  a c id  to  i ts  c o r re s p o n d in g  t r a n s fe r  

R N A  ( tR N A ) b y  a n  am inoacyl-tR N A synthetase. P P j = p y ro p h o s p h a te ;  Pj = 

in o rg a n ic  p h o s p h a te ;  A  = a d e n in e ; C  = c y to s in e ;  A M P  = a d e n o s in e  

m o n o p h o s p h a te ;  ~  = h ig h -e n e rg y  b o n d .

D. Messenger RNA
T h e  s p e c if ic  m R N A  re q u ire d  a s  a  te m p la te  fo r  th e  s y n th e s is  o f  th e  d e s ire d  

p o ly p e p tid e  m u s t  b e  p re s e n t .  [N o te : In  e u k a ry o te s ,  m R N A  is  c i r c u la r iz e d  

fo r  u s e  in  t r a n s la t io n .]

E. Functionally competent ribosomes
A s  s h o w n  in  F ig u re  3 2 .8 , r ib o s o m e s  a re  la rg e  c o m p le x e s  o f  p ro te in  a n d  

r ib o s o m a l R N A  (rR N A ), in  w h ic h  rR N A  p re d o m in a te s .  T h e y  c o n s is t  o f  tw o  

s u b u n its  (o n e  la rg e  a n d  o n e  s m a ll)  w h o s e  r e la t iv e  s iz e s  a re  g iv e n  in  te rm s  

o f  th e ir  s e d im e n ta t io n  c o e f f ic ie n ts ,  o r  S (S v e d b e rg )  v a lu e s .  [N o te : B e c a u s e  

th e  S v a lu e s  a re  d e te rm in e d  b y  b o th  s h a p e  a n d  s iz e , th e ir  n u m e r ic  v a lu e s  a re  

n o t  s tr ic t ly  a d d i tiv e .  F o r  e x a m p le , th e  p ro k a ry o tic  5 0 S  a n d  3 0 S  r ib o s o m a l 

s u b u n its  to g e th e r  fo rm  a  7 0 S  r ib o s o m e . T h e  e u k a ry o t ic  6 0 S  a n d  4 0 S  

s u b u n its  fo rm  a n  8 0 S  r ib o s o m e .]  P ro k a ry o tic  a n d  e u k a ry o t ic  r ib o s o m e s  a re  

s im ila r  in  s tru c tu re  a n d  s e rv e  th e  s a m e  fu n c t io n , n a m e ly , a s  th e  

m a c ro m o le c u la r  c o m p le x e s  in  w h ic h  th e  s y n th e s is  o f  p ro te in s  o c c u rs .
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F ig u re  3 2 .8  R ib o s o m a l c o m p o s i t io n .  [N o te : T h e  n u m b e r  o f  p ro te in s  in  th e  

e u k a ry o t ic  r ib o s o m a l s u b u n its  v a r ie s  s o m e w h a t  f ro m  s p e c ie s  to  s p e c ie s .]  S = 

S v e d b e rg  u n it .

T h e  s m a l l  r ib o s o m a l s u b u n it  b in d s  m R N A  a n d  d e te rm in e s  th e  a c c u ra c y  o f  

t r a n s la t io n  b y  in s u r in g  c o r r e c t  b a s e -p a ir in g  b e tw e e n  th e  m R N A  c o d o n  a n d  

th e  tR N A  a n tic o d o n . T h e  la rg e  r ib o s o m a l  s u b u n it  c a ta ly z e s  fo rm a t io n  o f  

th e  p e p t id e  b o n d s  th a t  l in k  a m in o  a c id  r e s id u e s  in  a  p ro te in .

1. R ib o s o m a l R N A : A s  d is c u s s e d  o n  p . 4 3 4 , p ro k a ry o tic  r ib o s o m e s  c o n ta in  

th re e  s iz e  s p e c ie s  o f  rR N A , w h e re a s  e u k a ry o t ic  r ib o s o m e s  c o n ta in  fo u r  

( s e e  F ig . 3 2 .8 ). T h e  rR N A  a re  g e n e ra te d  f ro m  a  s in g le  p r e - rR N A  b y  th e  

a c t io n  o f  ribonucleases, a n d  s o m e  b a s e s  a n d  r ib o s e s  a re  m o d if ie d .

2. R ib o s o m a l p ro te in s :  R ib o s o m a l p ro te in s  a re  p r e s e n t  in  g re a te r  n u m b e rs  

in  e u k a ry o t ic  r ib o s o m e s  th a n  in  p ro k a ry o tic  r ib o s o m e s . T h e s e  p ro te in s  

p la y  a  v a r ie ty  o f  ro le s  in  th e  s tru c tu re  a n d  fu n c t io n  o f  th e  r ib o s o m e  a n d  

its  in te ra c t io n s  w i th  o th e r  c o m p o n e n ts  o f  th e  t r a n s la t io n  sy s te m .

3. A , P , a n d  E  s ite s : T h e  r ib o s o m e  h a s  th re e  b in d in g  s ite s  fo r  tR N A  

m o le c u le s :  th e  A , P , a n d  E  s ite s , e a c h  o f  w h ic h  e x te n d s  o v e r  b o th  

s u b u n its .  T o g e th e r ,  th e y  c o v e r  th re e  n e ig h b o r in g  c o d o n s . D u r in g  

tra n s la t io n , th e  A  s ite  b in d s  a n  in c o m in g  a m in o a c y l- tR N A  as  d ir e c te d  b y  

th e  c o d o n  c u r re n t ly  o c c u p y in g  th is  s ite . T h is  c o d o n  s p e c if ie s  th e  n e x t  

a m in o  a c id  to  b e  a d d e d  to  th e  g ro w in g  p e p t id e  c h a in . T h e  P  s ite  is  

o c c u p ie d  b y  p e p t id y l- tR N A . T h is  tR N A  c a r r ie s  th e  c h a in  o f  a m in o  a c id s  

th a t  h a s  a lre a d y  b e e n  s y n th e s iz e d . T h e  E  s i te  is  o c c u p ie d  b y  th e  e m p ty  

tR N A  a s  i t  is  a b o u t  to  e x i t  th e  r ib o s o m e . (S e e  F ig . 3 2 .1 3  fo r  an  

i l lu s tr a t io n  o f  th e  ro le  o f  th e  A , P , a n d  E  s ite s  in  tr a n s la t io n .)

4 . C e l lu la r  lo c a tio n : In  e u k a ry o t ic  c e lls ,  th e  r ib o s o m e s  e i th e r  a re  f re e  in  th e  

c y to s o l  o r  a re  in  c lo s e  a s s o c ia t io n  w i th  th e  e n d o p la s m ic  r e t ic u lu m  (w h ic h  

is  th e n  k n o w n  as  th e  ro u g h  e n d o p la s m ic  r e t ic u lu m , o r  R E R ) . R E R - 

a s s o c ia te d  r ib o s o m e s  a re  r e s p o n s ib le  fo r  s y n th e s iz in g  p ro te in s  ( in c lu d in g  

g ly c o p ro te in s ;  s e e  p . 1 6 6 ) th a t  a re  to  b e  e x p o r te d  f ro m  th e  c e ll, 

in c o rp o ra te d  in to  m e m b ra n e s , o r  im p o r te d  in to  ly s o s o m e s  ( s e e  p . 1 6 9  fo r  

a n  o v e rv ie w  o f  th e  la t te r  p ro c e s s ) .  C y to s o l ic  r ib o s o m e s  s y n th e s iz e  

p ro te in s  r e q u ire d  in  th e  c y to s o l  i t s e l f  o r  d e s t in e d  fo r  th e  n u c le u s ,  

m ito c h o n d r ia ,  o r  p e ro x is o m e s .  [N o te : M ito c h o n d r ia  c o n ta in  th e ir  o w n



r ib o s o m e s  (5 5 S )  a n d  th e ir  o w n  u n iq u e , c i r c u la r  D N A . M o s t 

m i to c h o n d r ia l  p ro te in s ,  h o w e v e r ,  a re  e n c o d e d  b y  n u c le a r  D N A , 

s y n th e s iz e d  c o m p le te ly  in  th e  c y to so l ,  a n d  th e n  ta rg e te d  to  

m ito c h o n d r ia .]

F. Protein factors
In it ia t io n , e lo n g a tio n , a n d  te rm in a t io n  (o r, r e le a s e )  fa c to rs  a re  r e q u ire d  fo r  

p o ly p e p tid e  s y n th e s is .  S o m e  o f  th e s e  p ro te in  fa c to rs  p e r fo rm  a  c a ta ly t ic  

fu n c t io n , w h e re a s  o th e rs  a p p e a r  to  s ta b i l iz e  th e  s y n th e t ic  m a c h in e ry .  [N o te : 

A  n u m b e r  o f  th e  fa c to rs  a re  sm a ll,  c y to s o l ic  G  p ro te in s  a n d  th u s  a re  a c t iv e  

w h e n  b o u n d  to  g u a n o s in e  t r ip h o s p h a te  (G T P )  a n d  in a c t iv e  w h e n  b o u n d  to  

g u a n o s in e  d ip h o s p h a te  (G D P ). S e e  p . 9 5  fo r  a  d is c u s s io n  o f  th e  m e m b ra n e -  

a s s o c ia te d  G  p ro te in s .]

G. Energy sources
C le a v a g e  o f  fo u r  h ig h -e n e rg y  b o n d s  ( s e e  p . 7 3 ) is  r e q u i re d  fo r  th e  a d d i t io n  

o f  o n e  a m in o  a c id  to  th e  g ro w in g  p o ly p e p tid e  c h a in : tw o  f ro m  A T P  in  th e  

am inoacyl-tR N A synthetase  r e a c tio n , o n e  in  th e  r e m o v a l  o f  P P j a n d  o n e  in  

th e  s u b s e q u e n t  h y d ro ly s is  o f  th e  P P j, to  tw o  P j b y  pyrophosphatase, a n d  

tw o  f ro m  G T P , o n e  fo r  b in d in g  th e  a m in o a c y l- tR N A  to  th e  A  s i te  a n d  o n e  

fo r  th e  tr a n s lo c a t io n  s te p  (s e e  F ig . 3 2 .1 3 , p . 4 5 7 ) . [N o te : A d d i t io n a l  A T P  

a n d  G T P  m o le c u le s  a re  re q u ire d  fo r  in i t ia t io n  in  e u k a ry o te s ,  w h e re a s  a n  

a d d i t io n a l  G T P  m o le c u le  is  r e q u ire d  fo r  te rm in a t io n  in  b o th  e u k a ry o te s  a n d  

p ro k a ry o te s .]  T ra n s la t io n ,  th e n , is  a  m a jo r  c o n s u m e r  o f  e n e rg y .

IV. CODON RECOGNITION BY TRANSFER 
RNA

C o r re c t  p a i r in g  o f  th e  c o d o n  in  th e  m R N A  w ith  th e  a n t ic o d o n  o f  th e  tR N A  is  

e s s e n t ia l  fo r  a c c u ra te  t r a n s la t io n  (s e e  F ig . 3 2 .6 ). M o s t  tR N A  ( is o a c c e p tin g  

tR N A )  r e c o g n iz e  m o re  th a n  o n e  c o d o n  fo r  a  g iv e n  a m in o  a c id .



A. Antiparallel binding between codon and anticodon
B in d in g  o f  th e  tR N A  a n t ic o d o n  to  th e  m R N A  c o d o n  fo llo w s  th e  ru le s  o f  

c o m p le m e n ta ry  a n d  a n t ip a ra l le l  b in d in g , th a t  is , th e  m R N A  c o d o n  is  r e a d  

5 ' ^ 3 '  b y  a n  a n t ic o d o n  p a ir in g  in  th e  o p p o s i te  ( 3 ' ^ 5 ' )  o r ie n ta t io n  (F ig . 

3 2 .9 ). [N o te : N u c le o t id e  s e q u e n c e s  a re  a lw a y s  w r i t te n  in  th e  5 ' to  3 ' 

d ir e c t io n  u n le s s  o th e rw is e  n o te d . T w o  n u c le o t id e  s e q u e n c e s  o r ie n t  in  a n  

a n t ip a ra l le l  m a n n e r .]





F ig u re  3 2 .9  W o b b le :  N o n tra d i t io n a l  b a s e -p a ir in g  b e tw e e n  th e  5 '- n u c le o t id e  ( f ir s t  

n u c le o tid e )  o f  th e  a n t ic o d o n  a n d  th e  3 '- n u c le o t id e  ( la s t  n u c le o tid e )  o f  th e  c o d o n . 

H y p o x a n th in e  (H ) is  th e  p ro d u c t  o f  a d e n in e  d e a m in a t io n  a n d  th e  b a s e  in  th e  

n u c le o t id e  in o s in e  m o n o p h o s p h a te  ( IM P ). A  = a d e n in e ; G  = g u a n in e ; C  = 

c y to s in e ; U  = u ra c i l;  tR N A  = tr a n s f e r  R N A ; m R N A  = m e s s e n g e r  R N A .

B. Wobble hypothesis
T h e  m e c h a n is m  b y  w h ic h  a  tR N A  c a n  r e c o g n iz e  m o re  th a n  o n e  c o d o n  fo r  a  

s p e c if ic  a m in o  a c id  is  d e s c r ib e d  b y  th e  w o b b le  h y p o th e s is ,  w h ic h  s ta te s  th a t  

c o d o n - a n t ic o d o n  p a ir in g  fo llo w s  th e  t r a d i t io n a l  W a ts o n -C r ic k  ru le s  (G  

p a ir s  w ith  C  a n d  A  p a ir s  w i th  U )  fo r  th e  f i r s t  tw o  b a s e s  o f  th e  c o d o n  b u t  c a n  

b e  le s s  s t r in g e n t  fo r  th e  la s t  b a s e . T h e  b a s e  a t  th e  5 '- e n d  o f  th e  a n t ic o d o n  

( th e  f i r s t  b a s e  o f  th e  a n t ic o d o n )  is  n o t  a s  s p a tia l ly  d e f in e d  a s  th e  o th e r  tw o  

b a s e s .  M o v e m e n t  o f  th a t  f i r s t  b a s e  a l lo w s  n o n tr a d i t io n a l  b a s e -p a ir in g  w ith  

th e  3 '-b a s e  o f  th e  c o d o n  ( th e  la s t  b a s e  o f  th e  c o d o n ) .  T h is  m o v e m e n t  is  

c a l le d  w o b b le  a n d  a l lo w s  a  s in g le  tR N A  to  r e c o g n iz e  m o re  th a n  o n e  c o d o n . 

E x a m p le s  o f  th e s e  f le x ib le  p a i r in g s  a re  s h o w n  in  F ig u re  3 2 .9 . T h e  r e s u l t  o f  

w o b b le  is  th a t  61  tR N A  s p e c ie s  a re  n o t  r e q u ire d  to  r e a d  th e  61  c o d o n s  th a t  

c o d e  fo r  a m in o  a c id s .

V. STEPS IN TRANSLATION

T h e  p ro c e s s  o f  p ro te in  s y n th e s is  t r a n s la te s  th e  3 - le t te r  a lp h a b e t  o f  n u c le o t id e  

s e q u e n c e s  o n  m R N A  in to  th e  2 0 - le t te r  a lp h a b e t  o f  a m in o  a c id s  th a t  c o n s ti tu te  

p ro te in s .  T h e  m R N A  is  t r a n s la te d  f ro m  its  5 '- e n d  to  its  3 '- e n d , p ro d u c in g  a  

p ro te in  s y n th e s iz e d  f ro m  its  a m in o  (N )- te rm in a l  e n d  to  its  c a rb o x y l  (C ) - te rm in a l  

e n d . P ro k a ry o tic  m R N A  o f te n  h a v e  s e v e ra l  c o d in g  re g io n s  ( th a t  is , th e y  a re  

p o ly c is tro n ic ;  s e e  p . 4 3 4 ) . E a c h  c o d in g  r e g io n  h a s  its  o w n  in i t ia t io n  a n d  

te rm in a t io n  c o d o n  a n d  p ro d u c e s  a  s e p a ra te  s p e c ie s  o f  p o ly p e p tid e .  In  c o n tra s t ,  

e a c h  e u k a ry o t ic  m R N A  h a s  o n ly  o n e  c o d in g  r e g io n  ( th a t  is , i t  is  m o n o c is tro n ic ) .  

T h e  p ro c e s s  o f  t r a n s la t io n  is  d iv id e d  in to  th re e  s e p a ra te  s te p s : in i t ia t io n , 

e lo n g a tio n , a n d  te rm in a t io n .  E u k a ry o t ic  tr a n s la t io n  r e s e m b le s  th a t  o f  p ro k a ry o te s  

in  m o s t  a s p e c ts .  I n d iv id u a l  d if f e re n c e s  a re  n o te d  in  th e  te x t.



O n e  im p o r ta n t  d if f e re n c e  is  th a t  tr a n s la t io n  a n d  tr a n s c r ip t io n  a re  te m p o ra l ly  

l in k e d  in  p ro k a ry o te s ,  w i th  t r a n s la t io n  s ta r t in g  b e fo re  tr a n s c r ip t io n  is 

c o m p le te d  a s  a  c o n s e q u e n c e  o f  th e  la c k  o f  a  n u c le a r  m e m b ra n e  in  

p ro k a ry o te s .

A. Initiation
In i t ia t io n  o f  p ro te in  s y n th e s is  in v o lv e s  th e  a s s e m b ly  o f  th e  c o m p o n e n ts  o f  

th e  tr a n s la t io n  s y s te m  b e fo re  p e p t id e -b o n d  fo rm a t io n  o c c u rs . T h e s e  

c o m p o n e n ts  in c lu d e  th e  tw o  r ib o s o m a l s u b u n its ,  th e  m R N A  to  b e  

tr a n s la te d ,  th e  a m in o a c y l- tR N A  s p e c if ie d  b y  th e  f i r s t  c o d o n  in  th e  m e s s a g e , 

G T P , a n d  in i t ia t io n  fa c to rs  th a t  f a c i l i ta te  th e  a s s e m b ly  o f  th is  in i t ia t io n  

c o m p le x  (s e e  F ig . 3 2 .1 3 ). [N o te : In  p ro k a ry o te s ,  th re e  in i t ia t io n  fa c to rs  a re  

k n o w n  ( IF -1 , IF -2 , a n d  IF -3 ) , w h e re a s  in  e u k a ry o te s ,  th e re  a re  m a n y  

(d e s ig n a te d  e IF  to  in d ic a te  e u k a ry o t ic  o r ig in ) . E u k a ry o te s  a lso  re q u ire  A T P  

fo r  in i t ia t io n .]  T h e  fo llo w in g  a re  tw o  m e c h a n is m s  b y  w h ic h  th e  r ib o s o m e  

r e c o g n iz e s  th e  n u c le o tid e  s e q u e n c e  (A U G ) th a t  in i t ia te s  t r a n s la t io n .

1. S h in e -D a lg a rn o  s e q u e n c e : In  E s c h e r ic h ia  c o li  (E . c o l i ), a  p u r in e - r ic h  

s e q u e n c e  o f  n u c le o tid e  b a se s , k n o w n  a s  th e  S h in e -D a lg a rn o  (S D ) 

s e q u e n c e , is  lo c a te d  s ix  to  te n  b a s e s  u p s tr e a m  o f  th e  in i t ia t in g  A U G  

c o d o n  o n  th e  m R N A  m o le c u le  ( th a t  is , n e a r  its  5 '-e n d ) .  T h e  16S  rR N A  

c o m p o n e n t  o f  th e  s m a ll  (3 0 S )  r ib o s o m a l s u b u n it  h a s  a  n u c le o tid e  

s e q u e n c e  n e a r  its  3 '- e n d  th a t  is  c o m p le m e n ta ry  to  a l l  o r  p a r t  o f  th e  S D  

s e q u e n c e . T h e re fo re ,  th e  5 '- e n d  o f  th e  m R N A  a n d  th e  3 '- e n d  o f  th e  16S  

rR N A  c a n  fo rm  c o m p le m e n ta ry  b a se  p a ir s ,  f a c i l i ta t in g  th e  p o s i t io n in g  o f  

th e  3 0 S  s u b u n it  o n  th e  m R N A  in  c lo se  p ro x im ity  to  th e  in i t ia t in g  A U G  

c o d o n  (F ig . 3 2 .1 0 ).



F ig u re  3 2 .1 0  C o m p le m e n ta ry  b in d in g  b e tw e e n  p ro k a ry o tic  m R N A  S h in e -  

D a lg a rn o  s e q u e n c e  a n d  16S  rR N A . S = S v e d b e rg  u n it .

2. 5 '-C a p : E u k a ry o t ic  m R N A  d o  n o t  h a v e  S D  s e q u e n c e s .  In  e u k a ry o te s ,  th e

s m a l l  (4 0 S )  r ib o s o m a l  s u b u n it  ( a id e d  b y  m e m b e rs  o f  th e  e IF -4  fa m ily  o f  

p ro te in s )  b in d s  c lo se  to  th e  c a p  s tru c tu re  a t  th e  5 '- e n d  o f  th e  m R N A  a n d  

m o v e s  5 ' 3 ' a lo n g  th e  m R N A  u n ti l  i t  e n c o u n te r s  th e  in i t ia to r  A U G . T h is

s c a n n in g  p ro c e s s  r e q u ire s  A T P . C a p - in d e p e n d e n t  in i t ia t io n  c a n  o c c u r  if  

th e  4 0 S  s u b u n it  b in d s  to  a n  in te rn a l  r ib o s o m e  e n try  s ite  c lo s e  to  th e  s ta r t  

c o d o n . [N o te : In te ra c tio n s  b e tw e e n  th e  c a p -b in d in g  e IF -4  p ro te in s  a n d  

th e  p o ly -A  ta i l - b in d in g  p ro te in s  o n  e u k a ry o t ic  m R N A  m e d ia te  

c i r c u la r iz a t io n  o f  th e  m R N A  a n d  l ik e ly  p r e v e n t  th e  u s e  o f  in c o m p le te ly  

p ro c e s s e d  m R N A  in  t r a n s la t io n .]

3. In i t ia t io n  c o d o n : T h e  in i t ia t in g  A U G  is  r e c o g n iz e d  b y  a  s p e c ia l  in i t ia to r  

tR N A  (tR N A j) . R e c o g n it io n  is  f a c i l i ta te d  b y  IF -2 -G T P  in  p ro k a ry o te s

a n d  e IF -2 -G T P  (p lu s  a d d i t io n a l  e lF )  in  e u k a ry o te s .  T h e  c h a rg e d  tR N A j is  

th e  o n ly  tR N A  re c o g n iz e d  b y  (e ) IF -2  a n d  th e  o n ly  tR N A  to  g o  d ire c tly  to  

th e  P  s i te  o n  th e  s m a l l  s u b u n it .  [N o te : B a s e  m o d if ic a t io n s  d is t in g u is h  

tR N A j f ro m  th e  tR N A  u s e d  fo r  in te rn a l  A U G  c o d o n s .]  In  b a c te r ia  a n d  

m ito c h o n d r ia ,  tR N A j c a r r ie s  a n  N - fo rm y la te d  m e th io n in e  ( fM e t) , a s  

s h o w n  in  F ig u re  3 2 .1 1 . A f te r  M e t  is  a t ta c h e d  to  tR N A j, th e  fo rm y l g ro u p

is  a d d e d  b y  th e  e n z y m e  transform ylase, w h ic h  u s e s  N 10-fo rm y l 

te t r a h y d ro fo la te  (s e e  p . 2 6 7 )  a s  th e  c a rb o n  d o n o r . In  e u k a ry o te s ,  tR N A j 

c a r r ie s  a  M e t  th a t  is  n o t  fo rm y la te d . In  b o th  p ro k a ry o tic  a n d  e u k a ry o t ic  

c e lls , th is  N - te rm in a l  M e t  is  u s u a l ly  r e m o v e d  b e fo re  t r a n s la t io n  is  

c o m p le te d . T h e  la rg e  r ib o s o m a l  s u b u n it  th e n  jo in s  th e  c o m p le x , a n d  a  

fu n c t io n a l  r ib o s o m e  is  fo rm e d  w ith  th e  c h a rg e d  tR N A j in  th e  P  s ite . T h e  

A  s ite  is  e m p ty . [N o te : S p e c if ic  (e )IF  fu n c t io n  a s  a n t i - a s s o c ia t io n  fa c to rs  

a n d  p r e v e n t  p r e m a tu re  a d d i t io n  o f  th e  la rg e  s u b u n it .]  T h e  G T P  o n  (e ) IF -2  

g e ts  h y d ro ly z e d  to  G D P . In  e u k a ry o te s ,  th e  g u a n in e  n u c le o t id e  e x c h a n g e  

fa c to r  e IF -2 B  fa c i l i ta te s  th e  r e a c t iv a t io n  o f  e IF -2 -G D P  th ro u g h  

r e p la c e m e n t  o f  G D P  b y  G T P .





F ig u re  3 2 .1 1  G e n e ra t io n  o f  th e  in i t ia to r  N - fo rm y lm e th io n y l- t r a n s f e r  R N A  (fM e t-  

tR N A j) . T H F  = te tr a h y d ro fo la te ;  C  = c y to s in e ;  A  = a d e n in e .

B. Elongation
E lo n g a t io n  o f  th e  p o ly p e p tid e  in v o lv e s  th e  a d d i t io n  o f  a m in o  a c id s  to  th e  

c a rb o x y l  e n d  o f  th e  g ro w in g  c h a in . D e liv e ry  o f  th e  a m in o a c y l- tR N A  w h o s e  

c o d o n  a p p e a rs  n e x t  o n  th e  m R N A  te m p la te  in  th e  r ib o s o m a l A  s ite  (a  

p ro c e s s  k n o w n  a s  d e c o d in g )  is  f a c i l i ta te d  in  E . c o l i  b y  e lo n g a t io n  fa c to rs  

E F -T u -G T P  a n d  E F -T s  a n d  r e q u ire s  G T P  h y d ro ly s is .  [N o te : In  e u k a ry o te s ,  

c o m p a ra b le  e lo n g a t io n  fa c to rs  a re  E F -1 a -G T P  a n d  E F - 1 Py . B o th  E F -T s  a n d  

E F -1pY  fu n c t io n  in  g u a n in e  n u c le o t id e  e x c h a n g e .]  P e p t id e -b o n d  fo rm a t io n  

b e tw e e n  th e  a - c a r b o x y l  g ro u p  o f  th e  a m in o  a c id  in  th e  P  s ite  a n d  th e  a -  

a m in o  g ro u p  o f  th e  a m in o  a c id  in  th e  A  s i te  is  c a ta ly z e d  b y  

peptidyltransferase, a n  a c t iv i ty  in t r in s ic  to  a n  rR N A  o f  th e  la rg e  s u b u n it  

(F ig . 3 2 .1 2 ). [N o te : B e c a u s e  th is  rR N A  c a ta ly z e s  th e  re a c tio n , i t  is  a  

r ib o z y m e  (s e e  p . 5 4 ).]  A f te r  th e  p e p t id e  b o n d  h a s  b e e n  fo rm e d , th e  p e p t id e  

o n  th e  tR N A  a t  th e  P  s i te  is  t r a n s f e r r e d  to  th e  a m in o  a c id  o n  th e  tR N A  a t  th e  

A  s ite , a  p ro c e s s  k n o w n  as  t r a n s p e p t id a t io n .  T h e  r ib o s o m e  th e n  a d v a n c e s  

th re e  n u c le o t id e s  to w a rd  th e  3 '- e n d  o f  th e  m R N A . T h is  p ro c e s s  is  k n o w n  as  

t r a n s lo c a t io n  a n d , in  p ro k a ry o te s ,  r e q u ire s  th e  p a r t ic ip a t io n  o f  E F -G -G T P  

(e u k a ry o te s  u s e  E F -2 -G T P )  a n d  G T P  h y d ro ly s is .  T ra n s lo c a t io n  c a u s e s  

m o v e m e n t  o f  th e  u n c h a rg e d  tR N A  f ro m  th e  P  to  th e  E  s i te  fo r  re le a s e  a n d  

m o v e m e n t  o f  th e  p e p t id y l- tR N A  f ro m  th e  A  to  th e  P  s ite . T h e  p ro c e s s  is  

r e p e a te d  u n t i l  a  te rm in a t io n  c o d o n  is  e n c o u n te re d . [N o te : B e c a u s e  o f  th e  

le n g th  o f  m o s t  m R N A , m o re  th a n  o n e  r ib o s o m e  a t  a  t im e  c a n  tr a n s la te  a  

m e s s a g e . S u c h  a  c o m p le x  o f  o n e  m R N A  a n d  a  n u m b e r  o f  r ib o s o m e s  is  

c a l le d  a  p o ly s o m e , o r  p o ly r ib o s o m e .]



Peptide chain



F ig u re  3 2 .1 2  F o rm a t io n  o f  a  p e p t id e  b o n d . P e p t id e -b o n d  fo rm a t io n  r e s u l ts  in  

t r a n s fe r  o f  th e  p e p t id e  o n  th e  t r a n s fe r  R N A  ( tR N A ) in  th e  P  s i te  to  th e  a m in o  

a c id  o n  th e  tR N A  in  th e  A  s i te  ( tr a n s p e p t id a t io n ) .  m R N A  = m e s s e n g e r  R N A ; R ', 

R "  = d if f e r e n t  a m in o  a c id  s id e  c h a in s .

C. Termination
T e rm in a t io n  o c c u rs  w h e n  o n e  o f  th e  th re e  te rm in a t io n  c o d o n s  m o v e s  in to  

th e  A  s ite . T h e s e  c o d o n s  a re  r e c o g n iz e d  in  E . c o l i  b y  r e le a s e  fa c to rs :  R F -1 , 

w h ic h  r e c o g n iz e s  U A A  a n d  U A G , a n d  R F -2 , w h ic h  r e c o g n iz e s  U G A  a n d  

U A A . T h e  b in d in g  o f  th e s e  re le a s e  fa c to rs  r e s u lts  in  h y d ro ly s is  o f  th e  b o n d  

l in k in g  th e  p e p t id e  to  th e  tR N A  a t  th e  P  s ite , c a u s in g  th e  n a s c e n t  p ro te in  to  

b e  re le a s e d  f ro m  th e  r ib o s o m e . A  th i rd  r e le a s e  fa c to r , R F -3 -G T P , th e n  

c a u s e s  th e  r e le a s e  o f  R F -1  o r  R F -2  a s  G T P  is  h y d ro ly z e d  (s e e  F ig . 3 2 .1 3 ). 

[N o te : E u k a ry o te s  h a v e  a  s in g le  r e le a s e  fa c to r , e R F , w h ic h  r e c o g n iz e s  a ll  

th re e  te rm in a t io n  c o d o n s . A  s e c o n d  fa c to r , e R F -3 , fu n c t io n s  l ik e  th e  

p ro k a ry o tic  R F -3 . S e e  F ig u re  3 2 .1 4  fo r  a  s u m m a ry  o f  th e  fa c to rs  u s e d  in  

tr a n s la t io n .]  T h e  s te p s  in  p ro k a ry o tic  p ro te in  s y n th e s is ,  a s  w e ll  a s  s o m e  

a n t ib io t ic  in h ib i to r s  o f  th e  p ro c e s s ,  a re  s u m m a r iz e d  in  F ig u re  3 2 .1 3 . T h e  

n e w ly  s y n th e s iz e d  p o ly p e p tid e  m a y  u n d e rg o  fu r th e r  m o d if ic a t io n  as 

d e s c r ib e d  b e lo w , a n d  th e  r ib o s o m a l s u b u n its ,  m R N A , tR N A , a n d  p ro te in  

fa c to rs  c a n  b e  r e c y c le d  a n d  u s e d  to  s y n th e s iz e  a n o th e r  p o ly p e p tid e .  [N o te : 

In  p ro k a ry o te s ,  r ib o s o m e  re c y c l in g  fa c to rs  m e d ia te  s e p a ra t io n  o f  th e  

s u b u n its .  In  e u k a ry o te s ,  e R F  a n d  A T P  h y d ro ly s is  a re  re q u ire d .]



STREPTOMYCIN

binds to the 30S subunit and distorts 
its structure, interfering with the 
initiation of protein synthesis.

IN IT IA T IO N

GTP on IF-2 is hydrolyzed and 
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subunit arrives to form the 
70S initiation complex.
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brings the appropriate, charged 
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Peptidyltransferase, an activity of 
the 23S rRNA of the 50S subunit, 
catalyzes peptide-bond formation, 
transferring the initiating amino 
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from the P site to the amino acid 
at the A site (transpeptidation).
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bears a structural resemblance to aminoacyl-tRNA inhibits prokaryotic peptidyltransferase.

V and accepts a peptide from the P site, causing High levels may also inhibit mitochondrial

inhibition of elongation and resulting in premature protein synthesis.

termination in both prokaryotes and eukaryotes.



F ig u re  3 2 .1 3 (c o n tin u e d  o n  n e x t  p a g e )  S te p s  in  p ro k a ry o tic  p r o te in  s y n th e s is  

( t r a n s la t io n ) ,  a n d  th e ir  in h ib i t io n  b y  a n t ib io t ic s .  [N o te : E F -T s  is  a  g u a n in e  

n u c le o tid e  e x c h a n g e  fa c to r .  I t  f a c i l i ta te s  th e  r e m o v a l  o f  g u a n o s in e  d ip h o s p h a te  

(G D P )  f ro m  E F -T u , a l lo w in g  its  r e p la c e m e n t  b y  g u a n o s in e  t r ip h o s p h a te  (G T P ) . 

T h e  e u k a ry o t ic  e q u iv a le n t  is  E F -1 0 y J  fM e t  =  fo rm y la te d  m e th io n in e ;  S = 

S v e d b e rg  u n it ;  P h e  =  p h e n y la la n in e ;  L y s  =  ly s in e ; A rg  =  a rg in in e ;  tR N A  =



t r a n s fe r  R N A ; m R N A  = m e s s e n g e r  R N A .F ig u re  3 2 .1 3 (c o n tin u e d  f ro m  p re v io u s  

p a g e ) [N o te :  In  e u k a ry o te s ,  d ip h th e r ia  to x in  in a c t iv a te s  E F -2 , th e re b y  in h ib i t in g  

th e  tr a n s lo c a t io n  p h a s e  o f  e lo n g a tio n . R ic in , a  to x in  f ro m  c a s to r  b e a n s , re m o v e s  

a  s p e c if ic  A  f ro m  th e  2 8 S  r ib o s o m a l R N A  ( rR N A ) in  th e  la rg e  s u b u n it  o f  

e u k a ry o t ic  r ib o s o m e s , th e re b y  in h ib i t in g  r ib o s o m a l  fu n c t io n .]



Cell Factor Function

Initiation

P I F - 2 - G T P B r in g  c h a r g e d  in it ia t-

E e l F - 2 - G T P in g  tR N A  to  P  s i t e

P IF -3 P r e v e n t  a s s o c i a t i o n

E e l F - 3 o f  s u b u n i t s

Elongation

P
E

E F - T u - G T P

E F I a - G T P

B rin g  all o t h e r  

c h a r g e d  t R N A  to  

A  s i t e

P E F - T s G u a n i n e  n u c l e o t i d e

E E F - 1 p y e x c h a n g e  f a c t o r s

P
E

E F - G - G T P

E F - 2 - G T P
T r a n s l o c a t i o n

Termination

P R F - 1 , 2 R e c o g n i z e  s t o p

E e R F c o d o n s

P
E

R F - 3 - G T P

e R F - 3 - G T P
R e l e a s e  o f  o t h e r  R F



F ig u re  3 2 .1 4  P ro te in  fa c to rs  in  th e  th re e  s ta g e s  o f  tr a n s la t io n . = p ro k a ry o te s ;  = 

e u k a ry o te s ;  tR N A  = t r a n s fe r  R N A ; IF  = in i t ia t io n  fa c to r ;  E F  = e lo n g a t io n  fa c to r ; 

R F  = r e le a s e  fa c to r ;  G T P  = g u a n o s in e  t r ip h o s p h a te .

D. Translation regulation
G e n e  e x p re s s io n  is  m o s t  c o m m o n ly  r e g u la te d  a t  th e  t r a n s c r ip t io n a l  le v e l, 

b u t  t r a n s la t io n  m a y  a lso  b e  re g u la te d .  A n  im p o r ta n t  m e c h a n is m  b y  w h ic h  

th is  is  a c h ie v e d  in  e u k a ry o te s  is  b y  c o v a le n t  m o d if ic a t io n  o f  e IF -2 : 

P h o s p h o ry la te d  e IF -2  is  in a c t iv e  (s e e  p . 4 7 6 ) . In  b o th  e u k a ry o te s  a n d  

p ro k a ry o te s ,  r e g u la t io n  c a n  a lso  b e  a c h ie v e d  th ro u g h  p ro te in s  th a t  b in d  

m R N A  a n d  in h ib i t  its  u s e  b y  b lo c k in g  t ra n s la t io n .

E. Protein folding
P ro te in s  m u s t  fo ld  to  a s s u m e  th e ir  fu n c t io n a l ,  n a t iv e  s ta te . F o ld in g  c a n  b e  

s p o n ta n e o u s  (a s  a  r e s u l t  o f  th e  p r im a ry  s tru c tu re )  o r  f a c i l i ta te d  b y  p ro te in s  

k n o w n  a s  c h a p e ro n e s  (s e e  p . 2 0 ).

F. Protein targeting
A lth o u g h  m o s t  p ro te in  s y n th e s is  in  e u k a ry o te s  is  in i t ia te d  in  th e  c y to p la s m , 

m a n y  p ro te in s  p e r fo rm  th e ir  fu n c t io n s  w i th in  s u b c e l lu la r  o rg a n e l le s  o r  

o u ts id e  o f  th e  c e ll. S u c h  p ro te in s  n o rm a lly  c o n ta in  a m in o  a c id  s e q u e n c e s  

th a t  d ir e c t  th e  p ro te in s  to  th e ir  f in a l  lo c a tio n s .  F o r  e x a m p le , s e c re te d  

p ro te in s  a re  ta rg e te d  d u r in g  s y n th e s is  ( c o tra n s la t io n a l  ta rg e tin g )  to  th e  R E R  

b y  th e  p r e s e n c e  o f  a n  N - te rm in a l  h y d ro p h o b ic  s ig n a l  s e q u e n c e . T h e  

s e q u e n c e  is  r e c o g n iz e d  b y  th e  s ig n a l  r e c o g n i t io n  p a r t ic le  (S R P ), a  

r ib o n u c le o p ro te in  th a t  b in d s  th e  r ib o s o m e , h a l ts  e lo n g a tio n , a n d  d e l iv e rs  th e  

r ib o s o m e - p e p t id e  c o m p le x  to  a n  R E R  m e m b ra n e  c h a n n e l  ( th e  t r a n s lo c o n )  

v ia  in te r a c t io n  w i th  th e  S R P  re c e p to r .  T ra n s la t io n  re s u m e s , th e  p ro te in  

e n te rs  th e  R E R  lu m e n , a n d  its  s ig n a l  s e q u e n c e  is  c le a v e d  (F ig . 3 2 .1 5 ). T h e  

p ro te in  m o v e s  th ro u g h  th e  R E R  a n d  th e  G o lg i, is  p ro c e s s e d , p a c k a g e d  in to  

v e s ic le s ,  a n d  s e c re te d . P ro te in s  ta rg e te d  a f te r  s y n th e s is  (p o s ttr a n s la t io n a l)  

in c lu d e  n u c le a r  p ro te in s  th a t  c o n ta in  a n  in te rn a l ,  sh o r t ,  b a s ic  n u c le a r



lo c a l iz a t io n  s ig n a l;  m i to c h o n d r ia l  m a tr ix  p ro te in s  th a t  c o n ta in  a n  N - 

te rm in a l ,  a m p h ip a th ic ,  a - h e l ic a l  m i to c h o n d r ia l  e n try  s e q u e n c e ; a n d  

p e ro x is o m a l  p ro te in s  th a t  c o n ta in  a  C - te rm in a l  t r ip e p t id e  s ig n a l.

F ig u re  3 2 .1 5  C o tra n s la t io n a l  ta rg e t in g  o f  p ro te in s  to  th e  ro u g h  e n d o p la s m ic  

r e t ic u lu m  (R E R ) . S R P  =  s ig n a l  r e c o g n i t io n  p a r t ic le .

VI. CO- AND POSTTRANSLATIONAL 
MODIFICATIONS

M a n y  p o ly p e p tid e s  a re  c o v a le n t ly  m o d if ie d ,  e i th e r  w h ile  th e y  a re  s ti l l  a t ta c h e d  to  

th e  r ib o s o m e  (c o tra n s la t io n a l)  o r  a f te r  th e ir  s y n th e s is  h a s  b e e n  c o m p le te d  

(p o s ttr a n s la t io n a l) .  T h e s e  m o d if ic a t io n s  m a y  in c lu d e  r e m o v a l  o f  p a r t  o f  th e  

t r a n s la te d  s e q u e n c e  o r th e  c o v a le n t  a d d i t io n  o f  o n e  o r  m o re  c h e m ic a l  g ro u p s  

r e q u ire d  fo r  p ro te in  a c tiv ity .

A. Trimming
M a n y  p ro te in s  d e s t in e d  fo r  s e c re t io n  a re  in i t ia l ly  m a d e  a s  la rg e , p re c u r s o r  

m o le c u le s  th a t  a re  n o t  fu n c t io n a l ly  a c tiv e . P o r t io n s  o f  th e  p r o te in  m u s t  b e  

r e m o v e d  b y  s p e c ia l iz e d  endoproteases, r e s u l t in g  in  th e  r e le a s e  o f  a n  a c tiv e



m o le c u le .  T h e  c e l lu la r  s i te  o f  th e  c le a v a g e  r e a c t io n  d e p e n d s  o n  th e  p ro te in  

to  b e  m o d if ie d . S o m e  p re c u r s o r  p ro te in s  a re  c le a v e d  in  th e  R E R  o r  th e  

G o lg i; o th e rs  a re  c le a v e d  in  d e v e lo p in g  s e c re to ry  v e s ic le s  ( fo r  e x a m p le , 

in s u lin ; s e e  F ig . 2 3 .4 , p . 3 0 9 ); a n d  s t i l l  o th e rs ,  s u c h  as  c o l la g e n  (s e e  p . 4 7 ) , 

a re  c le a v e d  a f te r  s e c re t io n .

B. Covalent attachments
P ro te in  fu n c t io n  c a n  b e  a f f e c te d  b y  th e  c o v a le n t  a t ta c h m e n t  o f  a  v a r ie ty  o f  

c h e m ic a l  g ro u p s  (F ig . 3 2 .1 6 ). E x a m p le s  in c lu d e  th e  fo llo w in g .
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F ig u re  3 2 .1 6  (c o n t in u e d  o n  n e x t  p a g e )  C o v a le n t  m o d if ic a t io n  o f  s o m e  a m in o  

a c id  re s id u e s .

1. P h o sp h o ry la t io n :  P h o s p h o ry la t io n  o c c u rs  o n  th e  h y d ro x y l  g ro u p s  o f  

s e r in e , th re o n in e , o r, le s s  f r e q u e n tly ,  ty ro s in e  r e s id u e s  in  a  p ro te in .  I t  is  

c a ta ly z e d  b y  o n e  o f  a  f a m ily  o f  protein  kinases  a n d  m a y  b e  r e v e r s e d  b y  

th e  a c t io n  o f  protein  phosphatases. T h e  p h o s p h o ry la t io n  m a y  in c re a s e  o r  

d e c re a s e  th e  fu n c t io n a l  a c t iv i ty  o f  th e  p ro te in .  S e v e ra l  e x a m p le s  o f  

p h o s p h o ry la t io n  r e a c t io n s  h a v e  b e e n  p re v io u s ly  d is c u s s e d  ( fo r  e x a m p le , 

s e e  C h a p te r  1 1 , p . 1 3 2 , fo r  th e  r e g u la t io n  o f  g ly c o g e n  s y n th e s is  a n d  

d e g ra d a tio n ) .

2. G ly c o s y la tio n :  M a n y  o f  th e  p ro te in s  th a t  a re  d e s t in e d  to  b e c o m e  p a r t  o f  a  

m e m b ra n e  o r  to  b e  s e c re te d  f ro m  a  c e l l  h a v e  c a rb o h y d ra te  c h a in s  a d d e d  

e n  b lo c  to  th e  a m id e  n i t r o g e n  o f  a n  a s p a ra g in e  (N - l in k e d )  o r  b u i l t  

s e q u e n t ia l ly  o n  th e  h y d ro x y l  g ro u p s  o f  a  s e r in e , th re o n in e , o r  

h y d ro x y ly s in e  (O -l in k e d ) .  N -g ly c o s y la t io n  o c c u rs  in  th e  R E R  a n d  O - 

g ly c o s y la t io n  in  th e  G o lg i. (T h e  p ro c e s s  o f  p ro d u c in g  s u c h  g ly c o p ro te in s  

w a s  d is c u s s e d  o n  p . 1 6 5 .)  N -g ly c o s y la te d  acid  hydrolases  a re  ta rg e te d  to  

th e  m a tr ix  o f  ly s o s o m e s  b y  th e  p h o s p h o ry la t io n  o f  m a n n o s e  re s id u e s  a t  

c a rb o n  6 (s e e  p . 1 6 9 ).

3. H y d ro x y la t io n :  P ro l in e  a n d  ly s in e  r e s id u e s  o f  th e  a  c h a in s  o f  c o l la g e n  a re  

e x te n s iv e ly  h y d ro x y la te d  b y  v i ta m in  C - d e p e n d e n t  hydroxylases  in  th e  

R E R  (s e e  p . 4 7 ) .

4 . O th e r  c o v a le n t  m o d if ic a tio n s :  T h e s e  m a y  b e  r e q u ire d  fo r  th e  fu n c t io n a l  

a c t iv i ty  o f  a  p ro te in .  F o r  e x a m p le , a d d i t io n a l  c a rb o x y l  g ro u p s  c a n  b e  

a d d e d  to  g lu ta m a te  re s id u e s  b y  v i ta m in  K - d e p e n d e n t  c a rb o x y la t io n  (se e  

p . 3 9 3 ) . T h e  r e s u l t in g  Y -c a rb o x y g lu ta m a te  (G la )  r e s id u e s  a re  e s s e n t ia l  fo r  

th e  a c t iv i ty  o f  s e v e ra l  o f  th e  b lo o d -c lo t t in g  p ro te in s .  (S e e  o n lin e  C h a p te r  

3 5 .) B io t in  is  c o v a le n t ly  b o u n d  to  th e  e -a m in o  g ro u p s  o f  ly s in e  r e s id u e s  

o f  b io t in -d e p e n d e n t  e n z y m e s  th a t  c a ta ly z e  c a rb o x y la t io n  r e a c t io n s  s u c h  

as  pyruvate carboxylase  ( s e e  F ig . 1 0 .3  o n  p . 1 1 9 ). A t ta c h m e n t  o f  lip id s , 

s u c h  a s  f a rn e s y l  g ro u p s , c a n  h e lp  a n c h o r  p ro te in s  to  m e m b ra n e s  (s e e  p . 

2 2 1 ) . M a n y  e u k a ry o t ic  p ro te in s  a re  c o tr a n s la t io n a l ly  a c e ty la te d  a t  th e  N - 

e n d . [N o te : R e v e rs ib le  a c e ty la t io n  o f  h is to n e  p ro te in s  in f lu e n c e s  g e n e  

e x p re s s io n  ( s e e  p . 4 7 6 ) .]



C. Protein degradation
P ro te in s  th a t  a re  d e fe c t iv e  ( fo r  e x a m p le , m is fo ld e d )  o r  d e s t in e d  fo r  r a p id  

tu rn o v e r  a re  o f te n  m a rk e d  fo r  d e s tru c t io n  b y  u b iq u i t in a tio n ,  th e  c o v a le n t  

a t ta c h m e n t  o f  c h a in s  o f  a  sm a ll ,  h ig h ly  c o n s e rv e d  p ro te in  c a l le d  u b iq u i t in  

( s e e  F ig . 1 9 .3  o n  p . 2 4 7 ) . P ro te in s  m a rk e d  in  th is  w a y  a re  r a p id ly  d e g ra d e d  

b y  th e  p ro te a s o m e , w h ic h  is  a  m a c ro m o le c u la r ,  A T P -d e p e n d e n t ,  p ro te o ly t ic  

s y s te m  lo c a te d  in  th e  c y to so l .  F o r  e x a m p le , m is fo ld in g  o f  th e  C F T R  p ro te in  

( s e e  p . 4 5 0 )  r e s u lts  in  i ts  p ro te a s o m a l d e g ra d a tio n . [N o te : I f  fo ld in g  is  

im p e d e d , u n fo ld e d  p ro te in s  a c c u m u la te  in  th e  R E R  c a u s in g  s tre s s  th a t  

t r ig g e rs  th e  u n fo ld e d  p ro te in  r e s p o n s e , in  w h ic h  th e  e x p re s s io n  o f  

c h a p e ro n e s  is  in c re a s e d ; g lo b a l  t r a n s la t io n  is  d e c re a s e d  b y  e IF -2  

p h o s p h o ry la t io n ;  a n d  th e  u n fo ld e d  p ro te in s  a re  s e n t  to  th e  c y to so l , 

u b iq u i t in a te d ,  a n d  d e g ra d e d  in  th e  p ro te a s o m e  b y  a  p ro c e s s  c a l le d  E R - 

a s s o c ia te d  d e g ra d a tio n .]



VII. CHAPTER SUMMARY

C o d o n s  a re  c o m p o s e d  o f  th re e  n u c le o t id e  b a s e s  p re s e n te d  in  th e  m e s s e n g e r  

R N A  (m R N A )  la n g u a g e  o f  a d e n in e  (A ), g u a n in e  (G ), c y to s in e  (C ), a n d  

u ra c i l  (U ). T h e y  a re  a lw a y s  w r i t te n  5 ' ^ 3 ' .  O f  th e  6 4  p o s s ib le  th re e -b a s e  

c o m b in a t io n s ,  61  c o d e  fo r  th e  2 0  s ta n d a rd  a m in o  a c id s  a n d  3 s ig n a l  

te rm in a t io n  o f  p ro te in  s y n th e s is  ( tr a n s la t io n ) .  A lte r in g  th e  n u c le o t id e  

s e q u e n c e  in  a  c o d o n  c a n  c a u s e  s i le n t  m u ta t io n s  ( th e  a l te re d  c o d o n  c o d e s  fo r  

th e  o r ig in a l  a m in o  a c id ) , m is s e n s e  m u ta t io n s  ( th e  a l te re d  c o d o n  c o d e s  fo r  a  

d if f e re n t  a m in o  a c id ) , o r  n o n s e n s e  m u ta t io n s  ( th e  a l te re d  c o d o n  is  a  

te rm in a t io n  c o d o n ) . C h a ra c te r is t ic s  o f  th e  g e n e t ic  c o d e  in c lu d e  s p e c if ic i ty ,  

u n iv e r s a l i ty ,  a n d  d e g e n e ra c y , a n d  i t  is  n o n o v e r la p p in g  a n d  c o m m a le s s  (F ig . 

3 2 .1 7 ). R e q u ire m e n ts  fo r  p ro te in  s y n th e s is  in c lu d e  a l l  th e  a m in o  a c id s  th a t  

e v e n tu a lly  a p p e a r  in  th e  f in is h e d  p ro te in ;  a t  le a s t  o n e  s p e c if ic  ty p e  o f  

t r a n s fe r  R N A  ( tR N A )  fo r  e a c h  a m in o  a c id ; o n e  am inoacyl-tR N A  

synthetase  fo r  e a c h  a m in o  a c id ; th e  m R N A  c o d in g  fo r  th e  p ro te in  to  b e  

s y n th e s iz e d ;  fu lly  c o m p e te n t  r ib o s o m e s  (7 0 S  in  p ro k a ry o te s ,  8 0 S  in  

e u k a ry o te s ) ;  p ro te in  fa c to rs  n e e d e d  fo r  in i t ia t io n , e lo n g a tio n , a n d  

te rm in a t io n  o f  p ro te in  s y n th e s is ;  a n d  A T P  a n d  g u a n o s in e  tr ip h o s p h a te  

(G T P )  as  e n e rg y  s o u rc e s .  tR N A  h a s  a n  a t ta c h m e n t  s ite  fo r  a  s p e c if ic  a m in o  

a c id  a t  i ts  3 '- e n d  a n d  a n  a n t ic o d o n  re g io n  th a t  c a n  r e c o g n iz e  th e  c o d o n  

s p e c ify in g  th e  a m in o  a c id  th e  tR N A  is  c a r ry in g . R ib o s o m e s  a re  la rg e  

c o m p le x e s  o f  p ro te in  a n d  r ib o s o m a l R N A  ( rR N A ). T h e y  c o n s is t  o f  tw o  

s u b u n its ,  3 0 S  a n d  5 0 S  in  p ro k a ry o te s  a n d  4 0 S  a n d  6 0 S  in  e u k a ry o te s .  E a c h  

r ib o s o m e  h a s  th re e  b in d in g  s ite s  fo r  tR N A  m o le c u le s :  th e  A , P , a n d  E  s ite s  

th a t  c o v e r  th re e  n e ig h b o r in g  c o d o n s . T h e  A  s ite  b in d s  a n  in c o m in g  

a m in o a c y l- tR N A , th e  P  s i te  is  o c c u p ie d  b y  p e p t id y l- tR N A , a n d  th e  E  s ite  is  

o c c u p ie d  b y  th e  e m p ty  tR N A  a s  i t  is  a b o u t  to  e x i t  th e  r ib o s o m e . 

R e c o g n it io n  o f  a n  m R N A  c o d o n  is  a c c o m p lis h e d  b y  th e  tR N A  a n tic o d o n , 

w h ic h  b in d s  to  th e  c o d o n  fo l lo w in g  th e  ru le s  o f  c o m p le m e n ta r i ty  a n d  

a n t ip a ra l le l  b in d in g .  T h e  w o b b le  h y p o th e s is  s ta te s  th a t  th e  f i r s t  (5 ')  b a s e  o f  

th e  a n t ic o d o n  is  n o t  a s  s p a t ia l ly  d e f in e d  a s  th e  o th e r  tw o  b a s e s .  M o v e m e n t  

o f  th a t  f i r s t  b a s e  a l lo w s  n o n tr a d i t io n a l  b a s e -p a ir in g  w ith  th e  la s t  (3 ')  b a s e  o f  

th e  c o d o n , th u s  a l lo w in g  a  s in g le  tR N A  to  r e c o g n iz e  m o re  th a n  o n e  c o d o n  

fo r  a  s p e c if ic  a m in o  a c id . F o r  in i t ia t io n  o f  p ro te in  s y n th e s is ,  th e



c o m p o n e n ts  o f  th e  t r a n s la t io n  s y s te m  a re  a s s e m b le d , a n d  m R N A  a s s o c ia te s  

w ith  th e  s m a l l  r ib o s o m a l s u b u n it .  T h e  p ro c e s s  r e q u ire s  in i t ia t io n  fa c to rs  

(IF ) . In  p ro k a ry o te s ,  a  p u r in e - r ic h  r e g io n  o f  th e  m R N A  (th e  S h in e -D a lg a rn o  

s e q u e n c e )  b a s e -p a ir s  w ith  a  c o m p le m e n ta ry  s e q u e n c e  o n  16S  rR N A , 

r e s u lt in g  in  th e  p o s i t io n in g  o f  th e  s m a l l  s u b u n it  o n  th e  m R N A  so  th a t  

t r a n s la t io n  c a n  b e g in . T h e  5 '- c a p  (b o u n d  b y  p ro te in s  o f  th e  e IF -4  fa m ily )  o n  

e u k a ry o t ic  m R N A  is  u s e d  to  p o s i t io n  th e  s m a l l  s u b u n it  o n  th e  m R N A . T h e  

in i t ia t io n  c o d o n  is  A U G , a n d  N - fo rm y lm e th io n in e  is  th e  in i t ia t in g  a m in o  

a c id  in  p ro k a ry o te s ,  w h e re a s  m e th io n in e  is  u s e d  in  e u k a ry o te s .  T h e  c h a rg e d  

in i t ia t in g  tR N A  ( tR N A j)  is  b r o u g h t  to  th e  P  s i te  b y  (e ) IF -2 . In  e lo n g a tio n , 

th e  p o ly p e p tid e  c h a in  is  le n g th e n e d  b y  th e  a d d i t io n  o f  a m in o  a c id s  to  th e  

c a rb o x y l  e n d  o f  its  g ro w in g  c h a in . T h e  p ro c e s s  r e q u ire s  e lo n g a t io n  fa c to rs  

th a t  f a c i l i ta te  th e  b in d in g  o f  th e  a m in o a c y l- tR N A  to  th e  A  s ite  a s  w e ll  as 

th e  m o v e m e n t  o f  th e  r ib o s o m e  a lo n g  th e  m R N A . T h e  fo rm a t io n  o f  th e  

p e p t id e  b o n d  is  c a ta ly z e d  b y  peptidyltransferase, w h ic h  is  a n  a c t iv i ty  

in t r in s ic  to  th e  rR N A  o f  th e  la rg e  s u b u n it  a n d , th e re fo re ,  is  a  r ib o z y m e . 

F o l lo w in g  p e p t id e -b o n d  fo rm a tio n , th e  r ib o s o m e  a d v a n c e s  a lo n g  th e  

m R N A  in  th e  5 ' 3 ' d ir e c t io n  to  th e  n e x t  c o d o n  ( tra n s lo c a tio n ) .  B e c a u s e  o f

th e  le n g th  o f  m o s t  m R N A , m o re  th a n  o n e  r ib o s o m e  a t  a  t im e  c a n  tr a n s la te  a  

m e s s a g e , fo rm in g  a  p o ly s o m e . T e rm in a t io n  b e g in s  w h e n  o n e  o f  th e  th re e  

te rm in a t io n  c o d o n s  m o v e s  in to  th e  A  s ite . T h e s e  c o d o n s  a re  r e c o g n iz e d  b y  

re le a s e  fa c to rs . T h e  n e w ly  s y n th e s iz e d  p ro te in  is  r e le a s e d  f ro m  th e  

r ib o s o m a l c o m p le x , a n d  th e  r ib o s o m e  is  d is s o c ia te d  f ro m  th e  m R N A . 

In it ia t io n , e lo n g a tio n , a n d  te rm in a t io n  a re  d r iv e n  b y  th e  h y d ro ly s is  o f  G T P . 

In it ia t io n  in  e u k a ry o te s  a lso  r e q u ire s  A T P  fo r  s c a n n in g . N u m e ro u s  

a n t ib io t ic s  in te r f e re  w i th  th e  p ro c e s s  o f  p ro te in  s y n th e s is .  M a n y  

p o ly p e p tid e  c h a in s  a re  c o v a le n t ly  m o d if ie d  d u r in g  o r  a f te r  tr a n s la t io n . S u c h  

m o d if ic a t io n s  in c lu d e  a m in o  a c id  re m o v a l;  p h o s p h o ry la t io n ,  w h ic h  m a y  

a c t iv a te  o r  in a c t iv a te  th e  p ro te in ;  g ly c o s y la tio n , w h ic h  p la y s  a  ro le  in  

p ro te in  ta rg e tin g ;  a n d  h y d ro x y la t io n  s u c h  a s  th a t  s e e n  in  c o l la g e n . P ro te in  

ta rg e t in g  c a n  b e  e i th e r  c o tr a n s la t io n a l  (a s  w ith  s e c re te d  p ro te in s )  o r  

p o s t t r a n s la t io n a l  (a s  w i th  m i to c h o n d r ia l  m a tr ix  p ro te in s ) .  P ro te in s  m u s t  fo ld  

to  a c h ie v e  th e ir  fu n c t io n a l  fo rm . F o ld in g  c a n  b e  s p o n ta n e o u s  o r  fa c i l i ta te d  

b y  c h a p e ro n e s . P ro te in s  th a t  a re  d e fe c t iv e  ( fo r  e x a m p le , m is fo ld e d )  o r  

d e s tin e d  fo r  r a p id  tu rn o v e r  a re  m a rk e d  fo r  d e s tru c t io n  b y  th e  a t ta c h m e n t  o f  

c h a in s  o f  a  sm a ll ,  h ig h ly  c o n s e rv e d  p ro te in  c a l le d  u b iq u i t in .  U b iq u i t in a te d  

p ro te in s  a re  r a p id ly  d e g ra d e d  b y  a  c y to s o l ic  c o m p le x  k n o w n  as  th e  

p ro te a s o m e .
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F ig u re  3 2 .1 7  K e y  c o n c e p t  m a p  fo r  p ro te in  s y n th e s is .  m R N A  = m e s s e n g e r  R N A ; 

tR N A  = tr a n s f e r  R N A ; A  = a d e n in e ; G  = g u a n in e ; C  = c y to s in e ; U  =  u ra c il .

Study Questions



Choose th e  O N E  b e s t  a n s w e r .

2 .1 . A  2 0 -y e a r -o ld  m a n  w ith  a  m ic ro c y t ic  a n e m ia  is  fo u n d  to  h a v e  a n  a b n o rm a l  

fo rm  o f  P -g lo b in  (H e m o g lo b in  C o n s ta n t  S p r in g )  th a t  is  1 7 2  a m in o  a c id s  

lo n g , r a th e r  th a n  th e  1 41  fo u n d  in  th e  n o rm a l  p ro te in .  W h ic h  o f  th e  

fo llo w in g  p o in t  m u ta t io n s  is  c o n s is te n t  w ith  th is  a b n o rm a li ty ?  U s e  F ig u re  

3 2 .2  to  a n s w e r  th e  q u e s tio n .

A . C G A  U G A

B . G A U  G A C

C . G C A  G A A

D . U A A  C A A

D . U A A  U A G

C o r re c t  a n s w e r  = D . M u ta t in g  th e  n o rm a l  te rm in a t io n  (s to p )  c o d o n  f ro m  U A A  

to  C A A  in  P -g lo b in  m e s s e n g e r  R N A  c a u s e s  th e  r ib o s o m e  to  in s e r t  a  g lu ta m in e  

a t  th a t  p o in t .  I t  w i l l  c o n t in u e  e x te n d in g  th e  p ro te in  c h a in  u n t i l  i t  c o m e s  u p o n  

th e  n e x t  s to p  c o d o n  fa r th e r  d o w n  th e  m e s s a g e , r e s u l t in g  in  a n  a b n o rm a lly  lo n g  

p ro te in .  T h e  r e p la c e m e n t  o f  C G A  (a rg in in e )  w ith  U G A  (s to p )  w o u ld  c a u s e  th e  

p ro te in  to  b e  to o  sh o r t .  G A U  a n d  G A C  b o th  c o d e  fo r  a s p a r ta te  a n d  w o u ld  

c a u s e  n o  c h a n g e  in  th e  p ro te in .  C h a n g in g  G C A  (a la n in e )  to  G A A  (g lu ta m a te )  

w o u ld  n o t  c h a n g e  th e  s iz e  o f  th e  p ro te in  p ro d u c t .  A  c h a n g e  f ro m  U A A  to  U A G  

w o u ld  s im p ly  c h a n g e  o n e  te rm in a t io n  c o d o n  fo r  a n o th e r  a n d  w o u ld  h a v e  n o  

e f fe c t  o n  th e  p ro te in .

2 .2 . A  p h a rm a c e u t ic a l  c o m p a n y  is  s tu d y in g  a  n e w  a n t ib io t ic  th a t  in h ib its  

b a c te r ia l  p ro te in  s y n th e s is .  W h e n  th is  a n t ib io t ic  is  a d d e d  to  a n  in  v i t ro  

p ro te in  s y n th e s is  s y s te m  th a t  is  t r a n s la t in g  th e  m e s s e n g e r  R N A  s e q u e n c e  

A U G U U U U U U U A G , th e  o n ly  p ro d u c t  f o rm e d  is  th e  d ip e p tid e  fM e t-P h e . 

W h a t  s te p  in  p ro te in  s y n th e s is  is  m o s t  l ik e ly  in h ib i te d  b y  th e  a n t ib io t ic ?

A . In it ia t io n

B . B in d in g  o f  a  c h a rg e d  t r a n s fe r  R N A  to  th e  r ib o s o m a l A  s ite

C . P e p t id y l t ra n s fe ra s e  a c t iv i ty

D . R ib o s o m a l t r a n s lo c a t io n

E . T e rm in a t io n

C o r r e c t  a n s w e r  = D . B e c a u s e  fM e t-P h e  ( fo rm y la te d  m e th io n y l-p h e n y la la n in e )



is  m a d e , th e  r ib o s o m e s  m u s t  b e  a b le  to  c o m p le te  in i t ia t io n , b in d  P h e - tR N A  to  

th e  A  s ite , a n d  u s e  p e p t id y l t r a n s f e r a s e  a c t iv i ty  to  fo rm  th e  f i r s t  p e p t id e  b o n d . 

B e c a u s e  th e  r ib o s o m e  is  n o t  a b le  to  p ro c e e d  a n y  fu r th e r , r ib o s o m a l m o v e m e n t  

( tr a n s lo c a tio n )  is  m o s t  l ik e ly  th e  in h ib i te d  s te p . T h e re fo re ,  th e  r ib o s o m e  is  

s to p p e d  b e fo re  i t  r e a c h e s  th e  te rm in a t io n  c o d o n  o f  th is  m e s s a g e .

2 .3 . A  t r a n s fe r  R N A  ( tR N A ) m o le c u le  th a t  is  s u p p o s e d  to  c a r ry  c y s te in e  

( tR N A cys) is  m is c h a rg e d ,  so  th a t  i t  a c tu a lly  c a r r ie s  a la n in e  ( a la - tR N A cys). 

A s s u m in g  n o  c o r re c t io n  o c c u rs ,  w h a t  w i l l  b e  th e  fa te  o f  th is  a la n in e  r e s id u e  

d u r in g  p ro te in  s y n th e s is ?  I t  w ill:

A . b e  in c o rp o ra te d  in to  a  p ro te in  in  r e s p o n s e  to  a  c o d o n  fo r  a la n in e .

B . b e  in c o rp o ra te d  in to  a  p ro te in  in  r e s p o n s e  to  a  c o d o n  fo r  c y s te in e .

C . b e  in c o rp o ra te d  ra n d o m ly  a t  a n y  c o d o n .

D . r e m a in  a t ta c h e d  to  th e  tR N A  b e c a u s e  i t  c a n n o t  b e  u s e d  fo r  p ro te in  

s y n th e s is .

E . b e  c h e m ic a l ly  c o n v e r te d  to  c y s te in e  b y  c e l lu la r  e n z y m e s .

C o r r e c t  a n s w e r  = B . O n c e  a n  a m in o  a c id  is  a t ta c h e d  to  a  tR N A  m o le c u le ,  o n ly  

th e  a n t ic o d o n  o f  th a t  tR N A  d e te rm in e s  th e  s p e c if ic i ty  o f  in c o rp o ra tio n .  

T h e re fo re ,  th e  in c o r re c t ly  a c t iv a te d  a la n in e  w i l l  b e  in c o rp o ra te d  in to  th e  

p ro te in  a t  a  p o s i t io n  d e te rm in e d  b y  a  c y s te in e  c o d o n .

2 .4 . In  a  p a t ie n t  w ith  c y s tic  f ib ro s is  (C F )  c a u s e d  b y  th e  A F 5 0 8  m u ta tio n , th e  

m u ta n t  C F  tr a n s m e m b ra n e  c o n d u c ta n c e  r e g u la to r  (C F T R )  p ro te in  fo ld s  

in c o r re c tly .  T h e  p a t ie n t ’s c e l ls  m o d ify  th is  a b n o rm a l  p ro te in  b y  a t ta c h in g  

u b iq u i t in  m o le c u le s  to  it. W h a t  is  th e  fa te  o f  th is  m o d if ie d  C F T R  p ro te in ?

A . I t  p e r fo rm s  its  n o rm a l  fu n c t io n  b e c a u s e  th e  u b iq u i t in  la rg e ly  c o r re c ts  

fo r  th e  e f f e c t  o f  th e  m u ta tio n .

B . I t  is  d e g ra d e d  b y  th e  p ro te a s o m e .

C . I t  is  p la c e d  in to  s to ra g e  v e s ic le s .

D . I t  is  r e p a ir e d  b y  c e l lu la r  e n z y m e s .

E . I t  is  s e c re te d  f ro m  th e  c e ll.

C o r r e c t  a n s w e r  = B . U b iq u it in a t io n  u s u a lly  m a rk s  o ld , d a m a g e d , o r  m is fo ld e d  

p ro te in s  fo r  d e s tru c t io n  b y  th e  c y to s o l ic  p ro te a s o m e . T h e re  is  n o  k n o w n  

c e l lu la r  m e c h a n is m  fo r  r e p a ir  o f  d a m a g e d  p ro te in s .



2 .5 . M a n y  a n t im ic ro b ia ls  in h ib i t  tr a n s la t io n . W h ic h  o f  th e  fo llo w in g  

a n t im ic ro b ia ls  is  c o r re c tly  p a i r e d  w ith  its  m e c h a n is m  o f  a c tio n ?

A . E ry th ro m y c in  b in d s  to  th e  6 0 S  r ib o s o m a l su b u n it .

B . P u ro m y c in  in a c t iv a te s  e lo n g a t io n  fa c to r -2 .

C . S tr e p to m y c in  b in d s  to  th e  3 0 S  r ib o s o m a l su b u n it .

D . T e tr a c y c l in e s  in h ib i t  p e p t id y l t r a n s fe ra s e .

C o r r e c t  a n s w e r  = C . S tr e p to m y c in  b in d s  th e  3 0 S  s u b u n it  a n d  in h ib its  

t r a n s la t io n  in i t ia t io n . E ry th ro m y c in  b in d s  th e  5 0 S  r ib o s o m a l s u b u n it  (6 0 S  

d e n o te s  a  e u k a ry o te )  a n d  b lo c k s  th e  tu n n e l  th ro u g h  w h ic h  th e  p e p t id e  le a v e s  

th e  r ib o s o m e . P u ro m y c in  h a s  s t ru c tu ra l  s im ila r i ty  to  a m in o a c y l - t r a n s f e r  R N A . 

I t  is  in c o rp o ra te d  in to  th e  g ro w in g  c h a in , in h ib its  e lo n g a tio n , a n d  r e s u lts  in  

p re m a tu re  te rm in a t io n  in  b o th  p ro k a ry o te s  a n d  e u k a ry o te s .  T e tr a c y c l in e s  b in d  

th e  3 0 S  r ib o s o m a l s u b u n it  a n d  b lo c k  a c c e s s  to  th e  A  s ite , in h ib i t in g  e lo n g a tio n .

2 .6 . T ra n s la t io n  o f  a  s y n th e t ic  p o ly r ib o n u c le o t id e  c o n ta in in g  th e  r e p e a tin g  

s e q u e n c e  C A A  in  a  c e l l- f r e e  p ro te in - s y n th e s iz in g  s y s te m  p ro d u c e s  th re e  

h o m o p o ly p e p tid e s :  p o ly g lu ta m in e ,  p o ly a s p a ra g in e ,  a n d  p o ly th re o n in e .  I f  

th e  c o d o n s  fo r  g lu ta m in e  a n d  a s p a ra g in e  a re  C A A  a n d  A A C , r e s p e c t iv e ly , 

w h ic h  o f  th e  fo l lo w in g  tr ip le ts  is  th e  c o d o n  fo r  th re o n in e ?

A . A A C

B . A C  A

C . C A A

D . C A C

E . C C A

C o r re c t  a n s w e r  = B . T h e  s y n th e t ic  p o ly n u c le o t id e  s e q u e n c e  o f  

C A A C A A C A A C A A  . . .  c o u ld  b e  r e a d  b y  th e  in  v i t ro  p ro te in - s y n th e s iz in g  

s y s te m  s ta r t in g  a t  th e  f i r s t  C , th e  f i r s t  A , o r  th e  s e c o n d  A  ( th a t  is , in  a n y  o n e  o f  

th re e  r e a d in g  f ra m e s ) .  In  th e  f i r s t  c a se , th e  f i r s t  t r ip le t  c o d o n  w o u ld  b e  C A A , 

w h ic h  c o d e s  g lu ta m in e ;  in  th e  s e c o n d  c a se , th e  f i r s t  t r ip le t  c o d o n  w o u ld  b e  

A A C , w h ic h  c o d e s  fo r  a s p a ra g in e ;  in  th e  la s t  c a se , th e  f i r s t  t r ip le t  c o d o n  w o u ld  

b e  A C A , w h ic h  c o d e s  fo r  th re o n in e .

2 .7 . W h ic h  o f  th e  fo l lo w in g  is  r e q u ire d  fo r  b o th  p ro k a ry o tic  a n d  e u k a ry o t ic



p ro te in  s y n th e s is ?

A . B in d in g  o f  th e  s m a l l  r ib o s o m a l  s u b u n it  to  th e  S h in e -D a lg a rn o  s e q u e n c e

B . F o rm y la te d  m e th io n y l - t r a n s f e r  ( t)R N A

C . M o v e m e n t  o f  th e  m e s s e n g e r  R N A  o u t  o f  th e  n u c le u s  a n d  in to  th e  

c y to p la s m

D . R e c o g n it io n  o f  th e  5 '- c a p  b y  in i t ia t io n  fa c to rs

E . T ra n s lo c a t io n  o f  th e  p e p t id y l- tR N A  f ro m  th e  A  s ite  to  th e  P  s ite

C o r r e c t  a n s w e r  = E . In  b o th  p ro k a ry o te s  a n d  e u k a ry o te s ,  c o n t in u e d  t r a n s la t io n  

( e lo n g a tio n )  r e q u ire s  m o v e m e n t  o f  th e  p e p t id y l- tR N A  f ro m  th e  A  to  th e  P  s ite  

to  a l lo w  th e  n e x t  a m in o a c y l- tR N A  to  e n te r  th e  A  s ite . O n ly  p ro k a ry o te s  h a v e  a  

S h in e -D a lg a rn o  s e q u e n c e  a n d  u s e  fo rm y la te d  m e th io n in e  a n d  o n ly  e u k a ry o te s  

h a v e  a  n u c le u s  a n d  c o -  a n d  p o s t t r a n s c r ip t io n a l ly  p ro c e s s  th e ir  m R N A .

2 .8 . a 1 - A n t i t r y p s in  (A A T )  d e f ic ie n c y  c a n  r e s u l t  in  e m p h y s e m a , a  lu n g  

p a th o lo g y ,  b e c a u s e  th e  a c t io n  o f  e la s ta s e ,  a  s e r in e  p ro te a s e , is  u n o p p o s e d . 

D e f ic ie n c y  o f  A A T  in  th e  lu n g s  is  th e  c o n s e q u e n c e  o f  im p a ire d  s e c re t io n  

f ro m  th e  l iv e r , th e  s i te  o f  its  s y n th e s is .  P ro te in s  s u c h  a s  A A T  th a t  a re  

d e s tin e d  to  b e  s e c re te d  a re  b e s t  c h a ra c te r iz e d  b y  w h ic h  o f  th e  fo llo w in g  

s ta te m e n ts ?

A . T h e ir  s y n th e s is  is  in i t ia te d  o n  th e  s m o o th  e n d o p la s m ic  re t ic u lu m .

B . T h e y  c o n ta in  a  m a n n o s e  6 -p h o s p h a te  ta rg e t in g  s ig n a l.

C . T h e y  a lw a y s  c o n ta in  m e th io n in e  as  th e  N - te rm in a l  a m in o  a c id .

D . T h e y  a re  p ro d u c e d  f ro m  t r a n s la t io n  p ro d u c ts  th a t  h a v e  a n  N - te rm in a l  

h y d ro p h o b ic  s ig n a l  s e q u e n c e .

E . T h e y  c o n ta in  n o  s u g a rs  w i th  O -g ly c o s id ic  l in k a g e s  b e c a u s e  th e ir  

s y n th e s is  d o e s  n o t  in v o lv e  th e  G o lg i.

C o r r e c t  a n s w e r  = D . S y n th e s is  o f  s e c re te d  p ro te in s  is  b e g u n  o n  f re e  (c y to so l ic )  

r ib o s o m e s . A s  th e  N - te rm in a l  s ig n a l  s e q u e n c e  o f  th e  p e p t id e  e m e rg e s  f ro m  th e  

r ib o s o m e , i t  is  b o u n d  b y  th e  s ig n a l  r e c o g n i t io n  p a r t ic le ,  ta k e n  to  th e  ro u g h  

e n d o p la s m ic  r e t ic u lu m  (R E R ) , th r e a d e d  in to  th e  lu m e n , a n d  c le a v e d  as 

t r a n s la t io n  c o n tin u e s .  T h e  p ro te in s  m o v e  th ro u g h  th e  R E R  a n d  th e  G o lg i  a n d  

u n d e rg o  p ro c e s s in g  s u c h  a s  N - g ly c o s y la t io n  (R E R )  a n d  O -g ly c o s y la t io n  

(G o lg i) .  In  th e  G o lg i, th e y  a re  p a c k a g e d  in  s e c re to ry  v e s ic le s  a n d  re le a s e d  f ro m  

th e  c e ll. T h e  s m o o th  e n d o p la s m ic  r e t ic u lu m  is  a s s o c ia te d  w i th  s y n th e s is  o f



l ip id s , n o t  p ro te in s ,  a n d  h a s  n o  r ib o s o m e s  a t ta c h e d . P h o s p h o ry la t io n  a t  c a rb o n  

6 o f  te rm in a l  m a n n o s e  r e s id u e s  in  g ly c o p ro te in s  ta rg e ts  th e s e  p ro te in s  (a c id  

h y d ro la s e s )  to  ly s o s o m e s .  T h e  N - te rm in a l  m e th io n in e  is  r e m o v e d  f ro m  m o s t  

p ro te in s  d u r in g  p ro c e s s in g .

2 .9 . W h y  is  th e  g e n e t ic  c o d e  d e s c r ib e d  as  b o th  d e g e n e ra te  a n d  u n a m b ig u o u s ?

A  g iv e n  a m in o  a c id  c a n  b e  c o d e d  fo r  b y  m o re  th a n  o n e  c o d o n  (d e g e n e ra te  

c o d e ) , b u t  a  g iv e n  c o d o n  c o d e s  fo r  ju s t  o n e  p a r t ic u la r  a m in o  a c id  

(u n a m b ig u o u s  c o d e ) .



Regulation of Gene Expression 33

Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

G e n e  e x p re s s io n  r e fe r s  to  th e  m u l t is te p  p ro c e s s  th a t  u l t im a te ly  r e s u lts  in  th e  

p ro d u c t io n  o f  a  fu n c t io n a l  g e n e  p ro d u c t ,  e i th e r  r ib o n u c le ic  a c id  (R N A ) o r  

p ro te in .  T h e  f i r s t  s te p  in  g e n e  e x p re s s io n , th e  u s e  o f  d e o x y r ib o n u c le ic  a c id  

(D N A ) fo r  th e  s y n th e s is  o f  R N A  ( tra n s c r ip tio n ) ,  is  th e  p r im a ry  s ite  o f  r e g u la t io n  

in  b o th  p ro k a ry o te s  a n d  e u k a ry o te s .  In  e u k a ry o te s ,  h o w e v e r ,  g e n e  e x p re s s io n  

a lso  in v o lv e s  e x te n s iv e  p o s t t r a n s c r ip t io n a l  a n d  p o s t t r a n s la t io n a l  p ro c e s s e s  as  

w e ll  a s  a c t io n s  th a t  in f lu e n c e  a c c e s s  to  p a r t ic u la r  re g io n s  o f  th e  D N A . E a c h  o f  

th e s e  s te p s  c a n  b e  r e g u la te d  to  p ro v id e  a d d i t io n a l  c o n tro l  o v e r  th e  k in d s  a n d  

a m o u n ts  o f  fu n c t io n a l  p ro d u c ts  th a t  a re  p ro d u c e d .

N o t  a l l  g e n e s  a re  t ig h tly  re g u la te d . F o r  e x a m p le , g e n e s  d e s c r ib e d  as 

c o n s t i tu t iv e  e n c o d e  p ro d u c ts  r e q u ire d  fo r  b a s ic  c e l lu la r  fu n c t io n s  a n d  so  a re  

e x p re s s e d  a t  e s s e n tia l ly  a  c o n s ta n t  le v e l.  T h e y  a re  a lso  k n o w n  as  “ h o u s e k e e p in g ” 

g e n e s . R e g u la te d  g e n e s , h o w e v e r ,  a re  e x p re s s e d  o n ly  u n d e r  c e r ta in  c o n d itio n s .  

T h e y  m a y  b e  e x p re s s e d  in  a l l  c e l ls  o r  in  o n ly  a  s u b s e t  o f  c e lls ,  fo r  e x a m p le , 

h e p a to c y te s .  T h e  a b i l i ty  to  r e g u la te  g e n e  e x p re s s io n  ( th a t  is , to  d e te rm in e  if , h o w  

m u c h , a n d  w h e n  p a r t ic u la r  g e n e  p ro d u c ts  w i l l  b e  m a d e )  g iv e s  th e  c e l l  c o n tro l  

o v e r  s t ru c tu re  a n d  fu n c t io n . I t  is  th e  b a s is  fo r  c e l lu la r  d if fe re n tia t io n , 

m o rp h o g e n e s is ,  a n d  a d a p ta b i l i ty  o f  a n y  o rg a n is m . C o n tro l  o f  g e n e  e x p re s s io n  is  

b e s t  u n d e r s to o d  in  p ro k a ry o te s ,  b u t  m a n y  th e m e s  a re  r e p e a te d  in  e u k a ry o te s .  

F ig u re  3 3 .1  s h o w s  s o m e  o f  th e  s ite s  w h e re  g e n e  e x p re s s io n  c a n  b e  c o n tro lle d .



Prokaryotes For most genes, 
the main site 
of control is the 
transcription of 
DNA to RNA.

In eukaryotes, gene expression is 
also controlled at posttranscriptional 
and posttranslational processes.



F ig u re  3 3 .1  C o n tro l  o f  g e n e  e x p re s s io n . m R N A  = m e s s e n g e r  R N A .

II. REGULATORY SEQUENCES AND 
MOLECULES

R e g u la t io n  o f  tr a n s c r ip tio n ,  th e  in i t ia l  s te p  in  a l l  g e n e  e x p re s s io n , is  c o n tro lle d  

b y  r e g u la to ry  s e q u e n c e s  o f  D N A  th a t  a re  u s u a l ly  e m b e d d e d  in  th e  n o n c o d in g  

re g io n s  o f  th e  g e n o m e . T h e  in te r a c t io n  b e tw e e n  th e s e  D N A  s e q u e n c e s  a n d  

r e g u la to ry  m o le c u le s ,  s u c h  a s  tr a n s c r ip t io n  fa c to rs ,  c a n  in d u c e  o r  re p re s s  th e  

t r a n s c r ip t io n a l  m a c h in e ry ,  in f lu e n c in g  th e  k in d s  a n d  a m o u n ts  o f  p ro d u c ts  th a t  

a re  p ro d u c e d . T h e  r e g u la to ry  D N A  s e q u e n c e s  a re  c a l le d  c is - a c tin g  b e c a u s e  th e y  

in f lu e n c e  e x p re s s io n  o f  g e n e s  o n  th e  s a m e  c h ro m o s o m e  a s  th e  r e g u la to ry  

s e q u e n c e  (s e e  p . 4 3 9 ) . T h e  r e g u la to ry  m o le c u le s  a re  c a l le d  t r a n s -a c t in g  b e c a u s e  

th e y  c a n  d if fu s e  ( tr a n s i t)  th ro u g h  th e  c e l l  f ro m  th e ir  s i te  o f  s y n th e s is  to  th e ir  

D N A -b in d in g  s i te s  (F ig . 3 3 .2 ). F o r  e x a m p le , a  p ro te in  tr a n s c r ip t io n  fa c to r  (a  

t r a n s -a c t in g  m o le c u le )  th a t  r e g u la te s  a  g e n e  o n  c h ro m o s o m e  6 m ig h t  i t s e l f  h a v e  

b e e n  p ro d u c e d  f ro m  a  g e n e  o n  c h ro m o s o m e  11 . T h e  b in d in g  o f  p ro te in s  to  D N A  

is  th ro u g h  s tru c tu ra l  m o t if s  s u c h  as  th e  z in c  f in g e r  (F ig . 3 3 .3 ), le u c in e  z ip p e r , o r  

h e l ix - tu rn -h e l ix  in  th e  p ro te in .



Trans-acting factors, usually 
proteins, are synthesized from 
genes that are different from the | 
genes targeted for regulation. 
Trans-acting factors bind to 
cis-acting elements on DNA.

DNA
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Cis-acting elements are DNA 
sequences that are bound by trans
acting regulatory factors.



F ig u re  3 3 .2  C is -a c tin g  e le m e n ts  a n d  t r a n s -a c t in g  fa c to rs .  m R N A  = m e s s e n g e r  

R N A ; P ol I I  = RN A polym erase II.

F ig u re  3 3 .3  Z in c  (Z n )  f in g e r  is  a  c o m m o n  m o t i f  in  p ro te in s  th a t  b in d  D N A . C y s  

= c y s te in e ;  H is  = h is t id in e .



III. REGULATION OF PROKARYOTIC 
GENE EXPRESSION

In  p ro k a ry o te s  s u c h  a s  th e  b a c te r iu m  E s c h e r ic h ia  c o l i  (E . c o l i ). r e g u la t io n  o f  

g e n e  e x p re s s io n  o c c u rs  p r im a r i ly  a t  th e  le v e l  o f  t r a n s c r ip t io n  a n d , in  g e n e ra l,  is  

m e d ia te d  b y  th e  b in d in g  o f  tr a n s -a c t in g  p ro te in s  to  c is - a c tin g  re g u la to ry  

e le m e n ts  o n  th e ir  s in g le  D N A  m o le c u le  ( c h ro m o s o m e ) . [N o te : R e g u la t in g  th e  

f i r s t  s te p  in  th e  e x p re s s io n  o f  a  g e n e  is  a n  e f f ic ie n t  a p p ro a c h , in s o fa r  a s  e n e rg y  is  

n o t  w a s te d  m a k in g  u n n e e d e d  g e n e  p ro d u c ts .]  T ra n s c r ip t io n a l  c o n tro l  in  

p ro k a ry o te s  c a n  in v o lv e  th e  in i t ia t io n  o r  p re m a tu re  te rm in a t io n  o f  t r a n s c r ip tio n .

A. Messenger RNA transcription from bacterial opérons
In  b a c te r ia ,  th e  s t ru c tu ra l  g e n e s  th a t  e n c o d e  p ro te in s  in v o lv e d  in  a  p a r t ic u la r  

m e ta b o l ic  p a th w a y  a re  o f te n  fo u n d  s e q u e n t ia l ly  g ro u p e d  o n  th e  

c h ro m o s o m e  a lo n g  w ith  th e  c is - a c tin g  e le m e n ts  th a t  r e g u la te  th e  

tr a n s c r ip t io n  o f  th e s e  g e n e s . T h e  t r a n s c r ip t io n  p ro d u c t  is  a  s in g le  

p o ly c is tro n ic  m e s s e n g e r  R N A  ( [m R N A ] s e e  p . 4 3 4 ) . T h e  g e n e s  a re , th u s , 

c o o rd in a te ly  r e g u la te d  ( th a t  is , tu rn e d  o n  o r  o f f  a s  a  u n it) .  T h is  e n t ire  

p a c k a g e  is  r e f e r r e d  to  a s  a n  o p e ro n .

B. Operators in bacterial operons
B a c te r ia l  o p e ro n s  c o n ta in  a n  o p e ra to r ,  a  s e g m e n t  o f  D N A  th a t  r e g u la te s  th e  

a c t iv i ty  o f  th e  s t ru c tu ra l  g e n e s  o f  th e  o p e ro n  b y  re v e r s ib ly  b in d in g  a  p ro te in  

k n o w n  a s  th e  r e p re s s o r .  I f  th e  o p e ra to r  is  n o t  b o u n d  b y  th e  r e p re s s o r ,  RNA  

polym erase (RNA pol)  b in d s  th e  p ro m o te r ,  p a s s e s  o v e r  th e  o p e ra to r ,  a n d  

re a c h e s  th e  p ro te in - c o d in g  g e n e s  th a t  i t  t r a n s c r ib e s  to  m R N A . I f  th e  

r e p re s s o r  is  b o u n d  to  th e  o p e ra to r ,  th e  polym erase  is  b lo c k e d  a n d  d o e s  n o t  

p ro d u c e  m R N A . A s  lo n g  a s  th e  r e p re s s o r  is  b o u n d  to  th e  o p e ra to r ,  n o  

m R N A  (a n d , th e re fo re ,  n o  p ro te in s )  a re  m a d e . H o w e v e r ,  w h e n  a n  in d u c e r  

m o le c u le  is  p re s e n t ,  i t  b in d s  to  th e  r e p re s s o r ,  c a u s in g  th e  r e p re s s o r  to  

c h a n g e  s h a p e  so  th a t  i t  n o  lo n g e r  b in d s  th e  o p e ra to r .  W h e n  th is  h a p p e n s , 

RN A p o l  c a n  in i t ia te  tr a n s c r ip tio n .  O n e  o f  th e  b e s t -u n d e r s to o d  e x a m p le s  is  

th e  in d u c ib le  la c to s e  ( la c )  o p e ro n  o f  E . c o l i  th a t  i l lu s tr a te s  b o th  p o s i t iv e  a n d  

n e g a t iv e  r e g u la t io n  (F ig . 3 3 .4 ).



F ig u re  3 3 .4  T h e  la c to s e  o p e ro n  o f  E s c h e r ic h ia  c o li  in  th e  p re s e n c e  o f  A . o n ly  

g lu c o se , B . o n ly  la c to s e , a n d  C . b o th  su g a rs .  * [N o te : E v e n  w h e n  th e  o p e ro n  h a s  

b e e n  tu rn e d  o ff, th e  r e p re s s o r  t r a n s ie n t ly  d is s o c ia te s  f ro m  th e  o p e ra to r  a t  a  s lo w  

ra te , a l lo w in g  a  v e ry  lo w  le v e l  o f  e x p re s s io n . T h e  s y n th e s is  o f  a  f e w  m o le c u le s  

o f  perm ease  ( a n d  p-galactosidase)  a l lo w s  th e  o rg a n is m  to  r e s p o n d  ra p id ly  

s h o u ld  g lu c o s e  b e c o m e  u n a v a i la b le .]  C A P  =  c a ta b o li te  a c t iv a to r  p ro te in ;  c A M P  

= c y c l ic  a d e n o s in e  m o n o p h o s p h a te ;  m R N A  = m e s s e n g e r  R N A .



C. Lactose operon
T h e  la c  o p e ro n  c o n ta in s  th e  g e n e s  th a t  c o d e  fo r  th re e  p ro te in s  in v o lv e d  in  

th e  c a ta b o lis m  o f  th e  d is a c c h a r id e  la c to s e : th e  la c Z  g e n e  c o d e s  fo r  fi- 
galactosidase, w h ic h  h y d ro ly z e s  la c to s e  to  g a la c to s e  a n d  g lu c o se ;  th e  la c Y  

g e n e  c o d e s  fo r  a  perm ease, w h ic h  fa c i l i ta te s  th e  m o v e m e n t  o f  la c to s e  in to  

th e  c e ll;  a n d  th e  la c A  g e n e  c o d e s  fo r  th iogalactoside transacetylase, w h ic h  

a c e ty la te s  la c to s e . [N o te : T h e  p h y s io lo g ic  fu n c t io n  o f  th is  a c e ty la t io n  is  

u n k n o w n .]  A l l  o f  th e s e  p ro te in s  a re  m a x im a lly  p ro d u c e d  o n ly  w h e n  la c to s e  

is  a v a i la b le  to  th e  c e l l  a n d  g lu c o s e  is  n o t. [N o te : B a c te r ia  u s e  g lu c o se , if  

a v a i la b le ,  a s  a  fu e l  in  p r e f e r e n c e  to  a n y  o th e r  s u g a r .]  T h e  r e g u la to ry  p o r t io n  

o f  th e  o p e ro n  is  u p s t r e a m  o f  th e  th re e  s tru c tu ra l  g e n e s  a n d  c o n s is ts  o f  th e  

p ro m o te r  r e g io n  w h e re  RN A p o l  b in d s  a n d  tw o  a d d i t io n a l  s ite s , th e  o p e ra to r  

(O ) a n d  th e  c a ta b o li te  a c t iv a to r  p ro te in  (C A P )  s ite s , w h e re  r e g u la to ry  

p ro te in s  b in d . T h e  la c Z , la c Y . a n d  la c A  g e n e s  a re  m a x im a lly  e x p re s s e d  

o n ly  w h e n  th e  O  s ite  is  e m p ty  a n d  th e  C A P  s ite  is  b o u n d  b y  a  c o m p le x  o f  

c y c l ic  a d e n o s in e  m o n o p h o s p h a te  ( [c A M P ]  s e e  p . 9 4 )  a n d  th e  C A P , 

s o m e t im e s  c a l le d  th e  c A M P  re g u la to ry  p ro te in  (C R P ) . A  r e g u la to ry  g e n e , 

th e  la c !  g e n e , c o d e s  fo r  th e  r e p re s s o r  p ro te in  (a  t r a n s -a c t in g  fa c to r )  th a t  

b in d s  to  th e  O  s ite  w ith  h ig h  a f f in i ty .  [N o te : T h e  la c !  g e n e  h a s  its  o w n  

p ro m o te r  a n d  is  n o t  p a r t  o f  th e  la c  o p e ro n .]

1. W h e n  o n ly  g lu c o s e  is  a v a ila b le :  In  th is  c a se , th e  la c  o p e ro n  is  r e p re s s e d  

( tu rn e d  o ff) . R e p re s s io n  is  m e d ia te d  b y  th e  r e p re s s o r  p ro te in  b in d in g  v ia  

a  h e l ix - tu rn -h e l ix  m o t if  (F ig . 3 3 .5 ) to  th e  O  s ite , w h ic h  is  d o w n s t r e a m  o f  

th e  p ro m o te r  (s e e  F ig . 3 3 .4 A ). B in d in g  o f  th e  r e p re s s o r  in te r f e re s  w ith  

th e  b in d in g  o f  RN A p o l  to  th e  p ro m o te r ,  th e re b y  in h ib i t in g  t r a n s c r ip t io n  

o f  th e  s t ru c tu ra l  g e n e s . T h is  is  a n  e x a m p le  o f  n e g a t iv e  r e g u la tio n .



2. W h e n  o n ly  la c to s e  is  a v a ila b le :  In  th is  c a se , th e  la c  o p e ro n  is  in d u c e d  

(m a x im a lly  e x p re s s e d , o r  tu rn e d  o n ) . A  s m a l l  a m o u n t  o f  la c to s e  is  

c o n v e r te d  to  a n  is o m e r , a l lo la c to s e . T h is  c o m p o u n d  is  a n  in d u c e r  th a t  

b in d s  to  th e  r e p re s s o r  p ro te in ,  c h a n g in g  its  c o n fo rm a tio n  so  th a t  i t  c a n  n o  

lo n g e r  b in d  to  th e  O  s ite . In  th e  a b s e n c e  o f  g lu c o se , adenylyl cyclase  is  

a c t iv e , a n d  c A M P  is  m a d e  a n d  b in d s  to  th e  C A P . T h e  c A M P - C A P  t r a n s 

a c t in g  c o m p le x  b in d s  to  th e  C A P  s ite , c a u s in g  RN A p o l  to  in i t ia te  

tr a n s c r ip t io n  w ith  h ig h  e f f ic ie n c y  a t  th e  p ro m o te r  s i te  ( s e e  F ig . 3 3 .4 B ). 

T h is  is  a n  e x a m p le  o f  p o s i t iv e  r e g u la tio n . T h e  tr a n s c r ip t  is  a  s in g le  

p o ly c is tro n ic  m R N A  m o le c u le  th a t  c o n ta in s  th re e  se ts  o f  s ta r t  a n d  s to p

F ig u re  3 3 .5  H e lix - tu rn -h e l ix  m o t i f  o f  th e  la c  r e p re s s o r  p ro te in .

Amino acid sequence
forms a turn

a-Helix

a-Helix



c o d o n s . T ra n s la t io n  o f  th e  m R N A  p ro d u c e s  th e  th re e  p ro te in s  th a t  a l lo w  

la c to s e  to  b e  u s e d  fo r  e n e rg y  p r o d u c t io n  b y  th e  c e ll. [N o te : In  c o n t r a s t  to  

th e  in d u c ib le  la c Z , la c Y , a n d  la c A  g e n e s , w h o s e  e x p re s s io n  is  re g u la te d , 

th e  la c I  g e n e  is  c o n s ti tu t iv e . I ts  g e n e  p ro d u c t ,  th e  r e p re s s o r  p ro te in ,  is  

a lw a y s  m a d e  a n d  is  a c t iv e  u n le s s  th e  in d u c e r  is  p re s e n t.]

3. W h e n  b o th  g lu c o s e  a n d  la c to s e  a re  a v a ila b le :  In  th is  c a se , th e  la c  o p e ro n  

is  u n in d u c e d , a n d  tr a n s c r ip t io n  is  n e g l ig ib le ,  e v e n  i f  la c to s e  is  p r e s e n t  a t  a  

h ig h  c o n c e n tra t io n . A denylyl cyclase  is  in h ib i te d  in  th e  p r e s e n c e  o f  

g lu c o s e  (a  p ro c e s s  k n o w n  a s  c a ta b o li te  r e p re s s io n )  so  n o  c A M P - C A P  

c o m p le x  fo rm s , a n d  th e  C A P  s i te  re m a in s  e m p ty . T h e re fo re ,  th e  RN A p o l 
is  u n a b le  to  e f f e c tiv e ly  in i t ia te  tr a n s c r ip tio n ,  e v e n  th o u g h  th e  r e p re s s o r  is  

n o t  b o u n d  to  th e  O  s ite . C o n s e q u e n t ly ,  th e  th re e  s tru c tu ra l  g e n e s  o f  th e  

o p e ro n  a re  e x p re s s e d  o n ly  a t  a  v e ry  lo w  (b a s a l)  le v e l  (s e e  F ig . 3 3 .4 C ). 

[N o te : In d u c t io n  c a u s e s  a  5 0 - fo ld  e n h a n c e m e n t  o v e r  b a s a l  e x p re s s io n .]

D. Tryptophan operon
T h e  t r y p to p h a n  ( trp )  o p e ro n  c o n ta in s  f iv e  s tru c tu ra l  g e n e s  th a t  c o d e  fo r  

e n z y m e s  r e q u ire d  fo r  th e  s y n th e s is  o f  th e  a m in o  a c id  try p to p h a n .  A s  w ith  

th e  la c  o p e ro n , th e  trp  o p e ro n  is  s u b je c t  to  n e g a t iv e  c o n tro l.  H o w e v e r ,  fo r  

th e  r e p re s s ib le  trp  o p e ro n , n e g a t iv e  c o n tro l  in c lu d e s  T rp  i t s e l f  b in d in g  to  a  

r e p re s s o r  p ro te in  a n d  fa c i l i ta t in g  th e  b in d in g  o f  th e  r e p re s s o r  to  th e  

o p e ra to r :  T rp  is  a  c o re p re s s o r .  B e c a u s e  r e p re s s io n  b y  T rp  is  n o t  a lw a y s  

c o m p le te ,  th e  trp  o p e ro n , u n l ik e  th e  la c  o p e ro n , is  a lso  r e g u la te d  b y  a  

p ro c e s s  k n o w n  as  a t te n u a t io n . W ith  a t te n u a t io n , tr a n s c r ip t io n  is  in i t ia te d  b u t  

is  te rm in a te d  w e l l  b e fo re  c o m p le t io n  (F ig . 3 3 .6 ). I f  T rp  is  p le n tifu l ,  

t r a n s c r ip t io n  in i t ia t io n  th a t  e s c a p e d  r e p re s s io n  b y  T rp  is  a t te n u a te d  

( s to p p e d )  b y  th e  fo rm a t io n  o f  a n  a t te n u a to r ,  a  h a i rp in  ( s te m - lo o p )  s tru c tu re  

in  th e  m R N A  s im ila r  to  th a t  s e e n  in  r h o - in d e p e n d e n t  te rm in a t io n  ( s e e  p . 

4 3 7 ) . [N o te : B e c a u s e  t r a n s c r ip t io n  a n d  t r a n s la t io n  a re  te m p o ra l ly  l in k e d  in  

p ro k a ry o te s  (s e e  p . 4 5 4 ) , a t te n u a t io n  a lso  r e s u lts  in  th e  fo rm a t io n  o f  a  

t ru n c a te d , n o n fu n c t io n a l  p e p t id e  p ro d u c t  th a t  is  r a p id ly  d e g ra d e d .]  I f  T rp  

b e c o m e s  s c a rc e , th e  o p e ro n  is  e x p re s s e d . T h e  5 '- e n d  o f  th e  m R N A  c o n ta in s  

tw o  a d ja c e n t  c o d o n s  fo r  T rp . T h e  la c k  o f  T rp  c a u s e s  r ib o s o m e s  to  s ta l l  a t  

th e s e  c o d o n s , c o v e r in g  re g io n s  o f  th e  m R N A  r e q u i re d  fo r  f o rm a t io n  o f  th e  

a t te n u a t io n  h a irp in . T h is  p re v e n ts  a t te n u a t io n  a n d  a l lo w s  tr a n s c r ip t io n  to  

c o n tin u e .



F ig u re  3 3 .6  A t te n u a t io n  o f  tr a n s c r ip t io n  o f  th e  trp  o p e ro n  w h e n  t ry p to p h a n  is  

p le n tifu l .  m R N A  =  m e s s e n g e r  R N A .

T ra n s c r ip t io n a l  a t te n u a t io n  c a n  o c c u r  in  p ro k a ry o te s  b e c a u s e  t r a n s la t io n  o f  

a n  m R N A  b e g in s  b e fo re  its  s y n th e s is  is  c o m p le te .  T h is  d o e s  n o t  o c c u r  in  

e u k a ry o te s  b e c a u s e  th e  p re s e n c e  o f  a  m e m b ra n e -b o u n d  n u c le u s  s p a tia l ly  

a n d  te m p o ra l ly  s e p a ra te s  tr a n s c r ip t io n  a n d  t ra n s la t io n .

E. Coordination of transcription and translation
A lth o u g h  tr a n s c r ip t io n a l  r e g u la t io n  o f  m R N A  p ro d u c t io n  is  p r im a ry  in  

b a c te r ia ,  r e g u la t io n  o f  r ib o s o m a l R N A  ( rR N A )  a n d  p r o te in  s y n th e s is  p la y s  

im p o r ta n t  ro le s  in  a d a p ta t io n  to  e n v iro n m e n ta l  s tre s s .

1. S tr in g e n t  re s p o n s e :  E . c o li h a s  s e v e n  o p e ro n s  th a t  s y n th e s iz e  th e  rR N A  

n e e d e d  fo r  r ib o s o m e  a s s e m b ly , a n d  e a c h  is  r e g u la te d  in  r e s p o n s e  to  

c h a n g e s  in  e n v iro n m e n ta l  c o n d it io n s .  R e g u la t io n  in  r e s p o n s e  to  a m in o  

a c id  s ta rv a t io n  is  k n o w n  a s  th e  s tr in g e n t  r e s p o n s e . T h e  b in d in g  o f  a n  

u n c h a rg e d  t r a n s fe r  R N A  ( tR N A ) to  th e  A  s ite  o f  a  r ib o s o m e  (s e e  p . 4 5 2 )  

t r ig g e r s  a  s e r ie s  o f  e v e n ts  th a t  le a d s  to  th e  p ro d u c t io n  o f  th e  a la rm o n e  

g u a n o s in e  te tr a p h o s p h a te  (p p G p p ) . T h e  s y n th e s is  o f  th is  u n u s u a l  

d e r iv a t iv e  o f  g u a n o s in e  d ip h o s p h a te  (G D P )  is  c a ta ly z e d  b y  stringent 
factor (RelA), a n  e n z y m e  p h y s ic a l ly  a s s o c ia te d  w i th  r ib o s o m e s .  E le v a te d  

le v e ls  o f  p p G p p  re s u l t  in  in h ib i t io n  o f  rR N A  s y n th e s is  (F ig . 3 3 .7 ). [N o te : 

In  a d d i t io n  to  rR N A  s y n th e s is ,  tR N A  s y n th e s is  a n d  s o m e  m R N A  

s y n th e s is  ( fo r  e x a m p le , fo r  r ib o s o m a l p ro te in s )  a re  a lso  in h ib ite d . 

H o w e v e r ,  s y n th e s is  o f  m R N A  fo r  e n z y m e s  r e q u ire d  fo r  a m in o  a c id  

b io s y n th e s is  is  n o t  in h ib ite d . p p G p p  b in d s  RN A p o l  a n d  a l te r s  p ro m o te r



s e le c t io n  th ro u g h  u se  o f  d i f f e r e n t  s ig m a  fa c to r s  fo r  th e  polym erase  (s e e  

p . 4 3 5 ) .]

Guanosine diphosphate 
ATP-------- _ |

Uncharged tRNA in the A site 
of the 70S ribosome activates 
s t r i n g e n t  f a c t o r  ( R e l A ), which 
synthesizes ppGpp.

A M P ^  I

ppGpp (Guanosine tetraphosphate)

This results in selective 
inhibition of transcription

I-
Ribosomal RNA, 

transfer RNA (tRNA), 
some messenger RNA

F ig u re  3 3 .7  R e g u la t io n  o f  t r a n s c r ip t io n  b y  th e  s t r in g e n t  r e s p o n s e  to  a m in o  a c id  

s ta rv a t io n . S = S v e d b e rg  u n it .

2. R e g u la to ry  r ib o s o m a l p ro te in s :  O p e ro n s  fo r  r ib o s o m a l  p ro te in s  (r- 

p ro te in s )  c a n  b e  in h ib i te d  b y  a n  e x c e s s  o f  th e ir  o w n  p ro te in  p ro d u c ts .  F o r  

e a c h  o p e ro n , o n e  s p e c if ic  r -p ro te in  fu n c t io n s  in  th e  r e p re s s io n  o f



t r a n s la t io n  o f  th e  p o ly c is tro n ic  m R N A  f ro m  th a t  o p e ro n  (F ig . 3 3 .8 ). T h e  

r -p ro te in  d o e s  so  b y  b in d in g  to  th e  S h in e -D a lg a rn o  (S D ) s e q u e n c e  

lo c a te d  o n  th e  m R N A  ju s t  u p s tr e a m  o f  th e  f i r s t  in i t ia t in g  A U G  c o d o n  

(s e e  p . 4 4 8 )  a n d  a c t in g  a s  a  p h y s ic a l  im p e d im e n t  to  th e  b in d in g  o f  th e  

s m a l l  r ib o s o m a l  s u b u n it  to  th e  S D  s e q u e n c e . T h u s , o n e  r -p ro te in  in h ib its  

s y n th e s is  o f  a l l  th e  r -p ro te in s  o f  th e  o p e ro n . T h is  s a m e  r -p ro te in  a lso  

b in d s  to  rR N A  a n d  w ith  a  h ig h e r  a f f in i ty  th a n  fo r  m R N A . I f  th e  

c o n c e n tra t io n  o f  rR N A  fa lls , th e  r -p ro te in  th e n  is  a v a i la b le  to  b in d  its  

o w n  m R N A  a n d  in h ib i t  its  tr a n s la t io n . T h is  c o o rd in a te d  r e g u la t io n  k e e p s  

th e  s y n th e s is  o f  r -p ro te in s  in  b a la n c e  w ith  th e  t r a n s c r ip t io n  o f  rR N A , so  

th a t  e a c h  is  p r e s e n t  in  a p p ro p r ia te  a m o u n ts  fo r  th e  fo rm a t io n  o f  

r ib o s o m e s .
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F ig u re  3 3 .8  R e g u la t io n  o f  t r a n s la t io n  b y  a n  e x c e s s  o f  r ib o s o m a l p ro te in s .  m R N A  

= m e s s e n g e r  R N A ; rR N A  = r ib o s o m a l R N A .

IV. REGULATION OF EUKARYOTIC GENE 
EXPRESSION

T h e  h ig h e r  d e g re e  o f  c o m p le x i ty  o f  e u k a ry o t ic  g e n o m e s , a s  w e l l  a s  th e  p re s e n c e  

o f  a  n u c le a r  m e m b ra n e ,  n e c e s s i ta te s  a  w id e r  ra n g e  o f  re g u la to ry  p ro c e s s e s .  A s  

w ith  th e  p ro k a ry o te s ,  t r a n s c r ip t io n  is  th e  p r im a ry  s ite  o f  r e g u la tio n . A g a in , th e  

th e m e  o f  tr a n s -a c t in g  fa c to rs  b in d in g  to  c is - a c tin g  e le m e n ts  is  s e e n . O p e ro n s , 

h o w e v e r ,  a re  n o t  fo u n d  in  e u k a ry o te s ,  w h ic h  m u s t  u s e  a l te rn a te  s tra te g ie s  to  

s o lv e  th e  p ro b le m  o f  h o w  to  c o o rd in a te ly  r e g u la te  a l l  th e  g e n e s  r e q u ire d  fo r  a  

s p e c if ic  r e s p o n s e . In  e u k a ry o te s ,  g e n e  e x p re s s io n  is  a lso  r e g u la te d  a t  m u l t ip le  

le v e ls  o th e r  th a n  tr a n s c r ip tio n .  F o r  e x a m p le , th e  m a jo r  m o d e s  o f  

p o s t t r a n s c r ip t io n a l  r e g u la t io n  a t  th e  m R N A  le v e l  a re  a l te rn a t iv e  m R N A  s p lic in g  

a n d  p o ly a d e n y la t io n ,  c o n tro l  o f  m R N A  s ta b i l i ty ,  a n d  c o n tro l  o f  t r a n s la t io n a l  

e f f ic ie n c y . A d d i t io n a l  r e g u la t io n  a t  th e  p ro te in  le v e l  o c c u rs  b y  m e c h a n is m s  th a t  

m o d u la te  s ta b i li ty ,  p ro c e s s in g , o r  ta rg e t in g  o f  th e  p ro te in .

A. Coordinate regulation
T h e  n e e d  to  c o o rd in a te ly  r e g u la te  a  g ro u p  o f  g e n e s  to  c a u s e  a  p a r t ic u la r  

r e s p o n s e  is  o f  k e y  im p o r ta n c e  in  o rg a n is m s  w ith  m o re  th a n  o n e  

c h ro m o s o m e . A n  u n d e r ly in g  th e m e  o c c u rs  re p e a te d ly :  A  tr a n s -a c t in g  

p ro te in  fu n c t io n s  a s  a  s p e c if ic  t r a n s c r ip t io n  fa c to r  (S T F )  th a t  b in d s  to  a  c is -  

a c t in g  re g u la to ry  c o n s e n s u s  s e q u e n c e  (s e e  p . 4 1 5 )  o n  e a c h  o f  th e  g e n e s  in  

th e  g ro u p  e v e n  if  th e y  a re  o n  d if f e r e n t  c h ro m o s o m e s .  [N o te : T h e  S T F  h a s  a  

D N A -b in d in g  d o m a in  (D B D ) a n d  a  tr a n s c r ip t io n  a c t iv a t io n  d o m a in  (T A D ). 

T h e  T A D  re c ru i ts  c o a c tiv a to rs ,  s u c h  a s  histone acetyltransferases  ( s e e  p . 

4 3 8 ) , a n d  th e  g e n e ra l  tr a n s c r ip t io n  fa c to rs  (s e e  p . 4 3 9 )  th a t,  a lo n g  w ith  RNA  
pol, a re  r e q u ire d  fo r  f o rm a t io n  o f  th e  tr a n s c r ip t io n  in i t ia t io n  c o m p le x  a t  th e  

p ro m o te r .  A l th o u g h  th e  T A D  re c ru i ts  a  v a r ie ty  o f  p ro te in s ,  th e  s p e c if ic  

e f f e c t  o f  a n y  o n e  o f  th e m  is  d e p e n d e n t  u p o n  th e  p ro te in  c o m p o s i t io n  o f  th e  

c o m p le x . T h is  is  k n o w n  a s  c o m b in a to r ia l  c o n tro l .]  E x a m p le s  o f  c o o rd in a te  

r e g u la t io n  in  e u k a ry o te s  in c lu d e  th e  g a la c to s e  c i r c u i t  a n d  th e  h o rm o n e



r e s p o n s e  sy s te m .

1. G a la c to s e  c irc u it :  T h is  r e g u la to ry  s c h e m e  a l lo w s  fo r  th e  u s e  o f  g a la c to s e  

w h e n  g lu c o s e  is  n o t  a v a i la b le .  In  y e a s t ,  a  u n ic e l lu la r  o rg a n is m , th e  g e n e s  

re q u ire d  to  m e ta b o l iz e  g a la c to s e  a re  o n  d if f e r e n t  c h ro m o s o m e s . 

C o o rd in a te d  e x p re s s io n  is  m e d ia te d  b y  th e  p ro te in  G a l4  (G a l = 

g a la c to s e ) ,  a  S T F  th a t  b in d s  to  a  s h o r t  r e g u la to ry  D N A  s e q u e n c e  

u p s tr e a m  o f  e a c h  o f  th e  g e n e s . T h e  s e q u e n c e  is  c a l le d  th e  u p s tr e a m  

a c t iv a t in g  s e q u e n c e  G a l (U A S Gal). B in d in g  o f  G a l4  to  U A S Gal th ro u g h

z in c  f in g e rs  in  its  D B D  o c c u rs  in  b o th  th e  a b s e n c e  a n d  p r e s e n c e  o f  

g a la c to s e . W h e n  th e  s u g a r  is  a b s e n t, th e  r e g u la to ry  p ro te in  G a l8 0  b in d s  

G a l4  a t  its  T A D , th e re b y  in h ib i t in g  g e n e  t r a n s c r ip t io n  (F ig . 3 3 .9 A ). 

W h e n  p re s e n t ,  g a la c to s e  a c t iv a te s  th e  G a l3  p ro te in .  G a l3  b in d s  G a l8 0 , 

th e re b y  a l lo w in g  G a l4  to  a c t iv a te  tr a n s c r ip t io n  (F ig . 3 3 .9 B ). [N o te : 

G lu c o s e  p re v e n ts  th e  u s e  o f  g a la c to s e  b y  in h ib tin g  e x p re s s io n  o f  G a l4  

p ro te in .]

F ig u re  3 3 .9  R e g u la t io n  o f  g a la c to s e  (g a l)  c i r c u i t  in  y e a s t  in  th e  A . a b s e n c e  a n d



B . p r e s e n c e  o f  g a la c to s e . [N o te : T a rg e t  g e n e s , w h e th e r  o n  th e  s a m e  o r  a  d if f e re n t  

c h ro m o s o m e , e a c h  h a v e  a n  u p s tr e a m  a c t iv a t in g  s e q u e n c e  g a la c to s e  (U A S Gal).] 

T A D  = tr a n s c r ip t io n  a c t iv a t io n  d o m a in ; D B D  = D N A -b in d in g  d o m a in ; m R N A  = 

m e s s e n g e r  R N A .

2. H o rm o n e  r e s p o n s e  s y s te m : H o rm o n e  r e s p o n s e  e le m e n ts  (H R E )  a re  D N A  

s e q u e n c e s  th a t  b in d  tr a n s -a c t in g  p ro te in s  a n d  r e g u la te  g e n e  e x p re s s io n  in  

r e s p o n s e  to  h o rm o n a l  s ig n a ls  in  m u l t ic e l lu la r  o rg a n is m s . H o rm o n e s  b in d  

to  e i th e r  in t r a c e l lu la r  (n u c le a r )  r e c e p to r s  ( fo r  e x a m p le , s te ro id  h o rm o n e s ;  

s e e  p . 2 4 0 )  o r  c e l l - s u r fa c e  r e c e p to r s  ( fo r  e x a m p le , th e  p e p t id e  h o rm o n e  

g lu c a g o n ; s e e  p . 3 1 4 ).

a. In tr a c e l lu la r  re c e p to rs :  M e m b e rs  o f  th e  n u c le a r  r e c e p to r  s u p e r fa m ily , 

w h ic h  in c lu d e s  th e  s te ro id  h o rm o n e  (g lu c o c o r t ic o id s ,

m in e ra lo c o r t ic o id s ,  a n d ro g e n s , a n d  e s tro g e n s ) ,  v i ta m in  D , r e t in o ic  

a c id , a n d  th y ro id  h o rm o n e  re c e p to rs ,  fu n c t io n  a s  S T F . In  a d d i t io n  to  

d o m a in s  fo r  D N A -b in d in g  a n d  tr a n s c r ip t io n a l  a c t iv a t io n , th e s e  

re c e p to r s  a lso  c o n ta in  a  l ig a n d -b in d in g  d o m a in . F o r  e x a m p le , th e  

s te ro id  h o rm o n e  c o r t is o l  (a  g lu c o c o r t ic o id )  b in d s  in t r a c e l lu la r  

r e c e p to r s  a t  th e  l ig a n d -b in d in g  d o m a in  (F ig . 3 3 .1 0 ). B in d in g  c a u s e s  a  

c o n fo rm a tio n a l  c h a n g e  in  th e  re c e p to r  th a t  a c t iv a te s  it. T h e  r e c e p to r -  

h o rm o n e  c o m p le x  e n te r s  th e  n u c le u s ,  d im e r iz e s ,  a n d  b in d s  v ia  a  z in c  

f in g e r  m o t i f  to  D N A  a t  a  r e g u la to ry  e le m e n t ,  th e  g lu c o c o r t ic o id  

r e s p o n s e  e le m e n t  (G R E )  th a t  is  a n  e x a m p le  o f  a  H R E . B in d in g  a l lo w s  

r e c ru i tm e n t  o f  c o a c t iv a to r s  to  th e  T A D  a n d  re s u lts  in  e x p re s s io n  o f  

c o r t is o l- r e s p o n s iv e  g e n e s , e a c h  o f  w h ic h  is  u n d e r  th e  c o n tro l  o f  its  o w n  

G R E . B in d in g  o f  th e  r e c e p to r - h o r m o n e  c o m p le x  to  th e  G R E  a llo w s  

c o o rd in a te  e x p re s s io n  o f  a  g ro u p  o f  ta rg e t  g e n e s , e v e n  th o u g h  th e se  

g e n e s  a re  o n  d if f e r e n t  c h ro m o s o m e s .  T h e  G R E  c a n  b e  lo c a te d  

u p s tr e a m  o r  d o w n s t r e a m  o f  th e  g e n e s  i t  r e g u la te s  a n d  a t  g re a t  d is ta n c e s  

f ro m  th e m . T h e  G R E , th e n , c a n  fu n c t io n  as  a  t ru e  e n h a n c e r  (s e e  p . 

4 4 0 ) . [N o te : I f  a s s o c ia te d  w i th  r e p re s s o rs ,  h o r m o n e - r e c e p to r  

c o m p le x e s  in h ib i t  tr a n s c r ip tio n .]
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□  The binding of a steroid 
hormone to its nuclear 
receptor causes a 
conformational change 
in the receptor that 
uncovers its zinc finger 
DNA-binding domain.

F ig u re  3 3 .1 0  T ra n s c r ip t io n a l  r e g u la t io n  b y  in t r a c e l lu la r  s te ro id  h o rm o n e  

re c e p to rs .  G R E  =  g lu c o c o r t ic o id  r e s p o n s e  e le m e n t;  G R  = g lu c o c o r t ic o id  

re c e p to r .

b . C e l l- s u r fa c e  re c e p to rs :  T h e s e  re c e p to r s  in c lu d e  th o s e  fo r  in s u lin ,  

e p in e p h r in e ,  a n d  g lu c a g o n . G lu c a g o n , fo r  e x a m p le , is  a  p e p t id e  

h o rm o n e  th a t  b in d s  i ts  G  p r o te in - c o u p le d  p la s m a  m e m b ra n e  re c e p to r  

o n  g lu c a g o n - re s p o n s iv e  c e lls . T h is  e x tr a c e l lu la r  s ig n a l  is  th e n  

tr a n s d u c e d  to  in t r a c e l lu la r  c A M P , a  s e c o n d  m e s s e n g e r  (F ig . 3 3 .1 1 ; 

a lso  se e  F ig . 8 .7  o n  p . 9 5 ) , w h ic h  c a n  a f fe c t  p ro te in  e x p re s s io n  (a n d  

a c t iv i ty )  th ro u g h  protein  kinase  A - m e d ia te d  p h o s p h o ry la t io n .  In  

r e s p o n s e  to  a  r is e  in  c A M P , a  t r a n s -a c t in g  f a c to r  (c A M P  re s p o n s e  

e le m e n t - b in d in g  [C R E B ] p ro te in )  is  p h o s p h o ry la te d  a n d  a c t iv a te d . 

A c tiv e  C R E B  p ro te in  b in d s  v ia  a  le u c in e  z ip p e r  m o t if  to  a  c is - a c tin g  

r e g u la to ry  e le m e n t ,  th e  c A M P  re s p o n s e  e le m e n t  (C R E ) , r e s u l t in g  in  

tr a n s c r ip t io n  o f  ta rg e t  g e n e s  w i th  C R E  in  th e ir  p ro m o te r s .  [N o te : T h e  

g e n e s  fo r  phosphoenolpyruvate carboxykinase  a n d  glucose 6- 
phosphatase, k e y  e n z y m e s  o f  g lu c o n e o g e n e s is  (s e e  p . 1 2 2 ), a re  

e x a m p le s  o f  g e n e s  u p re g u la te d  b y  th e  c A M P /C R E /C R E B  sy s te m .]
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F ig u re  3 3 .1 1  T ra n s c r ip t io n a l  r e g u la t io n  b y  re c e p to r s  lo c a te d  in  th e  c e ll 

m e m b ra n e . [N o te : C y c l ic  a d e n o s in e  m o n o p h o s p h a te  (c A M P )  a c t iv a te s  protein  
kinase A  th a t  p h o s p h o ry la te s  c A M P  re s p o n s e  e le m e n t - b in d in g  (C R E B )  p ro te in .]  

C R E  = c A M P  re s p o n s e  e le m e n t .

B. Messenger RNA processing and use
E u k a ry o t ic  m R N A  u n d e rg o e s  s e v e ra l  p ro c e s s in g  e v e n ts  b e fo re  i t  is  e x p o r te d  

f ro m  th e  n u c le u s  to  th e  c y to p la s m  fo r  u s e  in  p ro te in  s y n th e s is .  C a p p in g  a t  

th e  5 '- e n d  (s e e  p . 4 4 1 ) ,  p o ly a d e n y la t io n  a t  th e  3 '- e n d  (s e e  p . 4 4 2 ) ,  a n d  

s p lic in g  (se e  p . 4 4 2 )  a re  e s s e n t ia l  fo r  th e  p ro d u c t io n  o f  a  fu n c t io n a l  

e u k a ry o t ic  m e s s e n g e r  f ro m  m o s t  p re -m R N A . V a r ia t io n s  in  s p lic in g  a n d  

p o ly a d e n y la t io n  c a n  a f fe c t  g e n e  e x p re s s io n . In  a d d i t io n , m e s s e n g e r  s ta b i l i ty  

a lso  a f fe c ts  g e n e  e x p re s s io n .

1. A lte rn a t iv e  sp lic in g : T is s u e - s p e c if ic  p ro te in  is o fo rm s  c a n  b e  m a d e  f ro m  

th e  s a m e  p re -m R N A  th ro u g h  a l te rn a t iv e  s p lic in g , w h ic h  c a n  in v o lv e  

e x o n  s k ip p in g  ( lo s s ) , in t ro n  r e te n tio n , a n d  u s e  o f  a l te rn a t iv e  s p lic e -d o n o r  

o r  - a c c e p to r  s ite s  (F ig . 3 3 .1 2 ). F o r  e x a m p le , th e  p r e -m R N A  fo r  

tro p o m y o s in  (T M ) u n d e rg o e s  t i s s u e - s p e c if ic  a l te rn a t iv e  s p lic in g  to  y ie ld  

a  n u m b e r  o f  T M  is o fo rm s  (s e e  p . 4 4 3 ) .  [N o te : O v e r  9 0 %  o f  a ll h u m a n  

g e n e s  u n d e rg o  a l te rn a t iv e  sp lic in g .]

F ig u re  3 3 .1 2  T is s u e - s p e c i f ic  a l te rn a t iv e  s p lic in g  p ro d u c e s  d if f e r e n t  p ro te in s ,  o r 

is o fo rm s , f ro m  a  s in g le  g e n e . m R N A  = m e s s e n g e r  R N A .

2. A lte rn a t iv e  p o ly a d e n y la t io n :  S o m e  p re -m R N A  tra n s c r ip ts  h a v e  m o re  

th a n  o n e  s ite  fo r  c le a v a g e  a n d  p o ly a d e n y la t io n .  A lte rn a t iv e  

p o ly a d e n y la t io n  (A P A )  g e n e ra te s  m R N A  w ith  d if f e r e n t  3 '- e n d s , a l te r in g



th e  u n tr a n s la te d  r e g io n  (U T R )  o r  th e  c o d in g  ( t r a n s la te d )  s e q u e n c e . [N o te : 

A P A  is  in v o lv e d  in  th e  p r o d u c t io n  o f  th e  m e m b ra n e -b o u n d  a n d  s e c re te d  

fo rm s  o f  im m u n o g lo b u lin  M .]

T h e  u s e  o f  a l te rn a t iv e  s p lic in g  a n d  p o ly a d e n y la t io n  s ite s , a s  w e l l  as 

a l te rn a t iv e  tr a n s c r ip t io n  s ta r t  s i te s  e x p la in s ,  a t  le a s t  in  p a r t ,  h o w  th e  

~ 2 0 ,0 0 0  to  2 5 ,0 0 0  g e n e s  in  th e  h u m a n  g e n o m e  c a n  g iv e  r is e  to  w e l l  o v e r  

1 0 0 ,0 0 0  p ro te in s .

3. M e s s e n g e r  R N A  e d itin g : E v e n  a f te r  m R N A  h a s  b e e n  fu lly  p ro c e s s e d ,  it  

m a y  u n d e rg o  a n  a d d i t io n a l  p o s t t r a n s c r ip t io n a l  m o d if ic a t io n  in  w h ic h  a  

b a s e  in  th e  m R N A  is  a l te re d . T h is  is  k n o w n  a s  R N A  e d itin g . A n  

im p o r ta n t  e x a m p le  in  h u m a n s  o c c u rs  w i th  th e  t r a n s c r ip t  fo r  

a p o l ip o p ro te in  (a p o )  B , a n  e s s e n t ia l  c o m p o n e n t  o f  c h y lo m ic ro n s  ( s e e  p . 

2 2 8 )  a n d  v e ry - lo w -d e n s i ty  l ip o p ro te in s  ( [V L D L ]  se e  p . 2 3 0 ) . A p o  B 

m R N A  is  m a d e  in  th e  l iv e r  a n d  th e  s m a l l  in te s t in e . H o w e v e r ,  in  th e  

in te s t in e  o n ly , th e  c y to s in e  (C ) b a s e  in  th e  C A A  c o d o n  fo r  g lu ta m in e  is  

e n z y m a tic a l ly  d e a m in a te d  to  u r a c i l  (U ), c h a n g in g  th e  s e n s e  c o d o n  to  th e  

n o n s e n s e  o r  s to p  c o d o n  U A A , as  s h o w n  in  F ig u re  3 3 .1 3 . T h is  r e s u l ts  in  a  

s h o r te r  p ro te in  (a p o  B -4 8 , r e p re s e n t in g  4 8 %  o f  th e  m e s s a g e )  b e in g  m a d e  

in  th e  in te s t in e  ( a n d  in c o rp o ra te d  in to  c h y lo m ic ro n s )  th a n  is  m a d e  in  th e  

l iv e r  (a p o  B -1 0 0 , fu ll - le n g th , in c o rp o ra te d  in to  V L D L ) .



F ig u re  3 3 .1 3  E d i t in g  o f  a p o l ip o p ro te in  (a p o )  B  p re -m R N A  in  th e  in te s t in e  a n d  

g e n e ra t io n  o f  th e  a p o  B -4 8  p ro te in  n e e d e d  fo r  c h y lo m ic ro n  s y n th e s is .  G ln  = 

g lu ta m in e ;  m R N A  = m e s s e n g e r  R N A ; A  = a d e n in e ; C  = c y to s in e ; G  = g u a n in e ;



U  = u ra c il.

4 . M e s s e n g e r  R N A  s ta b ili ty :  H o w  lo n g  a n  m R N A  re m a in s  in  th e  c y to so l  

b e fo re  i t  is  d e g ra d e d  in f lu e n c e s  h o w  m u c h  p ro te in  p ro d u c t  c a n  b e  

p ro d u c e d  f ro m  it. R e g u la t io n  o f  iro n  m e ta b o l is m  a n d  th e  g e n e - s i le n c in g  

p ro c e s s  o f  R N A  in te r fe re n c e  (R N A i)  i l lu s tra te  th e  im p o r ta n c e  o f  m R N A  

s ta b i l i ty  in  th e  r e g u la t io n  o f  g e n e  e x p re s s io n .

a. I ro n  m e ta b o lis m : T ra n s f e r r in  (T f)  is  a  p la s m a  p ro te in  th a t  t r a n s p o r ts  

iro n . T f  b in d s  to  c e l l- s u r fa c e  re c e p to r s  ( t r a n s fe r r in  r e c e p to r s  [T fR ])  

th a t  g e t  in te rn a l iz e d  a n d  p ro v id e  c e lls , s u c h  a s  e ry th ro b la s ts ,  w i th  iro n . 

T h e  m R N A  fo r  th e  T f R  h a s  s e v e ra l  c is - a c t in g  i ro n - re s p o n s iv e  

e le m e n ts  ( IR E )  in  its  3 '-U T R . IR E  h a v e  a  s h o r t  s te m - lo o p  s tru c tu re  

th a t  c a n  b e  b o u n d  b y  t r a n s -a c t in g  i ro n  re g u la to ry  p ro te in s  ( IR P ) , a s  

s h o w n  in  F ig u re  3 3 .1 4 . W h e n  th e  iro n  c o n c e n tra t io n  in  th e  c e ll  is  lo w , 

th e  IR P  b in d  to  th e  3 '- IR E  a n d  s ta b i l iz e  th e  m R N A  fo r  T fR , a l lo w in g  

T f R  s y n th e s is .  W h e n  in t r a c e l lu la r  i ro n  le v e ls  a re  h ig h , th e  IR P  

d is s o c ia te .  T h e  la c k  o f  IR P  b o u n d  to  th e  m R N A  h a s te n s  its  

d e s tru c t io n ,  r e s u l t in g  in  d e c re a s e d  T f R  s y n th e s is .  [N o te : T h e  m R N A  

fo r  fe r r i t in ,  a n  in t r a c e l lu la r  p ro te in  o f  i ro n  s to ra g e , h a s  a  s in g le  IR E  in  

its  5 '-U T R . W h e n  iro n  le v e ls  in  th e  c e ll a re  lo w , IR P  b in d  th e  5 '- IR E  

a n d  p re v e n t  th e  u s e  o f  th e  m R N A , a n d  le s s  f e r r i t in  is  m a d e . W h e n  iro n  

a c c u m u la te s  in  th e  c e ll, th e  IR P  d is s o c ia te ,  a l lo w in g  s y n th e s is  o f  

f e r r i t in  m o le c u le s  to  s to re  th e  e x c e s s  iro n . A m inolevulin ic acid  
synthase 2, th e  r e g u la te d  e n z y m e  o f  h e m e  s y n th e s is  (s e e  p . 2 7 8 )  in  

e ry th ro b la s ts ,  a lso  c o n ta in s  a  5 '- IR E .]  (S e e  C h a p te r  2 9  fo r  a  d is c u s s io n  

o f  iro n  m e ta b o l is m .)



F ig u re  3 3 .1 4  R e g u la t io n  o f  t r a n s fe r r in  re c e p to r  (T fR )  s y n th e s is .  [N o te : T h e  IR E  

a re  lo c a te d  in  th e  3 '-U T R  (u n tra n s la te d  r e g io n )  o f  T fR  m e s s e n g e r  R N A  

(m R N A ) .]  7 -C H 3-G  = 7 -m e th y lg u a n o s in e  c a p ; (A )n = p o ly a d e n y la te  ta il.

b . R N A  in te r fe re n c e :  R N A i is  a  m e c h a n is m  o f  g e n e  s i le n c in g  th ro u g h  

d e c re a s e d  e x p re s s io n  o f  m R N A , e i th e r  b y  r e p re s s io n  o f  t r a n s la t io n  o r  

b y  in c r e a s e d  d e g ra d a tio n .  I t  p la y s  a  k e y  ro le  in  s u c h  fu n d a m e n ta l  

p ro c e s s e s  a s  c e l l  p ro li fe ra t io n , d if f e re n tia t io n ,  a n d  a p o p to s is .  R N A i is  

m e d ia te d  b y  s h o r t  (~ 2 2  n u c le o tid e s ) ,  n o n c o d in g  R N A  c a l le d  

m ic ro R N A  (m iR N A ) . T h e  m iR N A  a r is e  f ro m  fa r  lo n g e r ,  g e n o m ic a l ly  

e n c o d e d  n u c le a r  tr a n s c r ip ts ,  p r im a ry  m iR N A  (p r i-m iR N A ) , th a t  a re  

p a r t ia l ly  p ro c e s s e d  in  th e  n u c le u s  to  p re -m iR N A  b y  a n  endonuclease  
(Drosha) th e n  tr a n s p o r te d  to  th e  c y to p la s m . T h e re , a n  endonuclease  
(Dicer) c o m p le te s  th e  p ro c e s s in g  a n d  g e n e ra te s  sh o r t ,  d o u b le - s t r a n d e d  

m iR N A . A  s in g le  s t r a n d  ( th e  g u id e  o r  a n t is e n s e  s tra n d )  o f  th e  m iR N A  

a s s o c ia te s  w ith  a  c y to s o l ic  p ro te in  c o m p le x  k n o w n  a s  th e  R N A - 

in d u c e d  s i le n c in g  c o m p le x  (R IS C ) . T h e  g u id e  s tr a n d  h y b r id iz e s  w i th  a  

c o m p le m e n ta ry  s e q u e n c e  in  th e  3 '-U T R  o f  a  fu l l - le n g th  ta rg e t  m R N A , 

b r in g in g  R IS C  to  th e  m R N A . T h is  c a n  r e s u l t  in  r e p re s s io n  o f  

t r a n s la t io n  o f  th e  m R N A  o r  its  d e g ra d a t io n  b y  a n  endonuclease 

(Argonaute/A go/Slicer) o f  th e  R IS C . T h e  e x te n t  o f  c o m p le m e n ta r i ty  

a p p e a rs  to  b e  th e  d e te rm in in g  fa c to r  (F ig . 3 3 .1 5 ). R N A i c a n  a lso  b e  

t r ig g e re d  b y  th e  in t ro d u c t io n  o f  e x o g e n o u s  d o u b le - s t r a n d e d  s h o r t  

in te r f e r in g  R N A  (s iR N A ) in to  a  c e ll, a  p ro c e s s  th a t  h a s  e n o rm o u s  

th e ra p e u tic  p o te n tia l .
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F ig u re  3 3 .1 5  B io g e n e s is  a n d  a c t io n s  o f  m ic ro R N A  (m iR N A ) . [N o te : T h e  e x te n t  

o f  c o m p le m e n ta r i ty  b e tw e e n  th e  ta rg e t  m e s s e n g e r  R N A  (m R N A )  a n d  th e  

m iR N A  d e te rm in e s  th e  f in a l  o u tc o m e , w i th  p e r f e c t  c o m p le m e n ta r i ty  re s u l t in g  in  

m R N A  d e g ra d a tio n .]  P r i  = p r im a ry ;  R IS C  = R N A - in d u c e d  s i le n c in g  c o m p le x .

1) RNA interference-based therapeutics

T h e  f i r s t  c l in ic a l  t r ia l  o f  R N A i-b a s e d  th e ra p y  in v o lv e d  th e  n e o v a s c u la r  fo rm  o f  

a g e - re la te d  m a c u la r  d e g e n e ra t io n  (A M D ), w h ic h  is  tr ig g e re d  b y  o v e rp ro d u c t io n  

o f  v a s c u la r  e n d o th e l ia l  g ro w th  fa c to r  (V E G F ) , le a d in g  to  th e  s p ro u tin g  o f  e x c e s s  

b lo o d  v e s s e ls  b e h in d  th e  re t in a . T h e  v e s s e ls  le a k , c lo u d in g  a n d  o f te n  e n t ire ly  

d e s tro y in g  v is io n  ( th e re fo re ,  n e o v a s c u la r  A M D  is  a lso  r e f e r r e d  to  a s  w e t  A M D ). 

A n  s iR N A  w a s  d e s ig n e d  to  ta rg e t  th e  m R N A  o f  V E G F  a n d  p ro m o te  its  

d e g ra d a tio n . A lth o u g h  c o n s id e ra b le  e f fo r t  a n d  r e s o u rc e s  h a v e  b e e n  e x p e n d e d  to  

d e v e lo p  R N A i-b a s e d  th e ra p e u tic s ,  e s p e c ia l ly  fo r  th e  t r e a tm e n t  o f  c a n c e r ,  n o  

p ro d u c ts  h a v e  g o n e  f ro m  tr ia ls  to  th e  m a rk e t .  T h e  r e s e a r c h  a p p l ic a t io n s  o f  R N A i, 

h o w e v e r ,  h a v e  g ro w n  ra p id ly .

5. M e s s e n g e r  R N A  tra n s la t io n :  R e g u la t io n  o f  g e n e  e x p re s s io n  c a n  a lso  

o c c u r  a t  th e  le v e l  o f  m R N A  tra n s la t io n . O n e  m e c h a n is m  b y  w h ic h  

t r a n s la t io n  is  r e g u la te d  is  th ro u g h  p h o s p h o ry la t io n  o f  th e  e u k a ry o t ic  

t r a n s la t io n  in i t ia t io n  fa c to r , e IF -2  (F ig . 3 3 .1 6 ). P h o s p h o ry la t io n  o f  e IF -2  

in h ib its  i ts  fu n c t io n  a n d  so  in h ib its  tr a n s la t io n  a t  th e  in i t ia t io n  s te p  (s e e  p . 

4 5 9 ) . [N o te : P h o s p h o ry la t io n  o f  e IF -2  p re v e n ts  i ts  r e a c t iv a t io n  b y  

in h ib i t in g  G D P -G T P  e x c h a n g e .]  P h o s p h o ry la t io n  is  c a ta ly z e d  b y  kinases 
th a t  a re  a c t iv a te d  in  r e s p o n s e  to  e n v i ro n m e n ta l  c o n d it io n s ,  s u c h  a s  a m in o  

a c id  s ta rv a t io n , h e m e  d e f ic ie n c y  in  e ry th ro b la s ts ,  th e  p re s e n c e  o f  d o u b le 

s t r a n d e d  R N A  (s ig n a l in g  v i r a l  in fe c tio n ) ,  a n d  th e  a c c u m u la t io n  o f  

m is fo ld e d  p ro te in s  in  th e  ro u g h  e n d o p la s m ic  r e t ic u lu m  (se e  p . 4 6 0 ) .
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F ig u re  3 3 .1 6  R e g u la t io n  o f  t r a n s la t io n  in i t ia t io n  in  e u k a ry o te s  b y  

p h o s p h o ry la t io n  o f  e u k a ry o t ic  t r a n s la t io n  in i t ia t io n  fa c to r , e IF -2 . R E R  = ro u g h  

e n d o p la s m ic  r e t ic u lu m ; A D P  = a d e n o s in e  d ip h o s p h a te ;  P j = in o rg a n ic  

p h o s p h a te ;  = p h o s p h a te .

C. Regulation through variations in DNA
G e n e  e x p re s s io n  in  e u k a ry o te s  is  a lso  in f lu e n c e d  b y  th e  a c c e s s ib i l i ty  o f  

D N A  to  th e  t r a n s c r ip t io n a l  a p p a ra tu s ,  th e  a m o u n t  o f  D N A , a n d  th e  

a r r a n g e m e n t  o f  D N A . [N o te : L o c a l iz e d  t r a n s i t io n s  b e tw e e n  th e  B  a n d  Z 

fo rm s  o f  D N A  (se e  p . 4 1 4 )  c a n  a lso  a f f e c t  g e n e  e x p re s s io n .]

1. A c c e s s  to  D N A : In  e u k a ry o te s ,  D N A  is  fo u n d  c o m p le x e d  w ith  h is to n e  

a n d  n o n h is to n e  p ro te in s  to  fo rm  c h ro m a tin  (s e e  p . 4 2 5 ) . T ra n s c r ip t io n a l ly  

a c tiv e , d e c o n d e n s e d  c h ro m a tin  (e u c h ro m a tin )  d if fe r s  f ro m  th e  m o re  

c o n d e n s e d , in a c t iv e  fo rm  (h e te ro c h ro m a tin )  in  a  n u m b e r  o f  w a y s . A c tiv e  

c h ro m a tin  c o n ta in s  h is to n e  p ro te in s  th a t  h a v e  b e e n  c o v a le n t ly  m o d if ie d  

a t  th e ir  a m in o  te rm in a l  e n d s  b y  r e v e r s ib le  m e th y la t io n ,  a c e ty la t io n , o r  

p h o s p h o ry la t io n  ( s e e  p . 4 3 8  fo r  a  d is c u s s io n  o f  h is to n e  

a c e ty la t io n /d e a c e ty la t io n  b y  histone acetyltransferase  a n d  histone



deacetylase ). S u c h  m o d if ic a t io n s  d e c re a s e  th e  p o s i t iv e  c h a rg e  o f  th e s e  

b a s ic  p ro te in s ,  th e re b y  d e c re a s in g  th e  s tr e n g th  o f  th e ir  a s s o c ia t io n  w ith  

n e g a t iv e ly  c h a rg e d  D N A . T h is  r e la x e s  th e  n u c le o s o m e  (s e e  p . 4 2 5 ) , 

a l lo w in g  tr a n s c r ip t io n  fa c to rs  a c c e s s  to  s p e c if ic  re g io n s  o n  th e  D N A . 

N u c le o s o m e s  c a n  a lso  b e  re p o s it io n e d ,  a n  A T P - re q u ir in g  p ro c e s s  th a t  is  

p a r t  o f  c h ro m a tin  re m o d e lin g .  A n o th e r  d if f e re n c e  b e tw e e n  

t r a n s c r ip t io n a l ly  a c t iv e  a n d  in a c t iv e  c h ro m a tin  is  th e  e x te n t  o f  

m e th y la t io n  o f  c y to s in e  b a s e s  in  C G -r ic h  re g io n s  (C p G  is la n d s )  in  th e  

p ro m o te r  re g io n  o f  m a n y  g e n e s . M e th y la t io n  is  b y  m ethyltransferases 
th a t  u s e  S -a d e n o s y lm e th io n in e  as  th e  m e th y l  d o n o r  (F ig . 3 3 .1 7 ). 

T ra n s c r ip t io n a l ly  a c t iv e  g e n e s  a re  le s s  m e th y la te d  (h y p o m e th y la te d )  th a n  

th e ir  in a c t iv e  c o u n te rp a r ts ,  s u g g e s tin g  th a t  D N A  h y p e rm e th y la t io n  

s i le n c e s  g e n e  e x p re s s io n . M o d if ic a t io n  o f  h is to n e s  a n d  m e th y la t io n  o f  

D N A  a re  e p ig e n e t ic  in  th a t  th e y  a re  h e r i ta b le  c h a n g e s  in  D N A  th a t  a l te r  

g e n e  e x p re s s io n  w i th o u t  a l te r in g  th e  b a s e  s e q u e n c e .

F ig u re  3 3 .1 7  T h e  m e th y la t io n  o f  c y to s in e  in  e u k a ry o t ic  D N A . S A M  = S- 

a d e n o s y lm e th io n in e ;  S A H  = S -a d e n o s y lh o m o c y s te in e .

2. A m o u n t  o f  D N A : A  c h a n g e  u p  o r  d o w n  in  th e  n u m b e r  o f  c o p ie s  o f  a  

g e n e  c a n  a f f e c t  th e  a m o u n t  o f  g e n e  p ro d u c t  p ro d u c e d .  A n  in c re a s e  in  

c o p y  n u m b e r  (g e n e  a m p lif ic a t io n )  h a s  c o n tr ib u te d  to  in c re a s e d  g e n o m ic  

c o m p le x i ty  a n d  is  s t i l l  a  n o rm a l  d e v e lo p m e n ta l  p ro c e s s  in  c e r ta in  

n o n m a m m a lia n  sp e c ie s .  In  m a m m a ls ,  h o w e v e r ,  g e n e  a m p lif ic a t io n  is



s e e n  w ith  so m e  d is e a s e s  a n d  in  re s p o n s e  to  p a r t ic u la r  c h e m o th e ra p e u tic  

d ru g s  s u c h  a s  m e th o tre x a te ,  a n  in h ib i to r  o f  th e  e n z y m e  dihydrofolate  
reductase (DH FR), r e q u i re d  fo r  th e  s y n th e s is  o f  th y m id in e  t r ip h o s p h a te  

(T T P )  in  th e  p y r im id in e  b io s y n th e t ic  p a th w a y  (se e  p . 3 0 3 ) . T T P  is  

e s s e n tia l  fo r  D N A  s y n th e s is .  G e n e  a m p lif ic a t io n  re s u lts  in  a n  in c re a s e  in  

th e  n u m b e r  o f  D H FR  g e n e s  a n d  r e s is ta n c e  to  th e  d ru g , a l lo w in g  T T P  to  

b e  m a d e .

3. A r ra n g e m e n t  o f  D N A : T h e  p ro c e s s  b y  w h ic h  im m u n o g lo b u lin s  

( a n t ib o d ie s )  a re  p ro d u c e d  b y  B  ly m p h o c y te s  in v o lv e s  p e rm a n e n t  

re a r ra n g e m e n ts  o f  th e  D N A  in  th e s e  c e lls . T h e  im m u n o g lo b u lin s  ( fo r  

e x a m p le , Ig G )  c o n s is t  o f  tw o  l ig h t  a n d  tw o  h e a v y  c h a in s , w ith  e a c h  c h a in  

c o n ta in in g  r e g io n s  o f  v a r ia b le  a n d  c o n s ta n t  a m in o  a c id  s e q u e n c e . T h e  

v a r ia b le  r e g io n  is  th e  r e s u l t  o f  s o m a tic  r e c o m b in a t io n  o f  s e g m e n ts  w ith in  

b o th  th e  l ig h t-  a n d  th e  h e a v y -c h a in  g e n e s . D u r in g  B - ly m p h o c y te  

d e v e lo p m e n t ,  s in g le  v a r ia b le  (V ), d iv e r s i ty  (D ), a n d  jo in in g  (J )  g e n e  

s e g m e n ts  a re  b r o u g h t  to g e th e r  th ro u g h  g e n e  r e a r r a n g e m e n t  to  fo rm  a  

u n iq u e  v a r ia b le  r e g io n  (F ig . 3 3 .1 8 ). T h is  p ro c e s s  a l lo w s  th e  g e n e ra t io n  o f  

1 0 9- 1 0 11 d if f e r e n t  im m u n o g lo b u lin s  f ro m  a  s in g le  g e n e , p ro v id in g  th e  

d iv e r s i ty  n e e d e d  fo r  th e  r e c o g n i t io n  o f  a n  e n o rm o u s  n u m b e r  o f  a n tig e n s . 

[N o te : P a th o lo g ic  D N A  re a r r a n g e m e n t  is  s e e n  w i th  t r a n s lo c a t io n ,  a  

p ro c e s s  b y  w h ic h  tw o  d if f e r e n t  c h ro m o s o m e s  e x c h a n g e  D N A  s e g m e n ts .]  4

F ig u re  3 3 .1 8  D N A  re a r ra n g e m e n ts  in  th e  g e n e ra t io n  o f  im m u n o g lo b u lin s .  V =  

v a r ia b le ;  D  =  d iv e rs i ty ;  J  =  jo in in g .

4 . M o b ile  D N A  e le m e n ts :  T ra n s p o s o n s  (T n )  a re  m o b i le  s e g m e n ts  o f  D N A  

th a t  m o v e  in  a n  e s s e n tia l ly  r a n d o m  m a n n e r  f ro m  o n e  s ite  to  a n o th e r  o n  

th e  s a m e  o r  a  d if f e r e n t  c h ro m o s o m e . M o v e m e n t  is  m e d ia te d  b y  

transposase, a n  e n z y m e  e n c o d e d  b y  th e  T n  its e lf .  M o v e m e n t  c a n  b e  

d ire c t,  in  w h ic h  transposase  c u ts  o u t  a n d  th e n  in s e r ts  th e  T n  a t  a  n e w



s ite , o r  r e p l ic a t iv e ,  in  w h ic h  th e  T n  is  c o p ie d  a n d  th e  c o p y  in s e r te d  

e ls e w h e re  w h ile  th e  o r ig in a l  r e m a in s  in  p la c e . In  e u k a ry o te s ,  in c lu d in g  

h u m a n s , r e p l ic a t iv e  tr a n s p o s i t io n  f r e q u e n t ly  in v o lv e s  a n  R N A  

in te rm e d ia te  m a d e  b y  a  reverse transcriptase  ( s e e  p . 4 2 4 ) , in  w h ic h  c a s e  

th e  T n  is  c a l le d  a  r e t ro t r a n s p o s o n .  T ra n s p o s i t io n  h a s  c o n tr ib u te d  to  

s t ru c tu ra l  v a r ia t io n  in  th e  g e n o m e  b u t  a lso  h a s  th e  p o te n t ia l  to  a l te r  g e n e  

e x p re s s io n  a n d  e v e n  to  c a u s e  d is e a s e . T n  c o m p r is e  ~ 5 0 %  o f  th e  h u m a n  

g e n o m e , w i th  r e t ro t r a n s p o s o n s  a c c o u n tin g  fo r  9 0 %  o f  T n . A lth o u g h  th e  

v a s t  m a jo r i ty  o f  th e s e  r e t ro t r a n s p o s o n s  h a v e  lo s t  th e  a b i l i ty  to  m o v e , 

s o m e  a re  s t i l l  a c t iv e . T h e ir  t r a n s p o s i t io n  is  th o u g h t  to  b e  th e  b a s is  fo r  

s o m e  ra re  c a s e s  o f  h e m o p h il ia  A  a n d  D u c h e n n e  m u s c u la r  d y s tro p h y . 

[N o te : T h e  g ro w in g  p ro b le m  o f  a n t ib io t ic - r e s is ta n t  b a c te r ia  is  a  

c o n s e q u e n c e , a t  le a s t  in  p a r t ,  o f  th e  e x c h a n g e  o f  p la s m id s  a m o n g  

b a c te r ia l  c e l ls .  I f  th e  p la s m id s  c o n ta in  T n -c a r ry in g  a n t ib io t ic  r e s is ta n c e  

g e n e s , th e  r e c ip ie n t  b a c te r ia  g a in  re s is ta n c e  to  o n e  o r  m o re  a n t im ic ro b ia l  

d ru g s .]



V. CHAPTER SUMMARY

G e n e  e x p re s s io n  re s u lts  in  th e  p r o d u c t io n  o f  a  fu n c t io n a l  g e n e  p ro d u c t  

(e i th e r  R N A  o r  p ro te in )  th ro u g h  th e  p ro c e s s e s  o f  t r a n s c r ip t io n  a n d  

t r a n s la t io n  (F ig . 3 3 .1 9 ). G e n e s  c a n  b e  e i th e r  c o n s t i tu t iv e  (a lw a y s  e x p re s s e d , 

h o u s e k e e p in g  g e n e s )  o r  r e g u la te d  ( e x p re s s e d  o n ly  u n d e r  c e r ta in  c o n d i t io n s  

in  a l l  c e l ls  o r  in  a  s u b s e t  o f  c e lls ) .  T h e  a b i l i ty  to  a p p ro p r ia te ly  in d u c e  

(p o s it iv e ly  re g u la te )  o r  r e p re s s  (n e g a t iv e ly  re g u la te )  g e n e s  is  e s s e n t ia l  in  a ll  

o rg a n is m s . R e g u la t io n  o f  g e n e  e x p re s s io n  o c c u rs  p r im a r i ly  a t  t r a n s c r ip t io n  

in  b o th  p ro k a ry o te s  a n d  e u k a ry o te s  a n d  is  m e d ia te d  th ro u g h  t r a n s -a c t in g  

p ro te in s  b in d in g  to  c is - a c tin g  r e g u la to ry  D N A  e le m e n ts .  In  e u k a ry o te s ,  

r e g u la t io n  a lso  o c c u rs  th ro u g h  D N A  m o d if ic a t io n s  a n d  th ro u g h  

p o s t t r a n s c r ip t io n a l  a n d  p o s t t r a n s la t io n a l  p ro c e s s in g .  In  p ro k a ry o te s ,  s u c h  as 

E s c h e r ic h ia  c o l i . th e  c o o rd in a te  r e g u la t io n  o f  g e n e s  w h o s e  p ro te in  p ro d u c ts  

a re  r e q u i re d  fo r  a  p a r t ic u la r  p ro c e s s  is  a c h ie v e d  th ro u g h  o p e ro n s  (g ro u p s  o f  

g e n e s  s e q u e n t ia l ly  a r r a n g e d  o n  th e  c h ro m o s o m e  a lo n g  w ith  th e  re g u la to ry  

e le m e n ts  th a t  d e te rm in e  th e ir  tr a n s c r ip t io n ) .  T h e  la c  o p e ro n  c o n ta in s  th e  Z , 

Y , a n d  A  s tru c tu ra l  g e n e s . th e  p ro te in  p ro d u c ts  o f  w h ic h  a re  n e e d e d  fo r  th e  

c a ta b o lis m  o f  la c to s e . I t  is  s u b je c t  to  n e g a t iv e  a n d  p o s i t iv e  re g u la tio n . 

W h e n  g lu c o s e  is  a v a i la b le ,  th e  o p e ro n  is  r e p re s s e d  b y  th e  b in d in g  o f  th e  

r e p re s s o r  p ro te in  ( th e  p r o d u c t  o f  th e  la c I  g e n e )  to  th e  o p e ra to r ,  th u s  

p re v e n t in g  tr a n s c r ip tio n .  W h e n  o n ly  la c to s e  is  p re s e n t ,  th e  o p e ro n  is  

in d u c e d  b y  a n  is o m e r  o f  la c to s e  ( a l lo la c to s e )  th a t  b in d s  th e  r e p re s s o r  

p ro te in ,  p re v e n t in g  i t  f ro m  b in d in g  to  th e  o p e ra to r .  In  a d d i tio n , c y c l ic  

a d e n o s in e  m o n o p h o s p h a te  (c A M P )  b in d s  th e  c a ta b o li te  a c t iv a to r  p ro te in  

(C A P ), a n d  th e  c o m p le x  b in d s  th e  D N A  a t  th e  C A P  s ite . T h is  in c re a s e s  

p ro m o te r  e f f ic ie n c y  a n d  r e s u lts  in  th e  e x p re s s io n  o f  th e  s t ru c tu ra l  g e n e s  

th ro u g h  th e  p r o d u c t io n  o f  a  p o ly c is tro n ic  m e s s e n g e r  R N A  (m R N A ). W h e n  

b o th  g lu c o s e  a n d  la c to s e  a re  p re s e n t ,  g lu c o s e  p re v e n ts  f o rm a t io n  o f  c A M P , 

a n d  t r a n s c r ip t io n  o f  th e s e  g e n e s  is  n e g l ig ib le .  T h e  trp  o p e ro n  c o n ta in s  g e n e s  

n e e d e d  fo r  th e  s y n th e s is  o f  t r y p to p h a n  (T rp ) , a n d , l ik e  th e  la c  o p e ro n , i t  is  

r e g u la te d  b y  n e g a t iv e  c o n tro l.  U n lik e  th e  la c  o p e ro n , i t  is  a lso  r e g u la te d  b y  

a t te n u a t io n , in  w h ic h  m R N A  s y n th e s is  th a t  e s c a p e d  r e p re s s io n  b y  T rp  is  

te rm in a te d  b e fo re  c o m p le t io n . T ra n s c r ip t io n  o f  r ib o s o m a l R N A  a n d  tr a n s fe r  

R N A  is  s e le c t iv e ly  in h ib i te d  in  p ro k a ry o te s  b y  th e  s t r in g e n t  r e s p o n s e  to



a m in o  a c id  s ta rv a t io n . T ra n s la t io n  is  a lso  a  s i te  o f  p ro k a ry o tic  g e n e  

re g u la tio n :  E x c e s s  r ib o s o m a l p ro te in s  b in d  th e  S h in e -D a lg a rn o  s e q u e n c e  o n  

th e ir  o w n  p o ly c is tro n ic  m R N A , p re v e n t in g  r ib o s o m e s  f ro m  b in d in g . G e n e  

r e g u la t io n  is  m o re  c o m p le x  in  e u k a ry o te s .  O p e ro n s  a re  n o t  p re s e n t ,  b u t  

c o o rd in a te  r e g u la t io n  o f  th e  t r a n s c r ip t io n  o f  g e n e s  lo c a te d  o n  d if f e re n t  

c h ro m o s o m e s  c a n  b e  a c h ie v e d  th ro u g h  th e  b in d in g  o f  tr a n s -a c t in g  p ro te in s  

to  c is - a c tin g  e le m e n ts  as  s e e n  in  th e  g a la c to s e  c i r c u i t  in  u n ic e l lu la r  y e a s t .  In  

m u l t ic e l lu la r  o rg a n is m s , h o rm o n e s  c a n  c a u s e  c o o rd in a te d  re g u la tio n , e i th e r  

th ro u g h  th e  b in d in g  o f  th e  h o rm o n e  r e c e p to r - h o r m o n e  c o m p le x  to  th e  

D N A  (a s  w ith  s te ro id  h o rm o n e s )  o r  th ro u g h  th e  b in d in g  o f  a  p ro te in  th a t  is  

a c t iv a te d  in  r e s p o n s e  to  a  s e c o n d  m e s s e n g e r  (a s  w ith  g lu c a g o n ) .  In  e a c h  

c a se , b in d in g  to  D N A  is  m e d ia te d  th ro u g h  s tru c tu ra l  m o tif s  s u c h  as  th e  z in c  

f in g e r . C o -  a n d  p o s t t r a n s c r ip t io n a l  r e g u la t io n  is  a lso  s e e n  in  e u k a ry o te s  a n d  

in c lu d e s  a l te rn a t iv e  m R N A  s p lic in g  a n d  p o ly a d e n y la t io n ,  m R N A  e d itin g , 

a n d  v a r ia t io n s  in  m R N A  s ta b i l i ty  as  s e e n  w ith  tr a n s f e r r in  re c e p to r  s y n th e s is  

a n d  w ith  R N A  in te r fe re n c e .  R e g u la t io n  a t  th e  t r a n s la t io n a l  le v e l  c a n  b e  

c a u s e d  b y  th e  p h o s p h o ry la t io n  a n d  in h ib i t io n  o f  e u k a ry o t ic  in i t ia t io n  fa c to r -  

2. G e n e  e x p re s s io n  in  e u k a ry o te s  is  a lso  in f lu e n c e d  b y  a c c e s s ib i l i ty  o f  

D N A  to  th e  t r a n s c r ip t io n a l  a p p a ra tu s  (a s  s e e n  w ith  e p ig e n e t ic  c h a n g e s  to  

h is to n e  p ro te in s ) ,  th e  a m o u n t  o f  D N A , a n d  th e  a r r a n g e m e n t  o f  th e  D N A .



F ig u re  3 3 .1 9  S u m m a ry  o f  k e y  c o n c e p ts  fo r  th e  r e g u la t io n  o f  g e n e  e x p re s s io n . 

T rp  =  t ry p to p h a n ; rR N A , tR N A , m R N A  =  r ib o s o m a l,  t r a n s fe r ,  a n d  m e s s e n g e r  

R N A , re s p e c t iv e ly ;  p p G p p ; g u a n o s in e  te tr a p h o s p h a te ;  r - p ro te in  =  r ib o s o m a l 

p ro te in ;  S D  =  S h in e -D a lg a rn o ; G a l =  g a la c to s e ; U A S  =  u p s t r e a m  a c t iv a t in g  

s e q u e n c e ;  G R E  =  g lu c o c o r t ic o id  r e s p o n s e  e le m e n t;  R N A i =  R N A  in te r fe re n c e ;  

e IF  =  e u k a ry o t ic  in i t ia t io n  fa c to r ;  d s  =  d o u b le  s tra n d e d ; E R  =  e n d o p la s m ic



re t ic u lu m .

Study Questions

Choose th e  O N E  b e s t  a n s w e r .

3 .1 . W h ic h  o f  th e  fo llo w in g  m u ta t io n s  is  m o s t  l ik e ly  to  r e s u l t  in  re d u c e d  

e x p re s s io n  o f  th e  la c  o p e ro n ?

A . c y a -  (n o  a d e n y ly l  c y c la s e  m a d e )

B . i -  (n o  r e p re s s o r  p ro te in  m a d e )

C . O c (o p e ra to r  c a n n o t  b in d  r e p re s s o r  p ro te in )

D . O n e  re s u l t in g  in  im p a ire d  g lu c o s e  u p ta k e

C o r r e c t  a n s w e r  = A . In  th e  a b s e n c e  o f  g lu c o s e , a d e n y ly l  c y c la s e  m a k e s  c y c l ic  

a d e n o s in e  m o n o p h o s p h a te  (c A M P ), w h ic h  fo rm s  a  c o m p le x  w ith  th e  c a ta b o li te  

a c t iv a to r  p ro te in  (C A P ) . T h e  c A M P - C A P  c o m p le x  b in d s  th e  C A P  s i te  o n  th e  

D N A , c a u s in g  R N A  p o ly m e ra s e  to  b in d  m o re  e f f ic ie n t ly  to  th e  la c  o p e ro n  

p ro m o te r ,  th e re b y  in c re a s in g  e x p re s s io n  o f  th e  o p e ro n . W ith  c y a -  m u ta tio n s ,  

a d e n y ly l  c y c la s e  is  n o t  m a d e , a n d  so  th e  o p e ro n  is  u n a b le  to  b e  m a x im a lly  

e x p re s s e d  e v e n  w h e n  g lu c o s e  is  a b s e n t  a n d  la c to s e  is  p re s e n t .  T h e  a b s e n c e  o f  a  

r e p re s s o r  p ro te in  o r  d e c re a s e d  a b i l i ty  o f  th e  r e p re s s o r  to  b in d  th e  o p e ra to r  

r e s u lts  in  c o n s t i tu t iv e  (e s s e n tia l ly  c o n s ta n t)  e x p re s s io n  o f  th e  la c  o p e ro n .

3 .2 . W h ic h  o f  th e  fo llo w in g  is  b e s t  d e s c r ib e d  a s  c is -a c tin g ?

A . C y c l ic  a d e n o s in e  m o n o p h o s p h a te  r e s p o n s e  e le m e n t - b in d in g  p ro te in

B . O p e ra to r

C . R e p re s s o r  p ro te in

D . T h y ro id  h o rm o n e  n u c le a r  r e c e p to r

C o r r e c t  a n s w e r  = B . T h e  o p e ra to r  is  p a r t  o f  th e  D N A  its e lf ,  a n d  so  is  c is -a c tin g . 

T h e  c y c l ic  a d e n o s in e  m o n o p h o s p h a te  r e s p o n s e  e le m e n t - b in d in g  p ro te in ,  

r e p re s s o r  p ro te in ,  a n d  th y ro id  h o rm o n e  n u c le a r  re c e p to r  p ro te in  a re  m o le c u le s  

th a t  d if fu s e  ( tr a n s i t)  to  th e  D N A , b in d , a n d  a f fe c t  th e  e x p re s s io n  o f  th a t  D N A  

a n d  so  a re  t r a n s -a c tin g .



3 .3 . W h ic h  o f  th e  fo l lo w in g  is  th e  b a s is  fo r  th e  in te s t in e - s p e c if ic  e x p re s s io n  o f  

a p o l ip o p ro te in  B -4 8 ?

A . D N A  re a r r a n g e m e n t  a n d  lo s s

B . D N A  tra n s p o s i t io n

C . R N A  a l te rn a t iv e  s p lic in g

D . R N A  e d itin g

E . R N A  in te r fe re n c e

C o r r e c t  a n s w e r  = D . T h e  p ro d u c t io n  o f  a p o l ip o p ro te in  (a p o )  B -4 8  in  th e  

in te s t in e  a n d  a p o  B -1 0 0  in  l iv e r  is  th e  r e s u l t  o f  R N A  e d it in g  in  th e  in te s tin e , 

w h e re  a  s e n s e  c o d o n  is  c h a n g e d  to  a  n o n s e n s e  c o d o n  b y  p o s t t r a n s c r ip t io n a l  

d e a m in a t io n  o f  c y to s in e  to  u ra c il .  D N A  re a r r a n g e m e n t  a n d  tr a n s p o s i t io n ,  as 

w e ll  a s  R N A  in te r fe re n c e  a n d  a l te rn a t iv e  s p lic in g , d o  a l te r  g e n e  e x p re s s io n  b u t  

a re  n o t  th e  b a s is  o f  a p o  B -4 8  t i s s u e - s p e c i f ic  p ro d u c t io n .

3 .4 . W h ic h  o f  th e  fo llo w in g  is  m o s t  l ik e ly  to  b e  tru e  in  h e m o c h ro m a to s is ,  a  

d is e a s e  o f  iro n  a c c u m u la tio n ?

A . T h e  m e s s e n g e r  R N A  fo r  th e  tr a n s f e r r in  re c e p to r  is  s ta b i l iz e d  b y  th e  

b in d in g  o f  iro n  r e g u la to ry  p ro te in s  to  its  3 '- i r o n - r e s p o n s iv e  e le m e n ts .

B . T h e  m e s s e n g e r  R N A  fo r  th e  tr a n s f e r r in  re c e p to r  is  n o t  b o u n d  b y  iro n  

r e g u la to ry  p ro te in s  a n d  is  d e g ra d e d .

C . T h e  m e s s e n g e r  R N A  fo r  f e r r i t in  is  n o t  b o u n d  b y  i ro n  r e g u la to ry  

p ro te in s  a t  its  5 '- i ro n - re s p o n s iv e  e le m e n t  a n d  is  tr a n s la te d .

D . T h e  m e s s e n g e r  R N A  fo r  f e r r i t in  is  b o u n d  b y  i ro n  r e g u la to ry  p ro te in s  

a n d  is  n o t  tr a n s la te d .

E . B o th  B  a n d  C  a re  c o rre c t.

C o r r e c t  a n s w e r  = E . W h e n  i ro n  le v e ls  in  th e  b o d y  a re  h ig h , a s  is  s e e n  w ith  

h e m o c h ro m a to s is ,  th e re  is  in c r e a s e d  s y n th e s is  o f  th e  i ro n - s to ra g e  m o le c u le ,  

fe r r i t in , a n d  d e c re a s e d  s y n th e s is  o f  th e  t r a n s fe r r in  re c e p to r  (T fR )  th a t  m e d ia te s  

iro n  u p ta k e  b y  c e lls .  T h e s e  e f fe c ts  a re  th e  r e s u l t  o f  c is - a c tin g  iro n - re s p o n s iv e  

e le m e n ts  n o t  b e in g  b o u n d  b y  t r a n s -a c t in g  iro n  r e g u la to ry  p ro te in s ,  r e s u l t in g  in  

d e g ra d a t io n  o f  th e  m e s s e n g e r  R N A  (m R N A )  fo r  T fR  a n d  in c re a s e d  t r a n s la t io n  

o f  th e  m R N A  fo r  fe r r i t in .

3 .5 . P a tie n ts  w ith  e s tro g e n  r e c e p to r - p o s i t iv e  (h o rm o n e  re s p o n s iv e )  b r e a s t



c a n c e r  m a y  b e  t r e a te d  w i th  th e  d ru g  ta m o x ife n , w h ic h  b in d s  th e  e s tro g e n  

n u c le a r  r e c e p to r  w i th o u t  a c t iv a t in g  it. W h ic h  o f  th e  fo llo w in g  is  th e  m o s t  

lo g ic a l  o u tc o m e  o f  ta m o x ife n  u s e ?

A . In c re a s e d  a c e ty la t io n  o f  e s tro g e n - re s p o n s iv e  g e n e s

B . In c re a s e d  g ro w th  o f  e s tro g e n  r e c e p to r - p o s i t iv e  b r e a s t  c a n c e r  c e lls

C . In c re a s e d  p ro d u c t io n  o f  c y c l ic  a d e n o s in e  m o n o p h o s p h a te

D . In h ib i t io n  o f  th e  e s tro g e n  o p e ro n

E . In h ib i t io n  o f  tr a n s c r ip t io n  o f  e s tro g e n - re s p o n s iv e  g e n e s

C o r r e c t  a n s w e r  = E . T a m o x if e n  c o m p e te s  w ith  e s tro g e n  fo r  b in d in g  to  th e  

e s tro g e n  n u c le a r  re c e p to r .  T a m o x if e n  fa i ls  to  a c t iv a te  th e  re c e p to r ,  p re v e n t in g  

its  b in d in g  to  D N A  s e q u e n c e s  th a t  u p re g u la te  e x p re s s io n  o f  e s tro g e n -  

r e s p o n s iv e  g e n e s . T a m o x ife n ,  th e n , b lo c k s  th e  g ro w th -p ro m o tin g  e f fe c ts  o f  

th e s e  g e n e s  a n d  r e s u lts  in  g ro w th  in h ib i t io n  o f  e s tro g e n -d e p e n d e n t  b r e a s t  

c a n c e r  c e lls .  A c e ty la t io n  in c re a s e s  t r a n s c r ip t io n  b y  r e la x in g  th e  n u c le o s o m e . 

C y c l ic  a d e n o s in e  m o n o p h o s p h a te  is  a  r e g u la to ry  s ig n a l  m e d ia te d  b y  c e ll-  

s u r fa c e  r a th e r  th a n  n u c le a r  r e c e p to rs .  M a m m a lia n  c e lls  d o  n o t  h a v e  o p e ro n s .

3 .6 . T h e  Z Y A  re g io n  o f  th e  la c  o p e ro n  w il l  b e  m a x im a lly  e x p re s s e d  if:

A . c y c l ic  a d e n o s in e  m o n o p h o s p h a te  le v e ls  a re  lo w .

B . g lu c o s e  a n d  la c to s e  a re  b o th  a v a i la b le .

C . th e  a t te n u a t io n  s te m - lo o p  is  a b le  to  fo rm .

D . th e  C A P  s ite  is  o c c u p ie d .

C o r r e c t  a n s w e r  = D . I t  is  o n ly  w h e n  g lu c o s e  is  g o n e , c y c l ic  a d e n o s in e  

m o n o p h o s p h a te  (c A M P )  le v e ls  a re  in c re a s e d , th e  c A M P - c a ta b o l i te  a c t iv a to r  

p ro te in  (C A P )  c o m p le x  is  b o u n d  to  th e  C A P  s ite , a n d  la c to s e  is  a v a i la b le  th a t  

th e  o p e ro n  is  m a x im a lly  e x p re s s e d  ( in d u c e d ) .  I f  g lu c o s e  is  p re s e n t ,  th e  o p e ro n  

is  o f f  a s  a  r e s u l t  o f  c a ta b o li te  r e p re s s io n .  T h e  la c  o p e ro n  is  n o t  r e g u la te d  b y  

a t te n u a t io n , a  m e c h a n is m  fo r  s to p p in g  t r a n s c r ip t io n  in  s o m e  o p e ro n s  s u c h  as 

th e  trp  o p e ro n .

3 .7 . X  c h ro m o s o m e  in a c t iv a t io n  is  a  p ro c e s s  b y  w h ic h  o n e  o f  tw o  X  

c h ro m o s o m e s  in  m a m m a lia n  fe m a le s  is  c o n d e n s e d  a n d  in a c t iv a te d  to  

p r e v e n t  o v e re x p re s s io n  o f  X - l in k e d  g e n e s . W h a t  w o u ld  m o s t  l ik e ly  b e  tru e  

a b o u t  th e  d e g re e  o f  D N A  m e th y la t io n  a n d  h is to n e  a c e ty la t io n  o n  th e



in a c t iv a te d  X  c h ro m o s o m e ?

C y to s in e s  in  C p G  is la n d s  w o u ld  b e  h y p e rm e th y la te d ,  a n d  h is to n e  p ro te in s  

w o u ld  b e  d e a c e ty la te d . B o th  c o n d i t io n s  a re  a s s o c ia te d  w i th  d e c re a s e d  g e n e  

e x p re s s io n , a n d  b o th  a re  im p o r ta n t  in  m a in ta in in g  X  in a c tiv a tio n .
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Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

In  th e  p a s t,  e f fo r ts  to  u n d e r s ta n d  g e n e s  a n d  th e ir  e x p re s s io n  h a v e  b e e n  

c o n fo u n d e d  b y  th e  im m e n s e  s iz e  a n d  c o m p le x i ty  o f  h u m a n  d e o x y r ib o n u c le ic  

a c id  (D N A ). T h e  h u m a n  g e n o m e  c o n ta in s  ~ 3  b i l l io n  (1 0 9) b a s e  p a ir s  (b p )  th a t  

e n c o d e  2 0 ,0 0 0 -2 5 ,0 0 0  p ro te in -c o d in g  g e n e s  lo c a te d  o n  2 3  c h ro m o s o m e s  in  th e  

h a p lo id  g e n o m e . I t  is  n o w  p o s s ib le  to  d e te rm in e  th e  n u c le o t id e  s e q u e n c e  o f  lo n g  

s tre tc h e s  o f  D N A , a n d  th e  e n t ire  h u m a n  g e n o m e  h a s  b e e n  s e q u e n c e d . T h is  e f fo r t  

( c a l le d  th e  H u m a n  G e n o m e  P ro je c t  a n d  c o m p le te d  in  2 0 0 3 )  w a s  m a d e  p o s s ib le  

b y  s e v e ra l  to o ls  th a t  h a v e  a lre a d y  c o n tr ib u te d  to  o u r  u n d e r s ta n d in g  o f  m a n y  

g e n e t ic  d is e a s e s  (F ig . 3 4 .1 ). T h e s e  in c lu d e  1) th e  d is c o v e ry  o f  restriction  
endonucleases  th a t  p e rm it  th e  c le a v a g e  o f  h u g e  D N A  m o le c u le s  in to  d e f in e d  

f ra g m e n ts ,  2 ) th e  d e v e lo p m e n t  o f  c lo n in g  te c h n iq u e s  th a t  p ro v id e  a  m e c h a n is m  

fo r  a m p lif ic a t io n  o f  s p e c if ic  n u c le o t id e  s e q u e n c e s ,  a n d  3 ) th e  a b i l i ty  to  

s y n th e s iz e  s p e c if ic  p ro b e s ,  w h ic h  h a s  a l lo w e d  th e  id e n t if ic a t io n  a n d  

m a n ip u la t io n  o f  n u c le o t id e  s e q u e n c e s  o f  in te re s t .  T h e s e  a n d  o th e r  e x p e r im e n ta l  

a p p ro a c h e s  h a v e  p e rm it te d  th e  id e n t if ic a t io n  o f  b o th  n o rm a l  a n d  m u ta n t  

n u c le o t id e  s e q u e n c e s  in  D N A . T h is  k n o w le d g e  h a s  le d  to  th e  d e v e lo p m e n t  o f  

m e th o d s  fo r  th e  d ia g n o s is  o f  g e n e t ic  d is e a s e s  a n d  s o m e  s u c c e s s e s  in  th e  

t r e a tm e n t  o f  p a t ie n ts  b y  g e n e  th e ra p y . [N o te : T h e  g e n o m e s  o f  s e v e ra l  v iru s e s ,  

p ro k a ry o te s ,  a n d  n o n h u m a n  e u k a ry o te s  h a v e  a lso  b e e n  s e q u e n c e d .]



Restriction endonucleases

dsDNA

Restriction enzymes 
cleave DNA into smaller, H G  
more manageable X ^
fragments. y j /

Cloning of DNA

V L

Amplified DNA
fragm ents

DNA fragments must be amplified 
to be more useful.

Probes
DNA fragm ent

A specific fragment can 
be identified using a 
complementary probe.



F ig u re  3 4 .1  T h re e  to o ls  th a t  f a c i l i ta te  a n a ly s is  o f  h u m a n  D N A . d s D N A  = d o u b le 

s t r a n d e d  D N A .

II. RESTRICTION ENDONUCLEASES

O n e  o f  th e  m a jo r  o b s ta c le s  to  m o le c u la r  a n a ly s is  o f  g e n o m ic  D N A  is  th e  

im m e n s e  s iz e  o f  th e  m o le c u le s  in v o lv e d . T h e  d is c o v e ry  o f  a  s p e c ia l  g ro u p  o f  

b a c te r ia l  e n z y m e s , c a l le d  restriction endonucleases  ( r e s tr ic t io n  e n z y m e s ) ,  w h ic h  

c le a v e  d o u b le - s t r a n d e d  D N A  (d s D N A )  in to  sm a lle r ,  m o re  m a n a g e a b le  

f ra g m e n ts ,  o p e n e d  th e  w a y  fo r  D N A  a n a ly s is .  B e c a u s e  e a c h  e n z y m e  c le a v e s  

d s D N A  a t  a  s p e c if ic  n u c le o t id e  s e q u e n c e  ( r e s tr ic t io n  s ite ) , r e s tr ic t io n  e n z y m e s  

a re  u s e d  e x p e r im e n ta l ly  to  o b ta in  p re c is e ly  d e f in e d  D N A  s e g m e n ts  c a l le d  

r e s tr ic t io n  f ra g m e n ts .

A. Specificity
Restriction endonucleases  r e c o g n iz e  s h o r t  s t r e tc h e s  o f  d s D N A  ( 4 - 8  b p )  

th a t  c o n ta in  s p e c if ic  n u c le o t id e  s e q u e n c e s .  T h e s e  s e q u e n c e s ,  w h ic h  d if fe r  

fo r  e a c h  r e s tr ic t io n  e n z y m e , a re  p a l in d ro m e s ,  th a t  is , th e y  e x h ib i t  tw o fo ld  

r o ta t io n a l  s y m m e try  (F ig . 3 4 .2 ). T h is  m e a n s  th a t,  w ith in  a  s h o r t  r e g io n  o f  

th e  d s D N A , th e  n u c le o t id e  s e q u e n c e  o n  th e  tw o  s tra n d s  is  id e n t ic a l  if  e a c h  

is  r e a d  in  th e  5 ' 3 ' d ire c tio n . T h e re fo re ,  i f  y o u  tu rn  th e  p a g e  u p s id e  d o w n

( th a t  is , ro ta te  i t  1 8 0 °  a ro u n d  its  a x is  o f  s y m m e try )  th e  s e q u e n c e  r e m a in s  th e  

sa m e .



F ig u re  3 4 .2  R e c o g n it io n  s e q u e n c e  o f  restriction endonuclease EcoRI s h o w s  

tw o fo ld  r o ta t io n a l  s y m m e try . d s D N A  = d o u b le - s t r a n d e d  D N A ; A  = a d e n in e ; C  = 

c y to s in e ; G  = g u a n in e ; T  = th y m in e .

In  b a c te r ia ,  restriction endonucleases  l im i t  ( re s tr ic t)  th e  e x p re s s io n  o f  

n o n b a c te r ia l  ( fo re ig n )  D N A  th ro u g h  c le a v a g e . B a c te r ia l  D N A  is  p ro te c te d  

f ro m  c le a v a g e  b y  m e th y la t io n  o f  a d e n in e  a t  th e  r e s tr ic t io n  s ite .

B. Nomenclature
A  re s tr ic t io n  e n z y m e  is  n a m e d  a c c o rd in g  to  th e  o rg a n is m  f ro m  w h ic h  i t  w a s



is o la te d . T h e  f i r s t  le t te r  o f  th e  n a m e  is  f ro m  th e  g e n u s  o f  th e  b a c te r iu m . T h e  

n e x t  tw o  le t te r s  a re  f ro m  th e  n a m e  o f  th e  s p e c ie s .  A n  a d d i t io n a l  le t te r  

in d ic a te s  th e  ty p e  o r  s t ra in  (a s  n e e d e d ) ,  a n d  a  n u m b e r  (R o m a n  n u m e ra l)  is  

a p p e n d e d  to  in d ic a te  th e  o rd e r  in  w h ic h  th e  e n z y m e  w a s  d is c o v e re d  in  th a t  

p a r t ic u la r  o rg a n is m . F o r  e x a m p le , f f a e l l l  is  th e  th i rd  restriction  
endonuclease  i s o la te d  f ro m  th e  b a c te r iu m  H a e m o p h i lu s  a e g y p t iu s .

C. Sticky and blunt ends
R e s tr ic t io n  e n z y m e s  c le a v e  d s D N A  so  as  to  p ro d u c e  a  3 '- h y d ro x y l  g ro u p  o n  

o n e  e n d  a n d  a  5 '-p h o s p h a te  g ro u p  o n  th e  o th e r . S o m e  restriction  
endonucleases, s u c h  a s  TaqI, fo rm  s ta g g e re d  c u ts  th a t  p ro d u c e  s tic k y  o r  

c o h e s iv e  e n d s  ( th a t  is , th e  r e s u lt in g  D N A  f ra g m e n ts  h a v e  s in g le - s t r a n d e d  

re g io n s  th a t  a re  c o m p le m e n ta ry  to  e a c h  o th e r ) ,  a s  s h o w n  in  F ig u re  3 4 .3 . 

O th e r  restriction endonucleases, s u c h  a s  f f a e l l l ,  p ro d u c e  f r a g m e n ts  th a t  

h a v e  b lu n t  e n d s  th a t  a re  e n t ir e ly  d o u b le  s t r a n d e d  a n d , th e re fo re ,  d o  n o t  fo rm  

h y d ro g e n  b o n d s  w i th  e a c h  o th e r . U s in g  th e  e n z y m e  D N A ligase  ( s e e  p . 

4 1 8 ) , s t ic k y  e n d s  o f  a  D N A  f r a g m e n t  o f  in te r e s t  c a n  b e  c o v a le n t ly  jo in e d  

w ith  o th e r  D N A  f ra g m e n ts  th a t  h a v e  s tic k y  e n d s  p ro d u c e d  b y  c le a v a g e  w ith  

th e  s a m e  restriction endonuclease  (F ig . 3 4 .4 ). [N o te : A  ligase  e n c o d e d  b y  

b a c te r io p h a g e  T 4  c a n  c o v a le n t ly  jo in  b lu n t - e n d e d  f ra g m e n ts .]



Cohesive ends

.........|

...T;C G A ... ...T C G A ...

Haelll: Blunt ends

... GG:CC...
I l l  I I I  : I I I  I I I

... CCiGG...



F ig u re  3 4 .3  S p e c if ic i ty  o f  TaqI a n d  H a e I I I  restriction endonucleases. A  =

a d e n in e ; C  = c y to s in e ; G  = g u a n in e ; T  = th y m in e .



DNA of interest Second DNA fragment

|  Cleavage by Taq\

DNA of interest with a sticky 
end produced by Taq\.

... A-G-C-T
I I  III III II

... T -C -G-A-G
J - G - A - G - T - O G  ...

I I  HI I I  III III

T " C -A -G ~C  ...

Second fragment of DNA also 
with a sticky end produced by 
cleavage with Taq\.

... A -G -C -T IC-G- A - G - T - C - G . . .
I I  III 111 I I

... T -C -G -A - -G-C
I I  III I I  HI III

T - C - A - G - C . . .

Cohesive ends of two DNA 
fragments form hydrogen

I
DNA ligase

— I
bonds.

... A -G -C -T -C -G -A -G -T -C -G . . .
I I  III III I I  III III I I  III I I  M  III

... T -C -G -A f^ -C -T -C -A -G -C ...

DNA ligase forms a 3-»5-phospho- 
diester bond between the fragments.



F ig u re  3 4 .4  F o rm a t io n  o f  r e c o m b in a n t  D N A  f ro m  r e s tr ic t io n  f r a g m e n ts  w ith  

s tic k y  e n d s . A  = a d e n in e ; C  = c y to s in e ;  G  = g u a n in e ; T  = th y m in e .

D. Restriction sites
A  D N A  s e q u e n c e  th a t  is  r e c o g n iz e d  a n d  c u t  b y  a  r e s tr ic t io n  e n z y m e  is  

c a l le d  a  r e s tr ic t io n  s ite . Restriction endonucleases  c le a v e  d s D N A  in to  

f ra g m e n ts  o f  d if f e re n t  s iz e s  d e p e n d in g  u p o n  th e  s iz e  o f  th e  s e q u e n c e  

re c o g n iz e d .  F o r  e x a m p le , a n  e n z y m e  th a t  r e c o g n iz e s  a  s p e c if ic  4 -b p  

s e q u e n c e  p ro d u c e s  m a n y  c u ts  in  th e  D N A  m o le c u le ,  o n e  e v e ry  4 4 b p . In  

c o n tra s t ,  a n  e n z y m e  re q u ir in g  a  u n iq u e  s e q u e n c e  o f  6 b p  p ro d u c e s  fe w e r  

c u ts  (o n e  e v e ry  4 6 b p )  a n d , th e re fo re ,  lo n g e r  p ie c e s . H u n d re d s  o f  th e se  

e n z y m e s , e a c h  h a v in g  d if f e r e n t  c le a v a g e  s p e c if ic i t ie s  (v a ry in g  in  b o th  

n u c le o t id e  s e q u e n c e s  a n d  le n g th  o f  r e c o g n i t io n  s ite s ) , a re  c o m m e rc ia l ly  

a v a i la b le .

III. DNA CLONING

In tro d u c t io n  o f  a  fo re ig n  D N A  m o le c u le  in to  a  re p l ic a t in g  c e l l  p e rm its  th e  

c lo n in g  o r, a m p lif ic a t io n  ( th a t  is , th e  p r o d u c t io n  o f  m a n y  id e n t ic a l  c o p ie s )  o f  th a t  

D N A . [N o te : H u m a n  D N A  fo r  c lo n in g  c a n  b e  o b ta in e d  f ro m  b lo o d , s a liv a , a n d  

s o lid  t is s u e .]  In  s o m e  c a se s , a  s in g le  D N A  f r a g m e n t  c a n  b e  is o la te d  a n d  p u r if ie d  

p r io r  to  c lo n in g . M o re  c o m m o n ly , to  c lo n e  a  n u c le o t id e  s e q u e n c e  o f  in te re s t ,  th e  

to ta l  c e l lu la r  D N A  is  f ir s t  c le a v e d  w ith  a  s p e c if ic  r e s tr ic t io n  e n z y m e , c re a tin g  

h u n d re d s  o f  th o u s a n d s  o f  f ra g m e n ts .  E a c h  o f  th e  re s u l t in g  D N A  f ra g m e n ts  is  

jo in e d  to  a  D N A  v e c to r  m o le c u le  ( re fe r re d  to  a s  a  c lo n in g  v e c to r )  to  fo rm  a  

h y b r id ,  o r  r e c o m b in a n t ,  D N A  m o le c u le .  E a c h  r e c o m b in a n t  m o le c u le  c a r r ie s  its  

in s e r te d  D N A  f r a g m e n t  in to  a  s in g le  h o s t  c e l l  ( fo r  e x a m p le , a  b a c te r iu m ) ,  w h e re  

i t  is  r e p l ic a te d .  [N o te : T h e  p ro c e s s  o f  in t ro d u c in g  fo re ig n  D N A  in to  a  c e l l  is  

c a l le d  t r a n s fo rm a tio n  fo r  b a c te r ia  a n d  y e a s t  a n d  t r a n s f e c t io n  fo r  h ig h e r  

e u k a ry o te s .]  A s  th e  h o s t  c e l l  m u lt ip l ie s ,  i t  fo rm s  a  c lo n e  in  w h ic h  e v e ry  

b a c te r iu m  c o n ta in s  c o p ie s  o f  th e  s a m e  in s e r te d  D N A  f ra g m e n t,  h e n c e  th e  n a m e  

“ c lo n in g .” T h e  c lo n e d  D N A  c a n  b e  r e le a s e d  f ro m  its  v e c to r  b y  c le a v a g e  (u s in g  

th e  a p p ro p r ia te  restriction endonuclease)  a n d  is o la te d . B y  th is  m e c h a n is m , 

m a n y  id e n t ic a l  c o p ie s  o f  th e  D N A  o f  in te r e s t  c a n  b e  p ro d u c e d . [N o te : A n



a l te rn a t iv e  to  a m p lif ic a t io n  b y  b io lo g ic  c lo n in g , th e  p o ly m e ra s e  c h a in  r e a c t io n  

(P C R ), is  d e s c r ib e d  o n  p . 4 9 5 .]

A. Vectors
A  v e c to r  is  a  m o le c u le  o f  D N A  to  w h ic h  th e  f r a g m e n t  o f  D N A  to  b e  c lo n e d  

is  jo in e d .  E s s e n t ia l  p ro p e r t ie s  o f  a  v e c to r  in c lu d e  th e  1) c a p a c ity  fo r  

a u to n o m o u s  r e p l ic a t io n  w i th in  a  h o s t  c e ll, 2 ) p re s e n c e  o f  a t  le a s t  o n e  

s p e c if ic  n u c le o t id e  s e q u e n c e  r e c o g n iz e d  b y  a  restriction endonuclease, a n d  

3 ) p re s e n c e  o f  a t  le a s t  o n e  g e n e  ( s u c h  as  a n  a n t ib io t ic  re s is ta n c e  g e n e )  th a t  

c o n fe r s  th e  a b i l i ty  to  s e le c t  fo r  th e  v e c to r .  C o m m o n ly  u s e d  v e c to r s  in c lu d e  

p la s m id s  a n d  v iru s e s .

1. P ro k a ry o tic  p la s m id s :  P ro k a ry o tic  o rg a n is m s  ty p ic a l ly  c o n ta in  s in g le , 

la rg e , c i r c u la r  c h ro m o s o m e s .  In  a d d i tio n , m o s t  s p e c ie s  o f  b a c te r ia  a lso  

n o rm a lly  c o n ta in  sm a ll ,  c i rc u la r ,  e x tr a c h ro m o s o m a l D N A  m o le c u le s  

c a l le d  p la s m id s  (F ig . 3 4 .5 ). P la s m id  D N A  u n d e rg o e s  r e p l ic a t io n  th a t  m a y  

o r  m a y  n o t  b e  s y n c h ro n iz e d  to  c h ro m o s o m a l d iv is io n . P la s m id s  m a y  

c a r ry  g e n e s  th a t  c o n v e y  a n t ib io t ic  re s is ta n c e  to  th e  h o s t  b a c te r iu m  a n d  

m a y  fa c i l i ta te  th e  t r a n s fe r  o f  g e n e t ic  in fo rm a tio n  f ro m  o n e  b a c te r iu m  to  

a n o th e r . T h e y  c a n  b e  re a d i ly  is o la te d  f ro m  b a c te r ia l  c e l ls ,  th e ir  c i rc u la r  

D N A  c le a v e d  a t  s p e c if ic  s i te s  b y  restriction endonucleases, a n d  u p  to  15 

k b  (k ilo b a s e s )  o f  fo re ig n  D N A  (c u t  w ith  th e  s a m e  r e s tr ic t io n  e n z y m e )  

in s e r te d . T h e  r e c o m b in a n t  p la s m id  v e c to r  c a n  b e  in t ro d u c e d  in to  a  

b a c te r iu m , p ro d u c in g  la rg e  n u m b e rs  o f  c o p ie s  o f  th e  p la s m id . T h e  

b a c te r ia  a re  g ro w n  in  th e  p r e s e n c e  o f  a n t ib io t ic s ,  th u s  s e le c tin g  fo r  c e lls  

c o n ta in in g  th e  h y b r id  p la s m id s , w h ic h  p ro v id e  a n t ib io t ic  re s is ta n c e  (F ig . 

3 4 .6 ). A r t i f ic ia l  p la s m id s  a re  ro u t in e ly  c o n s tru c te d .  A n  e x a m p le  is  th e  

c la s s ic  p B R 3 2 2  (s e e  F ig . 3 4 .5 ), w h ic h  c o n ta in s  a n  o r ig in  o f  re p l ic a t io n , 

tw o  a n t ib io t ic  r e s is ta n c e  g e n e s , a n d  > 4 0  u n iq u e  r e s tr ic t io n  s ite s . U s e  o f  

p la s m id s  is  l im i te d  b y  th e  s iz e  o f  th e  D N A  th a t  c a n  b e  in s e r te d .



F ig u re  3 4 .5  A  p a r t ia l  m a p  o f  p B R 3 2 2  in d ic a t in g  th e  p o s i t io n s  o f  i ts  a n t ib io t ic  

r e s is ta n c e  g e n e s  a n d  6 o f  th e  > 4 0  u n iq u e  s ite s  r e c o g n iz e d  b y  s p e c if ic  restriction  
endonucleases. p  = p la sm id .



F ig u re  3 4 .6  S u m m a ry  o f  b io lo g ic  g e n e  c lo n in g . [N o te : T ra n s fo rm a t io n  is  

in e f f ic ie n t  in  th a t  o n ly  a  s m a ll  p e rc e n ta g e  o f  th e  c e lls  w il l  c o n ta in  th e  

r e c o m b in a n t  p la s m id .]  d s D N A  = d o u b le - s t r a n d e d  D N A .

2. O th e r  v e c to rs :  T h e  d e v e lo p m e n t  o f  im p ro v e d  v e c to r s  th a t  c a n  m o re  

e f f ic ie n t ly  a c c o m m o d a te  la rg e r  D N A  s e g m e n ts ,  o r e x p re s s  th e  p a s s e n g e r  

g e n e s  in  d if f e r e n t  c e ll ty p e s ,  h a s  a id e d  m o le c u la r  g e n e t ic s  r e s e a r c h  a n d  

th e ra p e u tic s .  In  a d d i t io n  to  th e  p ro k a ry o tic  p la s m id s  d e s c r ib e d  a b o v e , 

n a tu ra lly  o c c u r r in g  v iru s e s  th a t  in f e c t  b a c te r ia  ( b a c te r io p h a g e  X, fo r  

e x a m p le )  o r  m a m m a lia n  c e lls  ( r e tro v iru s e s ,  fo r  e x a m p le ) ,  a s  w e ll  a s  

a r t i f ic ia l  c o n s tru c ts  s u c h  a s  c o s m id s  a n d  b a c te r ia l  o r  y e a s t  a r t if ic ia l  

c h ro m o s o m e s  (B A C  o r  Y A C , r e s p e c t iv e ly ) ,  a re  c u r re n t ly  u s e d  a s  c lo n in g  

v e c to rs .  [N o te : B A C  a n d  Y A C  c a n  a c c e p t  D N A  in s e r ts  o f  1 0 0 - 3 0 0  k b



a n d  2 5 0 - 1 ,0 0 0  k b , r e s p e c t iv e ly .]

B. DNA libraries
A  D N A  l ib ra ry  is  a  c o l le c t io n  o f  c lo n e d  r e s tr ic t io n  f ra g m e n ts  o f  th e  D N A  o f  

a n  o rg a n ism . T w o  k in d s  o f  l ib ra r ie s  a re  c o m m o n ly  u se d : g e n o m ic  l ib ra r ie s  

a n d  c o m p le m e n ta ry  D N A  (c D N A )  lib ra r ie s .  G e n o m ic  l ib ra r ie s  id e a lly  

c o n ta in  a  c o p y  o f  e v e ry  D N A  n u c le o t id e  s e q u e n c e  in  th e  g e n o m e . In  

c o n tra s t ,  c D N A  lib ra r ie s  c o n ta in  th o s e  D N A  s e q u e n c e s  th a t  o n ly  a p p e a r  as  

p ro c e s s e d  m e s s e n g e r  R N A  (m R N A )  m o le c u le s ,  a n d  th e s e  d if fe r  a c c o rd in g  

to  c e l l  ty p e  a n d  e n v i ro n m e n ta l  c o n d it io n s .  [N o te : c D N A  la c k s  in t ro n s  a n d  

th e  c o n t ro l  re g io n s  o f  th e  g e n e s , w h e re a s  th e s e  a re  p r e s e n t  in  g e n o m ic  

D N A .]

1. G e n o m ic  D N A  lib ra r ie s :  A  g e n o m ic  l ib ra ry  is  c re a te d  b y  d ig e s t io n  o f  th e  

to ta l  D N A  o f  a n  o rg a n is m  w ith  a  restriction endonuclease  a n d  

s u b s e q u e n t  l ig a t io n  to  a n  a p p ro p r ia te  v e c to r .  T h e  r e c o m b in a n t  D N A  

m o le c u le s  re p l ic a te  w ith in  h o s t  b a c te r ia .  T h u s , th e  a m p lif ie d  D N A  

f ra g m e n ts  c o l le c t iv e ly  r e p r e s e n t  th e  e n t ire  g e n o m e  o f  th e  o rg a n is m  a n d  

a re  c a l le d  a  g e n o m ic  l ib ra ry . R e g a rd le s s  o f  th e  r e s tr ic t io n  e n z y m e  u se d , 

th e  c h a n c e s  a re  g o o d  th a t  th e  g e n e  o f  in te r e s t  c o n ta in s  m o re  th a n  o n e  

r e s tr ic t io n  s ite  r e c o g n iz e d  b y  th a t  e n z y m e . I f  th is  is  th e  c a se , a n d  i f  th e  

d ig e s t io n  is  a l lo w e d  to  g o  to  c o m p le t io n , th e  g e n e  o f  in te r e s t  is  

f r a g m e n te d  ( th a t  is , i t  is  n o t  c o n ta in e d  in  a n y  o n e  c lo n e  in  th e  l ib ra ry ) .  T o  

a v o id  th is  u s u a lly  u n d e s ir a b le  re s u lt ,  a  p a r t ia l  d ig e s t io n  is  p e r fo rm e d  in  

w h ic h  e i th e r  th e  a m o u n t  o r  th e  t im e  o f  a c t io n  o f  th e  e n z y m e  is  l im ite d . 

T h is  r e s u l ts  in  c le a v a g e  o c c u r r in g  a t  o n ly  a  f r a c t io n  o f  th e  r e s tr ic t io n  s ite s  

o n  a n y  o n e  D N A  m o le c u le ,  th u s  p ro d u c in g  f r a g m e n ts  o f  ~ 2 0  k b . 

E n z y m e s  th a t  c u t  v e ry  f re q u e n t ly  ( th a t  is , th o s e  th a t  r e c o g n iz e  4 -b p  

s e q u e n c e s )  a re  g e n e ra lly  u s e d  fo r  th is  p u rp o s e  so  th a t  th e  r e s u l t  is  a n  

a lm o s t  r a n d o m  c o l le c t io n  o f  f ra g m e n ts .  T h is  in s u re s  a  h ig h  d e g re e  o f  

p ro b a b i l i ty  th a t  th e  g e n e  o f  in te r e s t  is  c o n ta in e d , in ta c t ,  in  s o m e  

f ra g m e n t.

2. C o m p le m e n ta ry  D N A  lib ra r ie s :  I f  a  p ro te in -c o d in g  g e n e  o f  in te r e s t  is  

e x p re s s e d  a t  a  h ig h  le v e l  in  a  p a r t ic u la r  t is s u e , th e  m R N A  tr a n s c r ib e d  

f ro m  th a t  g e n e  is  l ik e ly  a lso  p r e s e n t  a t  h ig h  c o n c e n tra t io n s  in  th e  c e l ls  o f  

th a t  t is s u e . F o r  e x a m p le , r e t ic u lo c y te  m R N A  is  c o m p o s e d  la rg e ly  o f  

m o le c u le s  th a t  c o d e  fo r  th e  a -g lo b in  a n d  P -g lo b in  c h a in s  o f  h e m o g lo b in



A  (H b A ) . T h is  m R N A  c a n  b e  u s e d  a s  a  te m p la te  to  m a k e  a  c D N A  

m o le c u le  u s in g  th e  e n z y m e  reverse transcriptase  (F ig . 3 4 .7 ). T h e re fo re ,  

th e  re s u l t in g  c D N A  is  a  d o u b le - s t r a n d e d  c o p y  o f  m R N A . [N o te : T h e  

te m p la te  m R N A  is  is o la te d  f ro m  t r a n s fe r  R N A  a n d  r ib o s o m a l  R N A  b y  

th e  p r e s e n c e  o f  its  p o ly -A  ta il .]  c D N A  c a n  b e  a m p lif ie d  b y  b io lo g ic  

c lo n in g  o r  b y  P C R . I t  c a n  b e  u s e d  a s  a  p ro b e  to  lo c a te  th e  g e n e  th a t  

e n c o d e s  th e  o r ig in a l  m R N A  (o r  f r a g m e n ts  o f  th e  g e n e )  in  m ix tu re s  

c o n ta in in g  m a n y  u n re la te d  D N A  f ra g m e n ts .  I f  th e  m R N A  u s e d  a s  a  

te m p la te  is  a  m ix tu re  o f  m a n y  d if f e re n t  s iz e  s p e c ie s ,  th e  r e s u lt in g  c D N A  

is  h e te ro g e n e o u s .  T h e s e  m ix tu re s  c a n  b e  c lo n e d  to  fo rm  a  c D N A  lib ra ry . 

B e c a u s e  c D N A  h a s  n o  in tro n s , i t  c a n  b e  c lo n e d  in to  a n  e x p re s s io n  v e c to r  

fo r  th e  s y n th e s is  o f  e u k a ry o t ic  p ro te in s  b y  b a c te r ia  (F ig . 3 4 .8 ). T h e s e  

s p e c ia l  p la s m id s  c o n ta in  a  b a c te r ia l  p ro m o te r  fo r  t r a n s c r ip t io n  o f  th e  

c D N A  a n d  a  S h in e -D a lg a rn o  (S D ) s e q u e n c e  ( s e e  p . 4 5 4 )  th a t  a l lo w s  th e  

b a c te r ia l  r ib o s o m e  to  in i t ia te  t r a n s la t io n  o f  th e  re s u l t in g  m R N A  

m o le c u le .  T h e  c D N A  is  in s e r te d  d o w n s t r e a m  o f  th e  p ro m o te r  a n d  w ith in  

a  g e n e  fo r  a  p ro te in  th a t  is  e x p re s s e d  in  th e  b a c te r iu m  ( fo r  e x a m p le , la c Z ; 

s e e  p . 4 6 6 ) , s u c h  th a t  th e  m R N A  p ro d u c e d  c o n ta in s  a n  S D  s e q u e n c e , a  

fe w  c o d o n s  fo r  th e  b a c te r ia l  p ro te in ,  a n d  a l l  th e  c o d o n s  fo r  th e  e u k a ry o t ic  

p ro te in .  T h is  a l lo w s  fo r  m o re  e f f ic ie n t  e x p re s s io n  a n d  r e s u lts  in  th e  

p ro d u c t io n  o f  a  fu s io n  p ro te in .  [N o te : T h e ra p e u tic  h u m a n  in s u l in  is  m a d e  

in  b a c te r ia  th ro u g h  th is  te c h n o lo g y .  H o w e v e r ,  th e  e x te n s iv e  c o -  a n d  

p o s t t r a n s la t io n a l  m o d if ic a t io n s  r e q u ire d  fo r  m o s t  o th e r  h u m a n  p ro te in s  

( fo r  e x a m p le , b lo o d  c lo tt in g  fa c to rs )  n e c e s s i ta te s  th e  u s e  o f  e u k a ry o tic ,  

e v e n  m a m m a lia n ,  h o s ts .]
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F ig u re  3 4 .7  S y n th e s is  o f  c o m p le m e n ta ry  D N A  (c D N A )  f ro m  m e s s e n g e r  R N A  

(m R N A )  u s in g  reverse transcriptase. L ig a t io n  o f  d o u b le - s t r a n d e d  (d s )  D N A  

s e q u e n c e s  c o n ta in in g  a  r e s tr ic t io n  s ite  to  e a c h  e n d  a l lo w s  b io lo g ic  c lo n in g  o f  

c D N A . [N o te : D N A  is  r e s is ta n t  to  a lk a lin e  h y d ro ly s is .]  d A T P , d C T P , d G T P , 

d T T P  = d e o x y a d e n o s in e ,  d e o x y c y t id in e ,  d e o x y g u a n o s in e ,  a n d  d e o x y th y m id in e  

t r ip h o s p h a te s .



F ig u re  3 4 .8  A n  e x p re s s io n  v e c to r .  T h e  p ro d u c t  is  a  fu s io n  p ro te in  th a t  c o n ta in s  

ju s t  s o m e  a m in o  a c id s  o f  th e  b a c te r ia l  p ro te in  a n d  a l l  th e  a m in o  a c id s  o f  th e  

c o m p le m e n ta ry  D N A  (c D N A )-e n c o d e d  p ro te in  . [N o te : P ro te in s  a re  w r i t te n  f ro m  

th e  a m in o  (N )- te rm in u s  to  th e  c a rb o x y  (C ) - te rm in u s .]



C. Sequencing cloned DNA fragments
T h e  b a s e  s e q u e n c e  o f  D N A  f ra g m e n ts  th a t  h a v e  b e e n  c lo n e d  c a n  b e  

d e te rm in e d . T h e  o r ig in a l  p ro c e d u re  fo r  th is  p u rp o s e  w a s  th e  S a n g e r  d id e o x y  

c h a in  te rm in a t io n  m e th o d  i l lu s tr a te d  in  F ig u re  3 4 .9 . In  th is  m e th o d , th e  

s in g le - s t r a n d e d  D N A  (s sD N A )  to  b e  s e q u e n c e d  is  u s e d  a s  th e  te m p la te  fo r  

D N A  s y n th e s is  b y  D N A polym erase (DNA pol). A  r a d io la b e le d  p r im e r  

c o m p le m e n ta ry  to  th e  3 '- e n d  o f  th e  ta rg e t  D N A  is  a d d e d , a lo n g  w ith  th e  

fo u r  d e o x y r ib o n u c le o s id e  t r ip h o s p h a te s  (d N T P ) . T h e  s a m p le  is  d iv id e d  in to  

fo u r  r e a c t io n  tu b e s ,  a n d  a  s m a l l  a m o u n t  o f  o n e  o f  th e  fo u r  

d id e o x y r ib o n u c le o s id e  tr ip h o s p h a te s  (d d N T P )  is  a d d e d  to  e a c h  tu b e . 

B e c a u s e  i t  c o n ta in s  n o  3 '- h y d ro x y l  g ro u p , in c o rp o ra t io n  o f  a  d d N M P  

te rm in a te s  e lo n g a t io n  a t  th a t  p o in t .  T h e  p ro d u c ts  o f  th is  r e a c tio n , th e n , 

c o n s is t  o f  a  m ix tu re  o f  D N A  s tra n d s  o f  d if f e r e n t  le n g th s ,  e a c h  te rm in a t in g  

a t  a  s p e c if ic  b a s e . S e p a ra t io n  o f  th e  v a r io u s  D N A  p ro d u c ts  b y  s iz e  in  a n  

e le c tr ic  f ie ld  u s in g  p o ly a c ry la m id e  g e l  e le c tro p h o re s is ,  fo l lo w e d  b y  

a u to ra d io g ra p h y , y ie ld s  a  p a t te rn  o f  b a n d s  f ro m  w h ic h  th e  D N A  b a s e  

s e q u e n c e  c a n  b e  re a d . [N o te : T h e  s h o r te r  th e  f ra g m e n t,  th e  f a r th e r  i t  tr a v e ls  

o n  th e  g e l, w i th  th e  s h o r te s t  f r a g m e n t  r e p re s e n t in g  th a t  w h ic h  w a s  m a d e  

f i r s t  ( th a t  is , th e  5 '- e n d ) .]  In  p la c e  o f  a  la b e le d  p r im e r ,  a  m ix tu re  o f  th e  fo u r  

d d N T P  l in k e d  to  d if f e re n t  f lu o re s c e n t  d y e s  a n d  in  a  s in g le  r e a c t io n  tu b e  is  

n o w  c o m m o n ly  u s e d . T h e  m ix tu re  is  s e p a ra te d  b y  c a p i l la ry  e le c tro p h o re s is ,  

th e  f lu o re s c e n t  la b e ls  a re  d e te c te d , a n d  a  c o lo r  r e a d o u t  o f  th e  s e q u e n c e  is  

g e n e ra te d  (F ig . 3 4 .1 0 ). [N o te : T h e  H u m a n  G e n o m e  P ro je c t  u s e d  v a r ia t io n s  

o f  th is  te c h n iq u e  to  s e q u e n c e  th e  h u m a n  g e n o m e .]  A d v a n c e s  in  s e q u e n c in g  

te c h n o lo g y , s o -c a l le d  n e x t  g e n e ra tio n ,  o r  h ig h - th ro u g h p u t  s e q u e n c in g , n o w  

a l lo w  th e  r a p id  s e q u e n c in g  o f  a n  e n t ire  g e n o m e  w ith  in c re a s e d  f id e li ty  a n d  

d e c re a s e d  c o s t  th ro u g h  th e  s im u l ta n e o u s  (p a ra l le l)  s e q u e n c in g  o f  m a n y  

D N A  p ie c e s .  [N o te : S e q u e n c in g  o f  th e  e x o m e , th a t  p o r t io n  o f  th e  g e n o m e  

th a t  e n c o d e s  p ro te in s ,  is  n o w  p o s s ib le .]



F ig u re  3 4 .9  D N A  s e q u e n c in g  b y  th e  S a n g e r  d id e o x y  m e th o d . [N o te : T h e  o r ig in a l  

m e th o d  u t i l iz e d  a  r a d io la b e le d  p r im e r .  F lu o re s c e n t  d y e - la b e le d  

d id e o x y r ib o n u c le o s id e  t r ip h o s p h a te s  a re  n o w  c o m m o n ly  u s e d .]  A  =  a d e n in e ;  C  = 

c y to s in e ; G  =  g u a n in e ; T  =  th y m in e ;  d  =  d e o x y ; d d  =  d id e o x y .



F ig u re  3 4 .1 0  C o lo r  r e a d o u t  o f  a  D N A  s e q u e n c e .

IV. PROBES

C le a v a g e  o f  la rg e  D N A  m o le c u le s  b y  r e s tr ic t io n  e n z y m e s  p ro d u c e s  a n  e n o rm o u s  

a r ra y  o f  f ra g m e n ts .  H o w  c a n  th e  D N A  s e q u e n c e  o f  in te r e s t  b e  p ic k e d  o u t  o f  s u c h  

a  m ix tu re ?  T h e  a n s w e r  l ie s  in  th e  u s e  o f  a  p ro b e , a  s h o r t  p ie c e  o f  s s D N A  o r 

R N A , la b e le d  w i th  a  ra d io is o to p e ,  s u c h  a s  32P , o r  w i th  a  n o n ra d io a c t iv e  

m o le c u le ,  s u c h  a s  b io t in  o r  a  f lu o re s c e n t  d y e . T h e  s e q u e n c e  o f  a  p ro b e  is  

c o m p le m e n ta ry  to  a  s e q u e n c e  in  th e  D N A  o f  in te re s t ,  c a l le d  th e  ta rg e t  D N A . 

P ro b e s  a re  u s e d  to  id e n tify  w h ic h  b a n d  o n  a  g e l o r  w h ic h  c lo n e  in  a  l ib ra ry  

c o n ta in s  th e  ta rg e t  D N A , a  p ro c e s s  c a l le d  s c re e n in g .

A. Hybridization to DNA
T h e  u ti l i ty  o f  p ro b e s  h in g e s  o n  th e  p ro c e s s  o f  h y b r id iz a t io n  (o r  a n n e a l in g )  in  

w h ic h  a  p ro b e  c o n ta in in g  a  c o m p le m e n ta ry  s e q u e n c e  b in d s  a  s in g le 

s t r a n d e d  s e q u e n c e  o f  a  ta rg e t  D N A . s sD N A , p ro d u c e d  b y  a lk a lin e  

d e n a tu ra t io n  o f  d s D N A , is  f i r s t  b o u n d  to  a  s o lid  s u p p o r t,  s u c h  as  a  

n it ro c e l lu lo s e  m e m b ra n e .  T h e  im m o b i l iz e d  D N A  s tra n d s  a re  p re v e n te d  

f ro m  s e lf - a n n e a l in g  b u t  a re  a v a i la b le  fo r  h y b r id iz a t io n  to  th e  e x o g e n o u s ,



ra d io la b e le d ,  s in g le - s t r a n d e d  p ro b e . T h e  e x te n t  o f  h y b r id iz a t io n  is  m e a s u re d  

b y  th e  r e te n t io n  o f  ra d io a c t iv i ty  o n  th e  m e m b ra n e .  E x c e s s  p ro b e  m o le c u le s  

th a t  d o  n o t  h y b r id iz e  a re  r e m o v e d  b y  w a s h in g  th e  m e m b ra n e .

B. Synthetic oligonucleotide probes
I f  th e  s e q u e n c e  o f  a l l  o r  p a r t  o f  th e  ta rg e t  D N A  is  k n o w n , sh o r t ,  s in g le 

s t r a n d e d  o l ig o n u c le o t id e  p ro b e s  c a n  b e  s y n th e s iz e d  th a t  a re  c o m p le m e n ta ry  

to  a  s m a l l  r e g io n  o f  th e  g e n e  o f  in te re s t .  I f  th e  s e q u e n c e  o f  th e  g e n e  is  

u n k n o w n , th e  a m in o  a c id  s e q u e n c e  o f  th e  p ro te in ,  th e  f in a l  g e n e  p ro d u c t ,  

m a y  b e  u s e d  to  c o n s tru c t  a  n u c le ic  a c id  p ro b e  u s in g  th e  g e n e t ic  c o d e  a s  a  

g u id e . B e c a u s e  o f  th e  d e g e n e ra c y  o f  th e  g e n e t ic  c o d e  ( s e e  p . 4 4 9 ) , i t  is  

n e c e s s a ry  to  s y n th e s iz e  s e v e ra l  o l ig o n u c le o tid e s .  [N o te : O lig o n u c le o t id e s  

c a n  b e  u s e d  to  d e te c t  s in g le -b a s e  c h a n g e s  in  th e  s e q u e n c e  to  w h ic h  th e y  a re  

c o m p le m e n ta ry .  In  c o n tra s t ,  c D N A  p ro b e s  c o n ta in  m a n y  th o u s a n d s  o f  

b a s e s ,  a n d  th e ir  b in d in g  to  a  ta rg e t  D N A  w ith  a  s in g le -b a s e  c h a n g e  is  

u n a f fe c te d .]

1. D e te c tin g  th e  p S -g lo b in  m u ta tio n : A  s y n th e t ic  a l le le - s p e c if ic  

o l ig o n u c le o t id e  (A S O ) p ro b e  c a n  b e  u s e d  to  d e te c t  th e  p re s e n c e  o f  th e  

s ic k le  c e l l  m u ta t io n  in  th e  p -g lo b in  g e n e  (F ig . 3 4 .1 1 ). D N A , is o la te d  

f ro m  w h ite  b lo o d  c e l ls  (W B C )  a n d  a m p lif ie d , is  d e n a tu re d  a n d  a p p l ie d  to  

a  m e m b ra n e .  A  r a d io la b e le d  o l ig o n u c le o t id e  p ro b e , c o m p le m e n ta ry  to  

th e  p o in t  m u ta t io n  (G A G  G T G , g lu ta m a te  v a l in e )  a t  c o d o n  6 in  

p a t ie n ts  w i th  th e  p S g e n e , is  a p p l ie d  to  th e  m e m b ra n e .  D N A  is o la te d  f ro m  

a  h e te ro z y g o u s  in d iv id u a l  ( s ic k le  c e l l  tra it)  o r  a  h o m o z y g o u s  p a t ie n t  

( s ic k le  c e l l  a n e m ia )  c o n ta in s  a  s e q u e n c e  th a t  is  c o m p le m e n ta ry  to  th e  

p ro b e  a n d  a  d o u b le - s t r a n d e d  h y b r id  fo rm  c a n  b e  d e te c te d . In  c o n tra s t ,  

D N A  o b ta in e d  f ro m  n o rm a l  in d iv id u a ls  is  n o t  c o m p le m e n ta ry  a t  th is  

p o s i t io n  a n d , th e re fo re ,  d o e s  n o t  fo rm  a  h y b r id  ( s e e  F ig . 3 4 .1 1 ). U s e  o f  a  

p a i r  o f  s u c h  A S O  p ro b e s  (o n e  s p e c if ic  fo r  th e  n o rm a l  a l le le  a n d  o n e  

s p e c if ic  fo r  th e  m u ta n t  a l le le )  a l lo w s  a l l  th re e  p o s s ib le  g e n o ty p e s  

(h o m o z y g o u s  n o rm a l,  h e te ro z y g o u s ,  a n d  h o m o z y g o u s  m u ta n t)  to  b e  

d is t in g u is h e d  (F ig . 3 4 .1 2 ). [N o te : A S O  p ro b e s  a re  u s e fu l  o n ly  i f  th e  

m u ta t io n  a n d  its  lo c a t io n  a re  k n o w n .]



DNA from a patient with  
sickle cell disease

Portion of the gene for the  
|3s-chain of hemoglobin S

DNA codes fo r valine (Val) 
instead of g lutam ate (G lu) in 
the sixth position of p-globin.

O ligonucleotide probe hybrid izes  

with a DNA fragm ent from  the  

gene for the p chain of HbS.

Probe

X
r C T C C T G T G G A G A A G T

G A G G A C J k C C T C T T C A G A C G

\
DNA fragm ent coding for HbS

n  DNA from a normal 
individual

O ligonucleotide probe fails to  

hybrid ize w ith the DNA fragm ent 
from  the gene for the p chain  

of HbA.

Probe

X.
rCTCCTGTGi

GAGAAGT

G A G G A C T C C T C T T C A G A C G

DNA fragm ent coding for HbA



F ig u re  3 4 .1 1  A lle le - s p e c i f ic  o l ig o n u c le o t id e  p ro b e  d e te c ts  h e m o g lo b in  (H b )  S 

a lle le . [N o te : T h e  * in d ic a te s  32P  ra d io la b e l .]





F ig u re  3 4 .1 2  A lle le - s p e c i f ic  o l ig o n u c le o t id e  (A S O )  p ro b e s  u s e d  to  d e te c t  th e  

s ic k le  c e l l  m u ta t io n  a n d  d if f e re n t ia te  b e tw e e n  s ic k le  c e ll  t r a i t  a n d  d is e a se .

C. Biotinylated probes
B e c a u s e  th e  d is p o s a l  o f  r a d io a c t iv e  w a s te  is  b e c o m in g  in c re a s in g ly  

e x p e n s iv e , n o n ra d io la b e le d  p ro b e s  h a v e  b e e n  d e v e lo p e d . O n e  o f  th e  m o s t  

s u c c e s s fu l  is  b a s e d  o n  th e  v i ta m in  b io t in  ( s e e  p . 3 8 5 ) , w h ic h  c a n  b e  

c h e m ic a l ly  l in k e d  to  th e  n u c le o t id e s  u s e d  to  s y n th e s iz e  th e  p ro b e . B io t in  

w a s  c h o s e n  b e c a u s e  i t  b in d s  v e ry  te n a c io u s ly  to  a v id in , a  r e a d i ly  a v a i la b le  

p ro te in  c o n ta in e d  in  c h ic k e n  e g g  w h ite s .  A v id in  c a n  b e  a t ta c h e d  to  a  

f lu o re s c e n t  d y e  d e te c ta b le  o p tic a l ly  w ith  g re a t  s e n s it iv i ty .  T h u s , a  D N A  

f ra g m e n t  (d is p la y e d , fo r  e x a m p le , b y  g e l e le c tro p h o re s is )  th a t  h y b r id iz e s  

w ith  th e  b io t in y la te d  p ro b e  c a n  b e  m a d e  v is ib le  b y  im m e rs in g  th e  g e l in  a  

s o lu tio n  o f  d y e -c o u p le d  a v id in . A f te r  w a s h in g  a w a y  th e  e x c e s s  a v id in , th e  

D N A  f r a g m e n t  th a t  b in d s  th e  p ro b e  is  f lu o re s c e n t.  [N o te : L a b e le d  p ro b e s  

c a n  a l lo w  d e te c tio n  a n d  lo c a l iz a t io n  o f  D N A  o r  R N A  s e q u e n c e s  in  c e l l  o r  

t i s s u e  p re p a ra tio n s ,  a  p ro c e s s  c a l le d  in  s i tu  h y b r id iz a t io n  ( IS H ). I f  th e  p ro b e  

is  f lu o re s c e n t  (F ), th e  te c h n iq u e  is  c a l le d  F IS H .]

D. Antibodies
I f  n o  a m in o  a c id  s e q u e n c e  in fo rm a tio n  is  a v a i la b le  to  g u id e  th e  s y n th e s is  o f  

a  p ro b e  fo r  d ir e c t  d e te c t io n  o f  th e  D N A  o f  in te re s t ,  a  g e n e  c a n  b e  id e n t if ie d  

in d ir e c t ly  b y  c lo n in g  c D N A  in  a n  e x p re s s io n  v e c to r  th a t  a l lo w s  th e  c lo n e d  

c D N A  to  b e  t r a n s c r ib e d  a n d  t r a n s la te d . A  la b e le d  a n t ib o d y  is  u s e d  to  

id e n tify  w h ic h  b a c te r ia l  c o lo n y  p ro d u c e s  th e  p ro te in  a n d , th e re fo re ,  

c o n ta in s  th e  c D N A  o f  in te re s t .

V. SOUTHERN BLOTTING

S o u th e rn  b lo t t in g  is  a  te c h n iq u e  th a t  c o m b in e s  th e  u s e  o f  r e s tr ic t io n  e n z y m e s , 

e le c tro p h o re s is ,  a n d  D N A  p ro b e s  to  g e n e ra te ,  s e p a ra te ,  a n d  d e te c t  p ie c e s  o f  

D N A .



A. Procedure
T h is  m e th o d , n a m e d  a f te r  its  in v e n to r ,  E d w a rd  S o u th e rn , in v o lv e s  th e  

fo llo w in g  s te p s  (F ig . 3 4 .1 3 ). F ir s t ,  D N A  is  e x tr a c te d  f ro m  c e lls ,  fo r  

e x a m p le , a  p a t ie n t ’s W B C . S e c o n d , th e  D N A  is  c le a v e d  in to  m a n y  

f ra g m e n ts  u s in g  a  r e s tr ic t io n  e n z y m e . T h ird , th e  r e s u l t in g  f ra g m e n ts  (a l l  o f  

w h ic h  a re  n e g a t iv e ly  c h a rg e d )  a re  s e p a ra te d  o n  th e  b a s is  o f  s iz e  b y  

e le c tro p h o re s is .  [N o te : B e c a u s e  th e  la rg e  f ra g m e n ts  m o v e  m o re  s lo w ly  th a n  

th e  s m a l le r  o n e s , th e  le n g th s  o f  th e  f ra g m e n ts ,  u s u a lly  e x p re s s e d  as  th e  

n u m b e r  o f  b a s e  p a ir s ,  c a n  b e  c a lc u la te d  f ro m  c o m p a r is o n  o f  th e  p o s i t io n  o f  

th e  b a n d  re la t iv e  to  s ta n d a rd  f r a g m e n ts  o f  k n o w n  s iz e .]  T h e  D N A  f ra g m e n ts  

in  th e  g e l  a re  d e n a tu re d  a n d  tr a n s f e r r e d  (b lo t te d )  to  a  n i t ro c e l lu lo s e  

m e m b ra n e  fo r  a n a ly s is .  I f  th e  o r ig in a l  D N A  re p re s e n ts  th e  in d iv id u a l ’s 

e n t ire  g e n o m e , th e  e n z y m ic  d ig e s t  c o n ta in s  > 1 0 6 f ra g m e n ts .  T h e  g e n e  o f  

in te r e s t  is  o n  o n ly  o n e  (o r  a  f e w  if  th e  g e n e  i t s e l f  w a s  f r a g m e n te d )  o f  th e s e  

p ie c e s  o f  D N A . I f  a l l  th e  D N A  f ra g m e n ts  w e re  v is u a l iz e d  b y  a  n o n s p e c if ic  

te c h n iq u e , th e y  w o u ld  a p p e a r  as  a n  u n re s o lv e d  b lu r  o f  o v e r la p p in g  b a n d s . 

T o  a v o id  th is , th e  la s t  s te p  in  S o u th e rn  b lo t t in g  u s e s  a  p ro b e  to  id e n t ify  th e  

D N A  f ra g m e n ts  o f  in te re s t .  T h e  p a t te rn s  o b s e rv e d  o n  S o u th e rn  b lo t  a n a ly s is  

d e p e n d  b o th  o n  th e  s p e c if ic  restriction endonuclease  a n d  o n  th e  p ro b e  u s e d  

to  v is u a l iz e  th e  r e s tr ic t io n  f ra g m e n ts .  [N o te : V a r ia n ts  o f  th e  S o u th e rn  b lo t  

h a v e  b e e n  f a c e t io u s ly  n a m e d  n o r th e rn  i f  R N A  is  b e in g  s tu d ie d  (s e e  p . 4 9 9 )  

a n d  w e s te rn  i f  p ro te in  is  b e in g  s tu d ie d  (s e e  p . 5 0 0 ), n e i th e r  o f  w h ic h  re la te s  

to  a n y o n e ’s n a m e  o r  to  p o in ts  o f  th e  c o m p a s s .]



F ig u re  3 4 .1 3  S o u th e rn  b lo t t in g  p ro c e d u re . [N o te : N o n ra d io la b e le d  p ro b e s  a re  

n o w  c o m m o n ly  u s e d .]

B. Mutation detection
S o u th e rn  b lo t t in g  c a n  d e te c t  D N A  m u ta t io n s  s u c h  a s  la rg e  in s e r t io n s  o r



d e le tio n s ,  t r in u c le o t id e  r e p e a t  e x p a n s io n s , a n d  re a r ra n g e m e n ts  o f  

n u c le o tid e s .  I t  c a n  a lso  d e te c t  p o in t  m u ta t io n s  ( r e p la c e m e n t  o f  o n e  

n u c le o t id e  b y  a n o th e r ;  s e e  p . 4 4 9 )  th a t  c a u s e  th e  lo s s  o r  g a in  o f  r e s tr ic t io n  

s ite s . S u c h  m u ta t io n s  c a u s e  th e  p a t te rn  o f  b a n d s  to  d if fe r  f ro m  th o s e  s e e n  

w ith  a  n o rm a l  g e n e . L o n g e r  f ra g m e n ts  a re  g e n e ra te d  i f  a  r e s tr ic t io n  s ite  is  

lo s t. F o r  e x a m p le , in  F ig u re  3 4 .1 3 , p e r s o n  2 la c k s  a  r e s tr ic t io n  s i te  p r e s e n t  

in  p e r s o n  1. A lte rn a t iv e ly ,  th e  p o in t  m u ta t io n  m a y  c re a te  a  n e w  c le a v a g e  

s ite  w ith  th e  p r o d u c t io n  o f  s h o r te r  f ra g m e n ts .  [N o te : M o s t  s e q u e n c e  

d if f e re n c e s  a t  r e s tr ic t io n  s i te s  a re  h a rm le s s  v a r ia t io n s  in  th e  D N A .]

VI. RESTRICTION FRAGMENT LENGTH 
POLYMORPHISM

I t  h a s  b e e n  e s t im a te d  th a t  th e  g e n o m e s  o f  a n y  tw o  u n re la te d  p e o p le  a re  9 9 .5 %  

id e n tic a l .  W ith  6 b i l l io n  b p  in  th e  d ip lo id  h u m a n  g e n o m e , th a t  r e p re s e n ts  

v a r ia t io n  in  ~ 3 0  m il l io n  b p . T h e s e  g e n o m e  v a r ia t io n s  a re  th e  r e s u l t  o f  m u ta tio n s  

th a t  le a d  to  p o ly m o rp h is m s .  A  p o ly m o rp h is m  is  a  c h a n g e  in  g e n o ty p e  th a t  c a n  

r e s u l t  in  n o  c h a n g e  in  p h e n o ty p e  o r  a  c h a n g e  in  p h e n o ty p e  th a t  is  h a rm le s s ,  

c a u s e s  in c re a s e d  s u s c e p t ib i l i ty  to  a  d is e a se , o r, ra re ly ,  c a u s e s  th e  d is e a se . I t  is  

t r a d i t io n a l ly  d e f in e d  as  a  s e q u e n c e  v a r ia t io n  a t  a  g iv e n  lo c u s  (a l le le )  in  > 1 %  o f  a  

p o p u la tio n . P o ly m o rp h is m s  p r im a r i ly  o c c u r  in  th e  9 8 %  o f  th e  g e n o m e  th a t  d o e s  

n o t  e n c o d e  p ro te in s  ( th a t  is , in  in t ro n s  a n d  in te rg e n ic  r e g io n s ) .  A  re s tr ic t io n  

f r a g m e n t  le n g th  p o ly m o rp h is m  (R F L P )  is  a  g e n e t ic  v a r ia n t  th a t  c a n  b e  o b s e rv e d  

b y  c le a v in g  th e  D N A  in to  f r a g m e n ts  ( r e s tr ic t io n  f ra g m e n ts )  w i th  a  restriction  

endonuclease. T h e  le n g th  o f  th e  r e s tr ic t io n  f r a g m e n ts  is  a l te re d  i f  th e  v a r ia n t  

a l te rs  th e  D N A  so  as  to  c re a te  o r  a b o l is h  a  r e s tr ic t io n  s ite . R F L P  c a n  b e  u s e d  to  

d e te c t  h u m a n  g e n e t ic  v a r ia t io n s ,  fo r  e x a m p le , in  p ro s p e c t iv e  p a re n ts  o r  in  fe ta l  

tis su e .

A. DNA variations resulting in RFLP
T w o  ty p e s  o f  D N A  v a r ia t io n s  c o m m o n ly  r e s u l t  in  R F L P : s in g le -b a s e  

c h a n g e s  in  th e  D N A  s e q u e n c e  a n d  ta n d e m  re p e a ts  o f  D N A  s e q u e n c e s .

1. S in g le -b a s e  c h a n g e s : A b o u t  9 0 %  o f  h u m a n  g e n o m e  v a r ia t io n  c o m e s  in  

th e  fo rm  o f  s in g le  n u c le o t id e  p o ly m o rp h is m s  (S N P s , p ro n o u n c e d



“ s n ip s ” ), th a t  is , v a r ia t io n s  th a t  in v o lv e  ju s t  o n e  b a s e  (F ig . 3 4 .1 4 ). T h e  

s u b s t i tu t io n  o f  o n e  n u c le o t id e  a t  a  r e s tr ic t io n  s i te  c a n  r e n d e r  th e  s ite  

u n re c o g n iz a b le  b y  a  p a r t ic u la r  restriction endonuclease. A  n e w  

r e s tr ic t io n  s i te  c a n  a lso  b e  c re a te d  b y  th e  s a m e  m e c h a n is m . In  e i th e r  c a se , 

c le a v a g e  w i th  a n  endonuclease  re s u lts  in  f ra g m e n ts  o f  le n g th s  th a t  d if fe r  

f ro m  th e  n o rm a l  a n d  c a n  b e  d e te c te d  b y  D N A  h y b r id iz a t io n  (s e e  F ig . 

3 4 .1 3 ). T h e  a l te re d  r e s tr ic t io n  s i te  c a n  b e  e i th e r  a t  th e  s ite  o f  a  d is e a se -  

c a u s in g  m u ta t io n  ( ra re )  o r  a t  a  s i te  s o m e  d is ta n c e  f ro m  th e  m u ta tio n . 

[N o te : T h e  H a p M a p , d e v e lo p e d  b y  T h e  I n te rn a t io n a l  H a p lo ty p e  M a p  

P ro je c t,  is  a  c a ta lo g  o f  c o m m o n  S N P  in  th e  h u m a n  g e n o m e . T h e  d a ta  a re  

b e in g  u s e d  in  g e n o m e -w id e  a s s o c ia t io n  s tu d ie s  (G W A S )  to  id e n t ify  th o s e  

a l le le s  th a t  a f f e c t  h e a l th  a n d  d is e a se .]



Polymorphisms can occur either 
in the sequence of bases at a 
given locus (called SNP if only 
one base is altered) o r . . .
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. . .  where variable numbers of 
tandem repeats (VNTR) of DNA 
sequences occur. A specific 
number of tandem repeats defines a 
VNTR allele at a particular locus.



F ig u re  3 4 .1 4  C o m m o n  fo rm s  o f  g e n e t ic  p o ly m o rp h is m . S N P  = s in g le  n u c le o t id e  

p o ly m o rp h is m ; A  = a d e n in e ; C  = c y to s in e ; G  = g u a n in e ; T  = th y m in e .

2. T a n d e m  re p e a ts :  P o ly m o rp h is m s  in  c h ro m o s o m a l D N A  c a n  a lso  a r is e  

f ro m  th e  p r e s e n c e  o f  a  v a r ia b le  n u m b e r  o f  ta n d e m  re p e a ts  (V N T R ), as 

s h o w n  in  F ig u re  3 4 .1 5 . T h e s e  a re  s h o r t  s e q u e n c e s  o f  D N A  a t  s c a t te re d  

lo c a tio n s  in  th e  g e n o m e , r e p e a te d  in  ta n d e m  (o n e  a f te r  a n o th e r ) .  T h e  

n u m b e r  o f  th e s e  r e p e a t  u n its  v a r ie s  f ro m  p e r s o n  to  p e r s o n  b u t  is  u n iq u e  

fo r  a n y  g iv e n  in d iv id u a l  a n d , th e re fo re ,  s e rv e s  a s  a  m o le c u la r  

“ f in g e rp r in t .” C le a v a g e  b y  r e s tr ic t io n  e n z y m e s  y ie ld s  f r a g m e n ts  th a t  v a ry  

in  le n g th  d e p e n d in g  o n  h o w  m a n y  r e p e a te d  s e g m e n ts  a re  c o n ta in e d  in  th e  

f r a g m e n t  (s e e  F ig . 3 4 .1 5 ). M a n y  d if f e re n t  V N T R  lo c i  h a v e  b e e n  

id e n t if ie d  a n d  a re  e x tre m e ly  u s e fu l  fo r  D N A  f in g e rp r in t  a n a ly s is ,  s u c h  as  

in  fo re n s ic  a n d  p a te rn i ty  c a s e s . I t  is  im p o r ta n t  to  e m p h a s iz e  th a t  th e s e  

p o ly m o rp h is m s ,  w h e th e r  S N P  o r  V N T R , a re  s im p ly  m a rk e rs ,  w h ic h , in  

m o s t  c a s e s , h a v e  n o  k n o w n  e f f e c t  o n  th e  s tru c tu re ,  fu n c t io n , o r  r a te  o f  

p ro d u c t io n  o f  a n y  p a r t ic u la r  p ro te in .



F ig u re  3 4 .1 5  R e s tr ic t io n  f r a g m e n t  le n g th  p o ly m o rp h is m  o f  v a r ia b le  n u m b e r  

ta n d e m  re p e a ts  (V N T R ). F o r  e a c h  p e rs o n , a  p a ir  o f  h o m o lo g o u s  c h ro m o s o m e s  is  

sh o w n .

B. Tracing chromosomes from parent to offspring
I f  th e  D N A  o f  a n  in d iv id u a l  h a s  g a in e d  a  r e s tr ic t io n  s ite  b y  b a s e  

s u b s t i tu t io n , th e n  e n z y m ic  c le a v a g e  y ie ld s  a t  le a s t  o n e  a d d i t io n a l  f ra g m e n t.



C o n v e rs e ly , i f  a  m u ta t io n  r e s u lts  in  lo s s  o f  a  r e s tr ic t io n  s ite , f e w e r  

f ra g m e n ts  a re  p ro d u c e d  b y  e n z y m ic  c le a v a g e . A n  in d iv id u a l  w h o  is  

h e te ro z y g o u s  fo r  a  p o ly m o rp h is m  h a s  a  s e q u e n c e  v a r ia t io n  in  th e  D N A  o f  

o n e  c h ro m o s o m e  a n d  n o t  in  th e  h o m o lo g o u s  c h ro m o s o m e . In  s u c h  

in d iv id u a ls ,  e a c h  c h ro m o s o m e  c a n  b e  t r a c e d  f ro m  p a re n t  to  o f f s p r in g  b y  

d e te rm in in g  th e  p re s e n c e  o r  a b s e n c e  o f  th e  p o ly m o rp h is m .

C. Prenatal diagnosis
F a m ilie s  w i th  a  h is to ry  o f  s e v e re  g e n e t ic  d is e a s e , s u c h  a s  a n  a f fe c te d  

p re v io u s  c h i ld  o r  n e a r  re la t iv e , m a y  w is h  to  d e te rm in e  th e  p r e s e n c e  o f  th e  

d is o rd e r  in  a  d e v e lo p in g  fe tu s . P re n a ta l  d ia g n o s is ,  in  a s s o c ia t io n  w ith  

g e n e t ic  c o u n s e l in g , a l lo w s  fo r  a n  in fo rm e d  re p ro d u c t iv e  d e c is io n  i f  th e  

fe tu s  is  a f fe c te d .

1. M e th o d s  a v a ila b le :  T h e  a v a i la b le  d ia g n o s t ic  m e th o d s  v a ry  in  s e n s it iv i ty  

a n d  s p e c if ic i ty .  V is u a l iz a t io n  o f  th e  fe tu s , fo r  e x a m p le , b y  u l t r a s o u n d  o r  

f ib e ro p t ic  d e v ic e s  ( fe to s c o p y ) ,  is  u s e fu l  o n ly  i f  th e  g e n e t ic  a b n o rm a li ty  

r e s u lts  in  g ro s s  a n a to m ic  d e fe c ts  ( fo r  e x a m p le , n e u ra l  tu b e  d e fe c ts  

[N T D ]) . T h e  c h e m ic a l  c o m p o s i t io n  o f  th e  a m n io tic  f lu id  c a n  a lso  p ro v id e  

d ia g n o s t ic  c lu e s . F o r  e x a m p le , th e  p r e s e n c e  o f  h ig h  le v e ls  o f  a -  

f e to p ro te in  is  a s s o c ia te d  w i th  N T D . F e ta l  c e lls  o b ta in e d  f ro m  a m n io tic  

f lu id  o r  f ro m  b io p s y  o f  th e  c h o r io n ic  v i l l i  c a n  b e  u s e d  fo r  k a ry o ty p in g , 

w h ic h  a s s e s s e s  th e  m o rp h o lo g y  o f  m e ta p h a s e  c h ro m o s o m e s .  S ta in in g  a n d  

c e l l  s o r t in g  te c h n iq u e s  p e rm it  th e  r a p id  id e n t if ic a t io n  o f  t r i s o m ie s  a n d  

tra n s lo c a t io n s  th a t  p ro d u c e  a n  e x tr a  c h ro m o s o m e  o r  c h ro m o s o m e s  o f  

a b n o rm a l  le n g th s .  H o w e v e r ,  m o le c u la r  a n a ly s is  o f  f e ta l  D N A  p ro v id e s  

th e  m o s t  d e ta i le d  g e n e t ic  p ic tu re .

2. D N A  s o u rc e s : D N A  m a y  b e  o b ta in e d  f ro m  b lo o d  c e lls ,  a m n io tic  f lu id , o r  

c h o r io n ic  v i l l i  (F ig . 3 4 .1 6 ). F o r  a m n io tic  f lu id , i t  w a s  fo rm e r ly  n e c e s s a ry  

to  g ro w  c e lls  in  c u l tu re  fo r  2 - 3  w e e k s  in  o rd e r  to  h a v e  s u f f ic ie n t  D N A  

fo r  a n a ly s is .  T h e  a b i l i ty  to  a m p lify  D N A  b y  P C R  h a s  d ra m a tic a lly  

s h o r te n e d  th e  t im e  n e e d e d  fo r  a  D N A  a n a ly s is .



Placenta



F ig u re  3 4 .1 6  S a m p lin g  o f  fe ta l  c e lls . A . A m n io t ic  f lu id . B . C h o r io n ic  v il lu s .

3. D ir e c t  d ia g n o s is  o f  s ic k le  c e l l  a n e m ia  u s in g  R F L P : T h e  g e n e t ic  d is o rd e rs  

o f  H b  a re  th e  m o s t  c o m m o n  g e n e t ic  d is e a s e s  in  h u m a n s . In  th e  c a s e  o f  

s ic k le  c e l l  a n e m ia  (F ig . 3 4 .1 7 ), th e  p o in t  m u ta t io n  th a t  g iv e s  r is e  to  th e  

d is e a s e  (s e e  p . 3 5 ) is  a c tu a lly  o n e  a n d  th e  s a m e  m u ta t io n  th a t  g iv e s  r is e  to  

th e  p o ly m o rp h is m . H o w e v e r ,  d ir e c t  d e te c t io n  b y  R F L P  o f  d is e a s e s  th a t  

r e s u l t  f ro m  p o in t  m u ta t io n s  is  l im i te d  to  o n ly  a  f e w  g e n e t ic  d is e a se s .



F ig u re  3 4 .1 7  D e te c t io n  o f  p S-g lo b in  m u ta tio n . k b  = k ilo b a s e  (1  k b  = 1 ,0 0 0  b a s e  

p a ir s  in  d o u b le - s t r a n d e d  D N A ); H b  = h e m o g lo b in .

a . E a r ly  d ia g n o s t ic  e f fo r ts : In  th e  p a s t,  p re n a ta l  d ia g n o s is  o f  s ic k le  c e ll  

a n e m ia  in v o lv e d  th e  d e te rm in a t io n  o f  th e  a m o u n t  a n d  k in d s  o f  H b  

s y n th e s iz e d  in  th e  n u c le a te d  re d  c e l ls  o b ta in e d  f ro m  fe ta l  b lo o d .



H o w e v e r ,  th e  in v a s iv e  p ro c e d u re s  to  o b ta in  fe ta l  b lo o d  h a v e  a  h ig h  

m o r ta l i ty  ra te  (~ 5 % ), a n d  a n a ly s is  c a n n o t  b e  c a r r ie d  o u t  u n t i l  la te  in  

th e  s e c o n d  tr im e s te r  o f  p re g n a n c y  w h e n  H b A  (a n d  its  H b S  v a r ia n t)  

b e g in s  to  b e  p ro d u c e d .

b . R F L P  a n a ly s is :  In  s ic k le  c e ll  a n e m ia , th e  s e q u e n c e  a l te ra t io n  c a u s e d  b y  

th e  p o in t  m u ta t io n  a b o l is h e s  th e  r e c o g n i t io n  s i te  o f  th e  restriction  
endonuclease MstII: C C T N A G G  (w h e re  N  is  a n y  n u c le o tid e ;  s e e  F ig . 

3 4 .1 7 ). T h u s , th e  A - to -T  m u ta t io n  in  c o d o n  6 o f  th e  p S-g lo b in  g e n e  

e l im in a te s  a  c le a v a g e  s ite  fo r  th e  e n z y m e . N o rm a l  D N A  d ig e s te d  w ith  

M s tI I  y ie ld s  a  1 .1 5 -k b  f ra g m e n t,  w h e re a s  a  1 .3 5 -k b  f r a g m e n t  is  

g e n e ra te d  f ro m  th e  p S g e n e  a s  a  r e s u l t  o f  th e  lo s s  o f  o n e  M s tI I  c le a v a g e  

s ite . D ia g n o s t ic  te c h n iq u e s  th a t  a l lo w  a n a ly s is  o f  f e ta l  D N A  f ro m  

a m n io tic  c e l ls  o r  c h o r io n ic  v i l lu s  s a m p lin g  r a th e r  th a n  fe ta l  b lo o d  h a v e  

p ro v e d  v a lu a b le  b e c a u s e  th e y  p ro v id e  sa fe , e a r ly  d e te c t io n  o f  s ic k le  

c e l l  a n e m ia  as  w e l l  a s  o th e r  g e n e t ic  d is e a se s .  [N o te : G e n e tic  d is o rd e rs  

c a u s e d  b y  in s e r t io n s  o r  d e le t io n s  b e tw e e n  tw o  r e s tr ic t io n  s ite s , r a th e r  

th a n  b y  th e  c re a t io n  o r  lo s s  o f  c le a v a g e  s ite s , w i l l  a lso  d is p la y  R F L P .]

4 . I n d ir e c t  d ia g n o s is  o f  p h e n y lk e to n u r ia  u s in g  R F L P : T h e  g e n e  fo r  

phenylalanine hydroxylase (PAH), th e  e n z y m e  d e f ic ie n t  in

p h e n y lk e to n u r ia  ( [P K U ] s e e  p . 2 7 0 ) , is  lo c a te d  o n  c h ro m o s o m e  12 . I t  

s p a n s  ~ 9 0  k b  o f  g e n o m ic  D N A  a n d  c o n ta in s  13  e x o n s  s e p a ra te d  b y  

in t ro n s  (F ig . 3 4 .1 8 ; s e e  p . 4 4 2  fo r  a  d e s c r ip t io n  o f  e x o n s  a n d  in tro n s ) .  

M u ta t io n s  in  th e  P A H  g e n e  u s u a lly  d o  n o t  d ire c tly  a f f e c t  a n y  restriction  
endonuclease  r e c o g n i t io n  s ite . T o  e s ta b l is h  a  d ia g n o s t ic  p r o to c o l  fo r  

P K U , D N A  f ro m  fa m ily  m e m b e rs  o f  th e  a f f e c te d  in d iv id u a l  m u s t  b e  

a n a ly z e d . T h e  g o a l  is  to  id e n t ify  g e n e t ic  m a rk e r s  (R F L P )  th a t  a re  t ig h tly  

l in k e d  to  th e  d is e a s e  tra it .  O n c e  th e s e  m a rk e r s  a re  id e n tif ie d , R F L P  

a n a ly s is  c a n  b e  u s e d  to  c a r ry  o u t  p r e n a ta l  d ia g n o s is .



Disease-causing mutations in the 
gene for phenylalanine hydroxylase  
occur in all 13 exons of the gene. The 
majority are missense mutations, 
although splice and nonsense 
mutations, as well as small intragenic 
deletions and insertions, have been 
found.
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Some sites cleaved by 
restriction enzymes



F ig u re  3 4 .1 8  T h e  g e n e  fo r  phenyla lanine hydroxylase  s h o w in g  13  e x o n s , 

r e s tr ic t io n  s ite s , a n d  s o m e  o f  th e  > 5 0 0  m u ta t io n s  c a u s in g  p h e n y lk e to n u r ia .

a. M u ta n t  g e n e  id e n tif ic a t io n :  D e te rm in in g  th e  p r e s e n c e  o f  th e  m u ta n t  

g e n e  b y  id e n t ify in g  th e  p o ly m o rp h is m  m a rk e r  c a n  b e  d o n e  if  tw o  

c o n d i t io n s  a re  s a t is f ie d . F irs t,  i f  th e  p o ly m o rp h is m  is  c lo s e ly  l in k e d  to  

a  d is e a s e -p ro d u c in g  m u ta tio n ,  th e  d e fe c t iv e  g e n e  c a n  b e  t r a c e d  b y  

d e te c tio n  o f  th e  R F L P . F o r  e x a m p le , i f  D N A  f ro m  a  fa m ily  c a r ry in g  a  

d is e a s e -c a u s in g  g e n e  is  e x a m in e d  b y  r e s tr ic t io n  e n z y m e  c le a v a g e  a n d  

S o u th e rn  b lo t t in g , i t  is  s o m e t im e s  p o s s ib le  to  f in d  a n  R F L P  th a t  is  

c o n s is te n t ly  a s s o c ia te d  w ith  th a t  g e n e  ( th a t  is , th e y  s h o w  c lo s e  l in k a g e  

a n d  a re  c o in h e r i te d ) .  I t  is  th e n  p o s s ib le  to  tr a c e  th e  in h e r i ta n c e  o f  th e  

g e n e  w ith in  a  fa m ily  w i th o u t  k n o w le d g e  o f  th e  n a tu re  o f  th e  g e n e t ic  

d e fe c t  o r  i ts  p re c is e  lo c a t io n  in  th e  g e n o m e . [N o te : T h e  p o ly m o rp h is m  

m a y  b e  k n o w n  f ro m  th e  s tu d y  o f  o th e r  f a m ilie s  w ith  th e  d is o rd e r  o r  

m a y  b e  d is c o v e re d  to  b e  u n iq u e  in  th e  fa m ily  u n d e r  in v e s t ig a t io n .]  

S e c o n d , fo r  a u to s o m a l- re c e s s iv e  d is o rd e rs ,  s u c h  a s  P K U , th e  p re s e n c e  

o f  a n  a f f e c te d  in d iv id u a l  in  th e  f a m ily  w o u ld  a id  in  th e  d ia g n o s is .  T h is  

in d iv id u a l  w o u ld  h a v e  th e  m u ta t io n  p r e s e n t  o n  b o th  c h ro m o s o m e s ,  

a l lo w in g  id e n t if ic a t io n  o f  th e  R F L P  a s s o c ia te d  w i th  th e  g e n e t ic  

d is o rd e r .

b . R F L P  a n a ly s is :  T h e  p r e s e n c e  o f  a b n o rm a l  g e n e s  fo r  P A H  c a n  b e  

s h o w n  u s in g  D N A  p o ly m o rp h is m s  a s  m a rk e rs  to  d is t in g u is h  b e tw e e n  

n o rm a l  a n d  m u ta n t  g e n e s . F o r  e x a m p le , F ig u re  3 4 .1 9  s h o w s  a  ty p ic a l  

p a t te rn  o b ta in e d  w h e n  D N A  f ro m  m e m b e rs  o f  a n  a f f e c te d  f a m ily  is  

c le a v e d  w ith  a n  a p p ro p r ia te  r e s tr ic t io n  e n z y m e  a n d  s u b je c te d  to  

e le c tro p h o re s is .  T h e  v e r t ic a l  a r ro w s  r e p re s e n t  th e  c le a v a g e  s ite s  fo r  th e  

r e s tr ic t io n  e n z y m e  u s e d . T h e  p r e s e n c e  o f  a  p o ly m o rp h ic  s ite  c re a te s  

f r a g m e n t  “b ” in  th e  a u to r a d io g ra m  (a f te r  h y b r id iz a t io n  w ith  a  la b e le d  

P A H - c D N A  p ro b e ) ,  w h e re a s  th e  a b s e n c e  o f  th is  s i te  y ie ld s  o n ly  

f r a g m e n t  “ a .” N o te  th a t  s u b je c t  II -2  d e m o n s tra te s  th a t  th e  

p o ly m o rp h is m , as  s h o w n  b y  th e  p r e s e n c e  o f  f r a g m e n t  “b ,” is  

a s s o c ia te d  w i th  th e  m u ta n t  g e n e . T h e re fo re ,  in  th is  p a r t ic u la r  f a m ily , 

th e  a p p e a ra n c e  o f  f r a g m e n t  “b ” c o r re s p o n d s  to  th e  p r e s e n c e  o f  a  

p o ly m o rp h ic  s ite  th a t  m a rk s  th e  a b n o rm a l  g e n e  fo r  PAH . T h e  a b s e n c e  

o f  f r a g m e n t  “b ” c o r re s p o n d s  to  h a v in g  o n ly  th e  n o rm a l  g e n e . In  F ig u re  

3 4 .1 9 , e x a m in a t io n  o f  fe ta l  D N A  s h o w s  th a t  th e  fe tu s  in h e r i te d  tw o  

a b n o rm a l  g e n e s  f ro m  th e  p a re n ts  a n d , th e re fo re ,  h a s  P K U .



F ig u re  3 4 .1 9  A n a ly s is  o f  r e s tr ic t io n  f r a g m e n t  le n g th  p o ly m o rp h is m  in  a  fa m ily  

w i th  a  c h i ld  a f f e c te d  b y  p h e n y lk e to n u r ia  (P K U ), a n  a u to s o m a l- re c e s s iv e  d is e a se . 

T h e  m o le c u la r  d e f e c t  in  th e  g e n e  fo r  phenyla lan ine hydroxylase (PAH ) in  th e  

f a m ily  is  n o t  k n o w n . T h e  fa m ily  w a n te d  to  k n o w  if  th e  c u r re n t  p r e g n a n c y  w o u ld  

b e  a f f e c te d  b y  P K U .

c. V a lu e  o f  D N A  te s t in g : D N A -b a s e d  te s t in g  is  u s e fu l  n o t  o n ly  in  

d e te rm in in g  if  a n  u n b o rn  fe tu s  is  a f f e c te d  b y  P K U  b u t  a lso  in  d e te c tin g  

u n a f f e c te d  c a r r ie r s  o f  th e  m u ta te d  g e n e  to  a id  in  f a m ily  p la n n in g . 

[N o te : P K U  is  t r e a ta b le  b y  d ie ta ry  r e s tr ic t io n  o f  p h e n y la la n in e .  E a r ly  

d ia g n o s is  a n d  t r e a tm e n t  a re  e s s e n tia l  in  p re v e n t in g  s e v e re  n e u ro lo g ic  

d a m a g e  in  a f f e c te d  in d iv id u a ls .]



VII. POLYMERASE CHAIN REACTION

P C R  is  a n  in  v it ro  m e th o d  fo r  a m p lify in g  a  s e le c te d  D N A  s e q u e n c e  th a t  d o e s  n o t  

r e ly  o n  th e  b io lo g ic  ( in  v iv o ) c lo n in g  m e th o d  d e s c r ib e d  o n  p . 4 8 3 . P C R  p e rm its  

th e  s y n th e s is  o f  m il l io n s  o f  c o p ie s  o f  a  s p e c if ic  n u c le o tid e  s e q u e n c e  in  a  fe w  

h o u rs . I t  c a n  a m p lify  th e  s e q u e n c e , e v e n  w h e n  th e  ta rg e te d  s e q u e n c e  m a k e s  u p  

le s s  th a n  o n e  p a r t  in  a  m i l l io n  o f  th e  to ta l  in i t ia l  s a m p le . T h e  m e th o d  c a n  b e  u s e d  

to  a m p lify  D N A  s e q u e n c e s  f ro m  a n y  s o u rc e , in c lu d in g  v ira l ,  b a c te r ia l ,  p la n t ,  o r 

a n im a l. T h e  s te p s  in  P C R  a re  s u m m a r iz e d  in  F ig u re s  3 4 .2 0  a n d  3 4 .2 1 .

3- [TTTTTTTTTTTTTTTl 5-

5'Ujjx u jjjjx o u j 3'

iT T T T T T T T lT lT lT n

Sequences complementary 
\ to the original primer

Denature DNA into
separate strands.

F la n k in g  re g io n T a r g e t  s e q u e n c e F la n k in g  re g io n

D ir e c t io n  o f  c h a in  g ro w th

Anneal primers to P r im e r

P r im e rflanking regions of D ir e c t io n  o f  c h a in  g ro w th

single-stranded DNA

inTnTrTlTlTlTni sD ir e c t io n  o f  c h a in  g ro w th
Extend primers P r im e r

P r im e rwith DNA polymerase
5-U U JX IX IX L IJJJJJJW i 3 D ire c t io n  o f  c h a in  g ro w th

The two new doub e-stranded
DNA molecules can be
denatured and copied using
steps 1 to 3.

F ig u re  3 4 .2 0  S te p s  (d e n a tu re ,  a n n e a l,  e x te n d )  in  o n e  c y c le  o f  th e  p o ly m e ra s e  

c h a in  re a c tio n .





F ig u re  3 4 .2 1  M u lt ip le  c y c le s  o f  th e  p o ly m e ra s e  c h a in  re a c tio n .

A. Procedure
P C R  u s e s  D N A p o l  to  r e p e t i t iv e ly  a m p lify  ta rg e te d  p o r t io n s  o f  g e n o m ic  o r  

c D N A . E a c h  c y c le  o f  a m p lif ic a t io n  d o u b le s  th e  a m o u n t  o f  D N A  in  th e  

s a m p le , le a d in g  to  a n  e x p o n e n t ia l  in c re a s e  (2 n, w h e re  n  = c y c le  n u m b e r )  in  

D N A  w ith  r e p e a te d  c y c le s  o f  a m p lif ic a t io n .  T h e  a m p lif ie d  D N A  p ro d u c ts  

c a n  th e n  b e  s e p a ra te d  b y  g e l  e le c tro p h o re s is ,  d e te c te d  b y  S o u th e rn  b lo t t in g  

a n d  h y b r id iz a t io n ,  a n d  s e q u e n c e d .

1. C o n s tru c t in g  p r im e r : I t  is  n o t  n e c e s s a ry  to  k n o w  th e  n u c le o t id e  s e q u e n c e  

o f  th e  ta rg e t  D N A  in  th e  P C R  m e th o d . H o w e v e r ,  i t  is  n e c e s s a ry  to  k n o w  

th e  n u c le o t id e  s e q u e n c e  o f  s h o r t  s e g m e n ts  o n  e a c h  s id e  o f  th e  ta rg e t  

D N A . T h e s e  s tre tc h e s ,  c a l le d  f la n k in g  s e q u e n c e s ,  b r a c k e t  th e  D N A  

s e q u e n c e  o f  in te re s t .  T h e  n u c le o t id e  s e q u e n c e s  o f  th e  f la n k in g  re g io n s  

a re  u s e d  to  c o n s tru c t  tw o , s in g le - s t r a n d e d  o l ig o n u c le o t id e s ,  u s u a l ly  2 0 

3 5  n u c le o t id e s  lo n g , w h ic h  a re  c o m p le m e n ta ry  to  th e  r e s p e c t iv e  f la n k in g  

s e q u e n c e s .  T h e  3 '- h y d ro x y l  e n d  o f  e a c h  o l ig o n u c le o t id e  p o in ts  to w a rd  

th e  ta rg e t  s e q u e n c e  (s e e  F ig . 3 4 .2 0 ). T h e s e  s y n th e t ic  o lig o n u c le o t id e s  

fu n c t io n  a s  p r im e rs  in  P C R .

2. D e n a tu r in g  D N A : T h e  ta rg e t  D N A  to  b e  a m p lif ie d  is  h e a te d  to  ~ 9 5 ° C  to  

s e p a ra te  th e  d s D N A  in to  s in g le  s tra n d s .

3. A n n e a l in g  p r im e rs :  T h e  s e p a ra te d  s tra n d s  a re  c o o le d  to  ~ 5 0 ° C  a n d  th e  

tw o  p r im e rs  (o n e  fo r  e a c h  s tra n d )  a n n e a l  to  a  c o m p le m e n ta ry  s e q u e n c e  

o n  th e  s sD N A .

4 . E x te n d in g  p r im e rs :  D N A p o l  a n d  d N T P  ( in  e x c e s s )  a re  a d d e d  to  th e

m ix tu re  (~ 7 2 ° C )  to  in i t ia te  th e  s y n th e s is  o f  tw o  n e w  s tra n d s  

c o m p le m e n ta ry  to  th e  o r ig in a l  D N A  s tra n d s . D N A p o l  a d d s  n u c le o t id e s  

to  th e  3 '- h y d ro x y l  e n d  o f  th e  p r im e r ,  a n d  s tr a n d  g ro w th  e x te n d s  in  th e  

5 ' 3 ' d ir e c t io n  a c ro s s  th e  ta rg e t  D N A , m a k in g  c o m p le m e n ta ry  c o p ie s  o f

th e  ta rg e t .  [N o te : P C R  p ro d u c ts  c a n  b e  s e v e ra l  th o u s a n d  b a s e  p a ir s  lo n g .]  

A t  th e  c o m p le t io n  o f  o n e  c y c le  o f  r e p l ic a t io n , th e  r e a c t io n  m ix tu re  is  

h e a te d  a g a in  to  s e p a ra te  th e  s tra n d s  (o f  w h ic h  th e re  a re  n o w  fo u r) . E a c h  

s tra n d  b in d s  a  c o m p le m e n ta ry  p r im e r ,  a n d  th e  s te p  o f  p r im e r  e x te n s io n  is  

r e p e a te d . B y  u s in g  a  h e a t- s ta b le  D N A p o l  ( fo r  e x a m p le , Taq  f ro m  th e  

b a c te r iu m  T h e rm u s  a q u a t ic u s  th a t  n o rm a lly  l iv e s  a t  h ig h  te m p e ra tu re s ) ,



th e  polym erase  is  n o t  d e n a tu re d  a n d , th e re fo re ,  d o e s  n o t  h a v e  to  b e  a d d e d  

a t  e a c h  s u c c e s s iv e  c y c le . H o w e v e r ,  Taq  la c k s  p ro o f re a d in g  a c tiv ity . 

T y p ic a l ly ,  2 0 - 3 0  c y c le s  a re  ru n  d u r in g  th is  p ro c e s s ,  a m p lify in g  th e  D N A  

b y  a  m i l l io n - fo ld  (2 20) to  a  b i l l io n - fo ld  (2 30). [N o te : E a c h  e x te n s io n  

p ro d u c t  in c lu d e s  a  s e q u e n c e  a t  its  5 '- e n d  th a t  is  c o m p le m e n ta ry  to  th e  

p r im e r  ( s e e  F ig . 3 4 .2 0 ). T h u s , e a c h  n e w ly  s y n th e s iz e d  s tr a n d  c a n  a c t  a s  a  

te m p la te  fo r  th e  s u c c e s s iv e  c y c le s  (s e e  F ig . 3 4 .2 1 ). T h is  le a d s  to  a n  

e x p o n e n t ia l  in c re a s e  in  th e  a m o u n t  o f  ta rg e t  D N A  w ith  e a c h  c y c le , 

h e n c e , th e  n a m e  “p o ly m e ra s e  c h a in  r e a c t io n .” ] P ro b e s  c a n  b e  m a d e  

d u r in g  P C R  b y  a d d in g  la b e le d  n u c le o t id e s  to  th e  la s t  f e w  c y c le s .

B. Advantages
T h e  m a jo r  a d v a n ta g e s  o f  P C R  o v e r  b io lo g ic  c lo n in g  a s  a  m e c h a n is m  fo r  

a m p lify in g  a  s p e c if ic  D N A  s e q u e n c e  a re  s e n s it iv i ty  a n d  sp e e d . D N A  

s e q u e n c e s  p r e s e n t  in  o n ly  tr a c e  a m o u n ts  c a n  b e  a m p lif ie d  to  b e c o m e  th e  

p r e d o m in a n t  s e q u e n c e . P C R  is  so  s e n s it iv e  th a t  D N A  s e q u e n c e s  p r e s e n t  in  

a n  in d iv id u a l  c e ll  c a n  b e  a m p lif ie d  a n d  s tu d ie d . I s o la t in g  a n d  a m p lify in g  a  

s p e c if ic  D N A  s e q u e n c e  b y  P C R  is  f a s te r  a n d  le s s  te c h n ic a l ly  d i f f ic u l t  th a n  

t r a d i t io n a l  c lo n in g  m e th o d s  u s in g  r e c o m b in a n t  D N A  te c h n iq u e s .

C. Applications
P C R  h a s  b e c o m e  a  v e ry  c o m m o n  to o l  in  r e s e a rc h , fo re n s ic s ,  a n d  c l in ic a l

d ia g n o s t ic s .

1. C o m p a r is o n  o f  a  n o rm a l  g e n e  to  its  m u ta n t  fo rm : P C R  a l lo w s  th e  

s y n th e s is  o f  m u ta n t  D N A  in  s u f f ic ie n t  q u a n t i t ie s  fo r  a  s e q u e n c in g  

p ro to c o l  w i th o u t  la b o r io u s  b io lo g ic  c lo n in g  o f  th e  D N A .

2. F o re n s ic  a n a ly s is  o f  D N A  s a m p le s : D N A  f in g e rp r in t in g  b y  m e a n s  o f  

P C R  h a s  r e v o lu t io n iz e d  th e  a n a ly s is  o f  e v id e n c e  f ro m  c r im e  s c e n e s . 

D N A  is o la te d  f ro m  a  s in g le  h u m a n  h a ir ,  a  t in y  s p o t  o f  b lo o d , o r  a  s a m p le  

o f  s e m e n  is  s u f f ic ie n t  to  d e te rm in e  w h e th e r  th e  s a m p le  c o m e s  f ro m  a  

s p e c if ic  in d iv id u a l .  T h e  D N A  m a rk e r s  a n a ly z e d  fo r  s u c h  f in g e rp r in tin g  

a re  m o s t  c o m m o n ly  a  ty p e  o f  p o ly m o rp h is m  k n o w n  as  s h o r t  ta n d e m  

re p e a ts .  T h e s e  a re  v e ry  s im ila r  to  th e  V N T R  d e s c r ib e d  p re v io u s ly  (s e e  p . 

4 9 1 )  b u t  a re  s m a l le r  in  s iz e . [N o te : P a te rn i ty  te s t in g  u s e s  th e  s a m e



te c h n iq u e s .]

3. D e te c t io n  o f  lo w -a b u n d a n c e  n u c le ic  a c id  s e q u e n c e s : V iru s e s  th a t  h a v e  a  

lo n g  la te n c y  p e r io d , s u c h  a s  h u m a n  im m u n o d e f ic ie n c y  v iru s  (H IV ) , a re  

d if f ic u l t  to  d e te c t  a t  th e  e a r ly  s ta g e  o f  in fe c t io n  u s in g  c o n v e n t io n a l  

m e th o d s . P C R  o f fe r s  a  r a p id  a n d  s e n s it iv e  m e th o d  fo r  d e te c tin g  v ir a l  

D N A  s e q u e n c e s  e v e n  w h e n  o n ly  a  s m a l l  p ro p o r t io n  o f  c e lls  h a rb o r s  th e  

v iru s .  [N o te : Q u a n ti ta t iv e  P C R  (q P C R ) , a lso  k n o w n  as  re a l - t im e  P C R , 

a l lo w s  q u a n t if ic a t io n  o f  th e  a m o u n t  (c o p y  n u m b e r )  o f  th e  ta rg e t  n u c le ic  

a c id  a f te r  e a c h  c y c le  o f  a m p lif ic a t io n  ( th a t  is , in  r e a l  t im e )  r a th e r  th a n  a t  

th e  e n d  a n d  is  u s e fu l  in  d e te rm in in g  v ir a l  lo a d  ( th e  a m o u n t  o f  v iru s ) .]

4 . P re n a ta l  d ia g n o s is  a n d  c a r r ie r  d e te c t io n  o f  c y s tic  f ib ro s is :  C y s tic  f ib ro s is  

is  a n  a u to s o m a l- r e c e s s iv e  g e n e t ic  d is e a s e  re s u lt in g  f ro m  m u ta t io n s  in  th e  

g e n e  fo r  th e  c y s tic  f ib ro s is  t r a n s m e m b ra n e  c o n d u c ta n c e  r e g u la to r  

(C F T R )  p ro te in .  T h e  m o s t  c o m m o n  m u ta t io n  is  a  th re e -b a s e  d e le t io n  th a t  

r e s u lts  in  th e  lo s s  o f  a  p h e n y la la n in e  r e s id u e  f ro m  th e  C F T R  p ro te in  (s e e  

p . 4 5 0 ) . B e c a u s e  th e  m u ta n t  a l le le  is  th re e  b a s e s  s h o r te r  th a n  th e  n o rm a l  

a lle le , i t  is  p o s s ib le  to  d is t in g u is h  th e m  f ro m  e a c h  o th e r  b y  th e  s iz e  o f  th e  

P C R  p ro d u c ts  o b ta in e d  b y  a m p lify in g  th a t  p o r t io n  o f  th e  D N A . F ig u re  

3 4 .2 2  i l lu s tr a te s  h o w  th e  r e s u lts  o f  s u c h  a  P C R  te s t  c a n  d is t in g u is h  

b e tw e e n  h o m o z y g o u s  n o rm a l,  h e te ro z y g o u s  (c a r r ie rs ) ,  a n d  h o m o z y g o u s  

m u ta n t  (a f fe c te d )  in d iv id u a ls .



PCR prim er



F ig u re  3 4 .2 2  G e n e tic  te s t in g  fo r  c y s tic  f ib ro s is  (C F )  u s in g  th e  p o ly m e ra s e  c h a in  

r e a c t io n  (P C R ). [N o te : C F  is  a lso  d ia g n o s e d  u s in g  a l le le - s p e c if ic  o l ig o n u c le o t id e  

a n a ly s is  ( s e e  p . 4 8 8 ) .]  C F T R  = c y s tic  f ib ro s is  t r a n s m e m b ra n e  c o n d u c ta n c e  

re g u la to r ;  b p  = b a s e  p a ir s .

T h e  s im u l ta n e o u s  a m p lif ic a t io n  o f  m u l t ip le  r e g io n s  o f  a  ta rg e t  D N A  u s in g  

m u l t ip le  p r im e r  p a ir s  is  k n o w n  as  m u l t ip le x  P C R . I t  a l lo w s  d e te c t io n  o f  th e  

lo s s  o f  > 1  e x o n s  in  a  g e n e  w i th  m a n y  e x o n s  s u c h  a s  th e  g e n e  fo r  C F T R , 

w h ic h  h a s  2 7  e x o n s .

VIII. GENE EXPRESSION ANALYSIS

T h e  to o ls  o f  b io te c h n o lo g y  n o t  o n ly  a l lo w  th e  s tu d y  o f  g e n e  s tru c tu re ,  b u t  a lso  

p ro v id e  w a y s  o f  a n a ly z in g  th e  m R N A  a n d  p ro te in  p ro d u c ts  o f  g e n e  e x p re s s io n .

A. Determining messenger RNA levels
m R N A  le v e ls  a re  u s u a l ly  d e te rm in e d  b y  th e  h y b r id iz a t io n  o f  la b e le d  p ro b e s  

to  e i th e r  m R N A  i t s e l f  o r  to  c D N A  p ro d u c e d  f ro m  m R N A . [N o te : 

A m p li f ic a t io n  b y  P C R  o f  c D N A  m a d e  f ro m  m R N A  b y  r e t ro v i r a l  reverse  
transcriptase (RT) is  r e f e r r e d  to  a s  R T -P C R .]

1. Northern blots
N o r th e rn  b lo ts  a re  s im ila r  to  S o u th e rn  b lo ts  (s e e  F ig . 3 4 .1 3 ), e x c e p t  th a t  th e  

s a m p le  c o n ta in s  a  m ix tu re  o f  m R N A  m o le c u le s  th a t  a re  s e p a ra te d  b y  

e le c tro p h o re s is ,  th e n  t r a n s f e r r e d  to  a  m e m b ra n e  a n d  h y b r id iz e d  w ith  a  

r a d io la b e le d  p ro b e . T h e  b a n d s  o b ta in e d  b y  a u to ra d io g ra p h y  g iv e  a  m e a s u re  

o f  th e  a m o u n t  a n d  s iz e  o f  th e  m R N A  m o le c u le s  in  th e  s a m p le .

2. M ic ro a r ra y s :  D N A  m ic ro a r ra y s  c o n ta in  th o u s a n d s  o f  im m o b il iz e d  

s s D N A  s e q u e n c e s  o rg a n iz e d  in  a n  a re a  n o  la rg e r  th a n  a  m ic ro s c o p e  s lid e . 

T h e s e  m ic ro a r ra y s  a re  u s e d  to  a n a ly z e  a  s a m p le  fo r  th e  p r e s e n c e  o f  g e n e  

v a r ia t io n s  o r  m u ta t io n s  (g e n o ty p in g )  o r  to  d e te rm in e  th e  p a t te rn s  o f



m R N A  p r o d u c t io n  (g e n e  e x p re s s io n  a n a ly s is ) ,  a n a ly z in g  th o u s a n d s  o f  

g e n e s  a t  th e  s a m e  tim e . F o r  g e n o ty p in g  a n a ly s is ,  th e  s a m p le  is  f ro m  

g e n o m ic  D N A . F o r  e x p re s s io n  a n a ly s is ,  th e  p o p u la t io n  o f  m R N A  

m o le c u le s  f ro m  a  p a r t ic u la r  c e l l  ty p e  is  c o n v e r te d  to  c D N A  a n d  la b e le d  

w ith  a  f lu o re s c e n t  ta g  (F ig . 3 4 .2 3 ). T h is  m ix tu re  is  th e n  e x p o s e d  to  a  

g e n e  (o r, D N A ) c h ip , w h ic h  is  a  g la s s  s l id e  o r  m e m b ra n e  c o n ta in in g  

th o u s a n d s  o f  t in y  s p o ts  o f  D N A , e a c h  c o r re s p o n d in g  to  a  d if f e re n t  g e n e . 

T h e  a m o u n t  o f  f lu o re s c e n c e  b o u n d  to  e a c h  s p o t  is  a  m e a s u re  o f  th e  

a m o u n t  o f  th a t  p a r t ic u la r  m R N A  in  th e  s a m p le . D N A  m ic ro a r ra y s  a re  

u s e d  to  d e te rm in e  th e  d if f e r in g  p a t te rn s  o f  g e n e  e x p re s s io n  in  tw o  

d if f e re n t  ty p e s  o f  c e l l  ( fo r  e x a m p le , n o rm a l  a n d  c a n c e r  c e lls ; s e e  F ig . 

3 4 .2 3 ). T h e y  c a n  a lso  b e  u s e d  to  s u b c la s s ify  c a n c e rs , s u c h  a s  b r e a s t  

c a n c e r , to  o p tim iz e  t r e a tm e n t.  [N o te : M ic ro a r ra y s  in v o lv in g  p ro te in s  a n d  

th e  a n t ib o d ie s  o r  o th e r  p ro te in s  th a t  r e c o g n iz e  th e m  a re  b e in g  u s e d  to  

id e n tify  b io m a rk e r s  to  a id  in  th e  d ia g n o s is ,  p ro g n o s is ,  a n d  t r e a tm e n t  o f  

d is e a s e  b a s e d  o n  a  p a t ie n t ’s p ro te in  e x p re s s io n  p ro f ile .  P ro te in  (a n d  

D N A ) m ic ro a r ra y s  a re  im p o r ta n t  to o ls  in  th e  d e v e lo p m e n t  o f  

p e r s o n a l iz e d  (p re c is io n )  m e d ic in e  in  w h ic h  th e  t r e a tm e n t  a n d /o r  

p re v e n t io n  s tr a te g ie s  c o n s id e r  th e  g e n e t ic ,  e n v iro n m e n ta l ,  a n d  l i f e s ty le  

v a r ia t io n s  a m o n g  in d iv id u a ls .]



Normal cell Cancer cell

mRNA

Reverse
transcriptase

cDNA

Label with green
fluorescent
molecule

I
Label with red
fluorescent
molecule

I

Mix cDNA 
and hybridize 
to DNA microarray 
(gene chip)

Dark (black) spot: Neither cell 
produces this message.

Green spot: Normal cell 
produces more of its message.

Yellow spot: Both cells produce 
the same amount of message.



F ig u re  3 4 .2 3  M ic ro a r ra y  a n a ly s is  o f  g e n e  e x p re s s io n  u s in g  D N A  (g e n e )  c h ip s . 

[N o te : P ro te in  c h ip s  a re  a lso  u s e d .]  m R N A  = m e s s e n g e r  R N A ; c D N A  = 

c o m p le m e n ta ry  D N A .

B. Protein analysis
T h e  k in d s  a n d  a m o u n ts  o f  p ro te in s  in  c e l ls  d o  n o t  a lw a y s  d ire c tly  

c o r re s p o n d  to  th e  a m o u n ts  o f  m R N A  p re s e n t.  S o m e  m R N A  a re  t r a n s la te d  

m o re  e f f ic ie n t ly  th a n  o th e rs , a n d  s o m e  p ro te in s  u n d e rg o  p o s t t r a n s la t io n a l  

m o d if ic a tio n .  W h e n  a n a ly z in g  th e  a b u n d a n c e  a n d  in te ra c t io n s  o f  a  la rg e  

n u m b e r  o f  p ro te in s ,  a u to m a te d  m e th o d s  in v o lv in g  a  v a r ie ty  o f  te c h n iq u e s ,  

s u c h  a s  m a s s  s p e c tro m e try  a n d  tw o -d im e n s io n a l  e le c tro p h o re s is ,  a re  u se d . 

W h e n  in v e s t ig a t in g  o n e , o r  a  l im i te d  n u m b e r  o f  p ro te in s ,  la b e le d  a n t ib o d ie s  

(A b )  a re  u s e d  to  d e te c t  a n d  q u a n t ify  s p e c if ic  p ro te in s  a n d  to  d e te rm in e  

p o s t t r a n s la t io n a l  m o d if ic a tio n s .

1. E n z y m e - l in k e d  im m u n o s o rb e n t  a s s a y s : T h e s e  a s s a y s  (k n o w n  as  E L IS A )  

a re  p e r fo rm e d  in  th e  w e lls  o f  a  m ic ro t i te r  d ish . T h e  a n t ig e n  (p ro te in )  is  

b o u n d  to  th e  p la s t ic  o f  th e  d ish . T h e  p ro b e  u s e d  c o n s is ts  o f  a n  A b  

s p e c if ic  fo r  th e  p ro te in  ( s u c h  as  tro p o n in , s e e  p . 6 6 ) to  b e  m e a s u re d . T h e  

A b  is  c o v a le n tly  b o u n d  to  a n  e n z y m e , w h ic h  w i l l  p ro d u c e  a  c o lo re d  

p ro d u c t  w h e n  e x p o s e d  to  its  s u b s tra te .  T h e  a m o u n t  o f  c o lo r  p ro d u c e d  is  

p ro p o r t io n a l  to  th e  a m o u n t  o f  A b  p re s e n t  a n d , in d ire c t ly ,  to  th e  a m o u n t  o f  

p ro te in  in  a  te s t  s a m p le .

2. W e s te rn  b lo ts :  W e s te rn  b lo ts  (a lso  c a l le d  im m u n o b lo ts )  a re  s im ila r  to  

S o u th e rn  b lo ts ,  e x c e p t  th a t  i t  is  p ro te in  m o le c u le s  in  th e  s a m p le  th a t  a re  

s e p a ra te d  b y  e le c tro p h o re s is  a n d  b lo t te d  ( tr a n s fe r re d )  to  a  m e m b ra n e . 

T h e  p ro b e  is  a  la b e le d  A b , w h ic h  p ro d u c e s  a  b a n d  a t  th e  lo c a t io n  o f  its  

a n tig e n .

3. D e te c tin g  e x p o s u re  to  h u m a n  im m u n o d e f ic ie n c y  v iru s :  E L IS A  a n d  

w e s te rn  b lo ts  a re  c o m m o n ly  u s e d  to  d e te c t  e x p o s u re  to  H IV  b y  

m e a s u r in g  th e  a m o u n t  o f  a n t i -H IV  A b  p re s e n t  in  a  p a t ie n t ’s b lo o d  

s a m p le . E L IS A  a re  u s e d  a s  th e  p r im a ry  s c re e n in g  to o l  b e c a u s e  th e y  a re  

v e ry  s e n s it iv e .  B e c a u s e  th e s e  a s s a y s  s o m e t im e s  g iv e  fa ls e  p o s it iv e s ,  

h o w e v e r ,  w e s te rn  b lo ts ,  w h ic h  a re  m o re  sp e c if ic ,  a re  o f te n  u s e d  a s  a  

c o n f i rm a to ry  te s t  (F ig . 3 4 .2 4 ). [N o te : E L IS A  a n d  w e s te rn  b lo ts  c a n  o n ly  

d e te c t  H IV  e x p o s u re  a f te r  a n t i -H IV  A b  a p p e a r  in  th e  b lo o d s tr e a m . P C R -



b a s e d  te s t in g  fo r  H IV  is  m o re  u s e fu l  in  th e  f i r s t  f e w  m o n th s  a f te r  

e x p o s u re .]
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F ig u re  3 4 .2 4  T e s t in g  fo r  h u m a n  im m u n o d e f ic ie n c y  v iru s  (H IV ) e x p o s u re  b y  

e n z y m e - l in k e d  im m u n o s o rb e n t  a s s a y s  (E L IS A )  a n d  w e s te rn  b lo ts .

C. Proteomics
T h e  s tu d y  o f  th e  p ro te o m e , o r  a l l  th e  p ro te in s  e x p re s s e d  b y  a  g e n o m e , 

in c lu d in g  th e ir  r e la t iv e  a b u n d a n c e , d is tr ib u tio n , p o s t t r a n s la t io n a l  

m o d if ic a tio n s ,  fu n c t io n s ,  a n d  in te ra c t io n s  w ith  o th e r  m a c ro m o le c u le s ,  is  

k n o w n  a s  p ro te o m ic s .  T h e  2 0 ,0 0 0 -2 5 ,0 0 0  p ro te in - c o d in g  g e n e s  o f  th e  

h u m a n  g e n o m e  t r a n s la te  in to  w e l l  o v e r  1 0 0 ,0 0 0  p ro te in s  w h e n  

p o s t t r a n s c r ip t io n a l  a n d  p o s t t r a n s la t io n a l  m o d if ic a t io n s  a re  c o n s id e re d . 

A lth o u g h  a  g e n o m e  re m a in s  e s s e n tia l ly  u n c h a n g e d ,  th e  a m o u n ts  a n d  ty p e s  

o f  p ro te in s  in  a n y  p a r t ic u la r  c e l l  c h a n g e  d ra m a tic a l ly  as  g e n e s  a re  tu rn e d  o n  

a n d  o ff . [N o te : P ro te o m ic s  ( a n d  g e n o m ic s )  r e q u ire d  th e  p a ra l le l  

d e v e lo p m e n t  o f  b io in fo rm a t ic s ,  th e  c o m p u te r -b a s e d  o rg a n iz a tio n , s to ra g e , 

a n d  a n a ly s is  o f  b io lo g ic  d a ta .]  F ig u re  3 4 .2 5  c o m p a re s  s o m e  o f  th e  a n a ly tic  

te c h n iq u e s  d is c u s s e d  in  th is  c h a p te r .
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F ig u re  3 4 .2 5  T e c h n iq u e s  u s e d  to  a n a ly z e  D N A , R N A , a n d  p ro te in s .  [N o te : T h e  

th re e  b lo t t in g  te c h n iq u e s  in v o lv e  th e  u s e  o f  a  g e l.]  A S O  = a l le le - s p e c if ic  

o lig o n u c le o tid e s .  E L IS A  = e n z y m e - l in k e d  im m u n o s o rb e n t  a s s a y ; c D N A  = 

c o m p le m e n ta ry  D N A .

IX. GENE THERAPY

T h e  g o a l  o f  g e n e  th e ra p y  is  to  t r e a t  d is e a s e  th ro u g h  d e l iv e ry  o f  th e  n o rm a l,  

c lo n e d  D N A  fo r  a  g e n e  in to  th e  s o m a t ic  c e l ls  o f  a  p a t ie n t  w h o  h a s  a  d e fe c t  in  

th a t  g e n e  a s  a  r e s u l t  o f  a  d is e a s e -c a u s in g  m u ta tio n . B e c a u s e  s o m a t ic  g e n e



th e ra p y  c h a n g e s  o n ly  th e  ta rg e te d  s o m a t ic  c e lls ,  th e  c h a n g e  is  n o t  p a s s e d  o n  to  

th e  n e x t  g e n e ra tio n . [N o te : In  g e rm lin e  g e n e  th e ra p y , th e  g e rm  c e lls  a re  

m o d if ie d , a n d  so  th e  c h a n g e  is  p a s s e d  o n . A  lo n g -s ta n d in g  m o ra to r iu m  o n  

g e rm lin e  g e n e  th e ra p y  is  in  e f f e c t  w o r ld w id e .]  T h e re  a re  tw o  ty p e s  o f  g e n e  

tra n s fe r :  1) e x  v iv o , in  w h ic h  c e lls  f ro m  th e  p a t ie n t  a re  r e m o v e d , tr a n s d u c e d ,  a n d  

re tu rn e d , a n d  2 ) in  v iv o , in  w h ic h  th e  c e l ls  a re  d i r e c d y  tra n s d u c e d . B o th  ty p e s  

r e q u ire  u s e  o f  a  v i r a l  v e c to r  to  d e l iv e r  th e  D N A . C h a l le n g e s  o f  g e n e  th e ra p y  

in c lu d e  d e v e lo p m e n t  o f  v e c to rs ,  a c h ie v e m e n t  o f  lo n g - l iv e d  e x p re s s io n , a n d  

p re v e n t io n  o f  s id e  e f fe c ts  s u c h  a s  a n  im m u n e  re s p o n s e . T h e  f i r s t  s u c c e s s fu l  g e n e  

th e ra p y  in v o lv e d  tw o  p a t ie n ts  w ith  s e v e re  c o m b in e d  im m u n o d e f ic ie n c y  d is e a se  

(S C ID )  c a u s e d  b y  m u ta t io n s  to  th e  g e n e  fo r  adenosine deam inase (ADA, s e e  p . 

3 0 1 ) . I t  u t i l iz e d  m a tu re  T  ly m p h o c y te s  t r a n s d u c e d  e x  v iv o  w ith  a  r e t ro v ira l  

v e c to r  (F ig . 3 4 .2 6 ) . [N o te : H u m a n  A D A  c D N A  is  n o w  u s e d .]  S in c e  1 9 9 0 , o n ly  a  

s m a l l  n u m b e r  o f  p a t ie n ts  (w ith  a  v a r ie ty  o f  d is o rd e rs ,  s u c h  as  h e m o p h il ia ,  

c a n c e rs , a n d  c e r ta in  ty p e s  o f  b l in d n e s s )  h a v e  b e e n  tr e a te d  w ith  g e n e  th e ra p y , 

w ith  v a ry in g  d e g re e s  o f  su c c e s s .
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F ig u re  3 4 .2 6  G e n e  th e ra p y  fo r  s e v e re  c o m b in e d  im m u n o d e f ic ie n c y  d is e a s e  

c a u s e d  b y  adenosine deam inase  d e f ic ie n c y . [N o te : B o n e  m a r ro w  s te m  c e l ls  a n d  

a  m o d if ie d  r e t ro v i r a l  v e c to r  a re  n o w  u s e d .]

G e n e  e d itin g , a s  o p p o s e d  to  g e n e  a d d it io n , a l lo w s  a  m u ta te d  g e n e  to  b e  re p a ire d . 

C o m b in a t io n s  o f  D N A -b in d in g  m o le c u le s  (p ro te in s  o r  R N A )  a n d  endonucleases 
a re  u s e d  to  id e n t ify  a n d  c le a v e  th e  m u ta te d  s e q u e n c e . C le a v a g e  a c t iv a te s  

h o m o lo g o u s  r e c o m b in a t io n  r e p a ir  o f  d s D N A  b re a k s  (s e e  p . 4 2 9 )  th a t  in te g ra te s  

D N A  c o n ta in in g  th e  c o r re c t  s e q u e n c e  in to  th e  g e n e . [N o te : A n  endonuclease  

g u id e d  to  a  s p e c if ic  D N A  s e q u e n c e  b y  a  c u s to m -d e s ig n e d  R N A  h a s  b e e n  u s e d  in  

g e n e  e d i t in g  in  h u m a n  c e l l  l in e s . T h e  te c h n iq u e  is  b a s e d  o n  (a n d  n a m e d  fo r)  th e  

p ro k a ry o tic  C R IS P R -C a s 9  ( c lu s te re d  r e g u la r ly  in te r s p a c e d  s h o r t  p a l in d ro m ic  

r e p e a ts  [C R IS P R ]-a s s o c ia te d  p ro te in )  s y s te m  th a t  id e n t if ie s  a n d  c le a v e s  fo re ig n  

D N A  in  b a c te r ia l  c e l ls .  C R IS P R  is  c u r re n t ly  u s e d  in  th e  la b o ra to ry  b u t  n o t  in  th e  

c lin ic .]

X. TRANSGENIC ANIMALS

T ra n s g e n ic  a n im a ls  c a n  b e  p ro d u c e d  b y  in je c t in g  a  c lo n e d  fo re ig n  g e n e  (a  

tr a n s g e n e )  in to  a  f e r t i l iz e d  e g g . I f  th e  g e n e  ra n d o m ly  a n d  s ta b ly  in te g ra te s  in to  a  

c h ro m o s o m e , i t  w i l l  b e  p r e s e n t  in  th e  g e rm lin e  o f  th e  re s u l t in g  a n im a l  a n d  c a n  b e  

p a s s e d  f ro m  g e n e ra t io n  to  g e n e ra tio n . A  g ia n t  m o u s e  c a l le d  “ S u p e rm o u s e ” w a s  

p ro d u c e d  in  th is  w a y  b y  in je c t in g  th e  g e n e  fo r  r a t  g ro w th  h o rm o n e  in to  a  

fe r t i l iz e d  m o u s e  e g g . [N o te : T ra n s g e n ic  a n im a ls  h a v e  b e e n  d e s ig n e d  th a t  

p ro d u c e  th e ra p e u tic  h u m a n  p ro te in s  in  th e ir  m ilk , a  p ro c e s s  c a l le d  “p h a r m in g .” 

A n ti th ro m b in ,  a n  a n t ic lo t t in g  p ro te in  ( s e e  o n l in e  C h a p te r  3 5 ), w a s  p ro d u c e d  b y  

t r a n s g e n ic  g o a ts  a n d  a p p ro v e d  fo r  c l in ic a l  u s e  in  2 0 0 9 .]  I f  th e  fu n c t io n a l  

tr a n s g e n e  u n d e rg o e s  ta rg e te d  (n o t  r a n d o m )  in s e r t io n , a  k n o c k in  (K I)  m o u s e  th a t  

e x p re s s e s  th e  g e n e  is  c re a te d . T a rg e te d  in s e r t io n  o f  a  n o n fu n c t io n a l  v e r s io n  o f  

th e  t r a n s g e n e  c re a te s  a  k n o c k o u t  (K O ) m o u s e  th a t  d o e s  n o t  e x p re s s  th e  g e n e . 

S u c h  g e n e t ic a l ly  e n g in e e re d  a n im a ls  c a n  s e rv e  as  m o d e ls  fo r  th e  s tu d y  o f  a  

c o r re s p o n d in g  h u m a n  d is e a se .



XI. CHAPTER SUMMARY

Restriction endonucleases  a re  b a c te r ia l  e n z y m e s  th a t  c le a v e  d o u b le 

s t r a n d e d  D N A  (d s D N A )  in to  s m a l le r  f ra g m e n ts .  E a c h  e n z y m e  c le a v e s  a t  a  

s p e c if ic  4 - 8  b a s e -p a i r  s e q u e n c e  (a  r e s tr ic t io n  s ite ) ,  p ro d u c in g  D N A  

s e g m e n ts  c a l le d  r e s tr ic t io n  f ra g m e n ts .  T h e  s e q u e n c e s  th a t  a re  r e c o g n iz e d  

a re  p a l in d ro m ic .  R e s tr ic t io n  e n z y m e s  fo rm  e i th e r  s ta g g e re d  c u ts  ( s tic k y  

e n d s )  o r  b lu n t - e n d  c u ts  o n  th e  D N A . B a c te r ia l  D NA ligases  c a n  jo in  tw o  

D N A  f ra g m e n ts  f ro m  d if f e re n t  s o u rc e s  if  th e y  h a v e  b e e n  c u t  b y  th e  s a m e  

restriction  endonuclease . T h is  h y b r id  c o m b in a t io n  o f  tw o  f ra g m e n ts  is  

c a l le d  a  r e c o m b in a n t  D N A  m o le c u le .  In tro d u c t io n  o f  a  fo re ig n  D N A  

m o le c u le  in to  a  re p l ic a t in g  c e l l  p e rm its  th e  a m p lif ic a t io n  (p ro d u c t io n  o f  

m a n y  c o p ie s )  o f  th e  D N A , a  p ro c e s s  c a l le d  c lo n in g . A  v e c to r  is  a  m o le c u le  

o f  D N A  to  w h ic h  th e  f r a g m e n t  o f  D N A  to  b e  c lo n e d  is  jo in e d .  V e c to r s  m u s t  

b e  c a p a b le  o f  a u to n o m o u s  r e p l ic a t io n  w ith in  th e  h o s t  c e ll, m u s t  c o n ta in  a t  

le a s t  o n e  s p e c if ic  n u c le o t id e  s e q u e n c e  r e c o g n iz e d  b y  a  restriction  
endonuclease , a n d  m u s t  c a r ry  a t  le a s t  o n e  g e n e  th a t  c o n fe r s  th e  a b i l i ty  to  

s e le c t  fo r  th e  v e c to r  s u c h  a s  a n  a n t ib io t ic  re s is ta n c e  g e n e . P ro k a ry o tic  

o rg a n is m s  n o rm a lly  c o n ta in  sm a ll ,  c i rc u la r ,  e x t r a c h ro m o s o m a l D N A  

m o le c u le s  c a l le d  p la s m id s  th a t  c a n  s e rv e  a s  v e c to r s .  T h e y  c a n  b e  re a d i ly  

is o la te d  f ro m  th e  b a c te r iu m  (o r  a r t i f ic ia l ly  c o n s tru c te d ) ,  jo in e d  w ith  th e  

D N A  o f  in te re s t ,  a n d  r e in tro d u c e d  in to  th e  b a c te r iu m , w h ic h  w i l l  r e p l ic a te ,  

th u s  m a k in g  m u l t ip le  c o p ie s  o f  th e  h y b r id  p la s m id . A  D N A  l ib ra ry  is  a  

c o l le c t io n  o f  c lo n e d  r e s tr ic t io n  f ra g m e n ts  o f  th e  D N A  o f  a n  o rg a n is m . A  

g e n o m ic  l ib ra ry  is  a  c o l le c t io n  o f  f ra g m e n ts  o f  d s D N A  o b ta in e d  b y  

d ig e s t io n  o f  th e  to ta l  D N A  o f  th e  o rg a n is m  w ith  a  restriction  endonuclease  

a n d  s u b s e q u e n t  l ig a t io n  to  a n  a p p ro p r ia te  v e c to r .  I t  id e a lly  c o n ta in s  a  c o p y  

o f  e v e ry  D N A  n u c le o t id e  s e q u e n c e  in  th e  g e n o m e . In  c o n tra s t ,  

c o m p le m e n ta ry  D N A  (c D N A ) l ib ra r ie s  c o n ta in  o n ly  th o s e  D N A  s e q u e n c e s  

th a t  a re  c o m p le m e n ta ry  to  p ro c e s s e d  m e s s e n g e r  R N A  (m R N A )  m o le c u le s  

p r e s e n t  in  a  c e l l  a n d  d if fe r  a c c o rd in g  to  c e ll  ty p e  a n d  e n v iro n m e n ta l  

c o n d it io n s .  B e c a u s e  c D N A  h a s  n o  in tro n s , i t  c a n  b e  c lo n e d  in to  an  

e x p re s s io n  v e c to r  fo r  th e  s y n th e s is  o f  h u m a n  p ro te in s  b y  b a c te r ia  o r  

e u k a ry o te s .  C lo n e d , th e n  p u r if ie d , f r a g m e n ts  o f  D N A  c a n  b e  s e q u e n c e d , fo r  

e x a m p le , u s in g  th e  S a n g e r  d id e o x y  c h a in  te rm in a t io n  m e th o d . A  p ro b e  is  a



s m a l l  p ie c e  o f  R N A  o r  s in g le - s t r a n d e d  D N A  (u s u a lly  la b e le d  w ith  a  

ra d io is o to p e ,  s u c h  a s  32P , o r  a n o th e r  id e n t if ia b le  c o m p o u n d , s u c h  as  b io t in  

o r  a  f lu o re s c e n t  d y e )  th a t  h a s  a  n u c le o t id e  s e q u e n c e  c o m p le m e n ta ry  to  th e  

D N A  m o le c u le  o f  in te r e s t  ( ta rg e t  D N A ). P ro b e s  c a n  b e  u s e d  to  id e n tify  

w h ic h  c lo n e  o f  a  l ib ra ry  o r  w h ic h  b a n d  o n  a  g e l c o n ta in s  th e  ta rg e t  D N A . 

S o u th e rn  b lo t t in g  is  a  te c h n iq u e  th a t  c a n  b e  u s e d  to  d e te c t  s p e c if ic  

s e q u e n c e s  p r e s e n t  in  D N A . T h e  D N A  is  c le a v e d  u s in g  a  restriction  
endonuclease, a f te r  w h ic h  th e  p ie c e s  a re  s e p a ra te d  b y  g e l  e le c tro p h o re s is  

a n d  a re  d e n a tu re d  a n d  t r a n s fe r re d  (b lo t te d )  to  a  n i t r o c e l lu lo s e  m e m b ra n e  fo r  

a n a ly s is .  T h e  f r a g m e n t  o f  in te r e s t  is  d e te c te d  u s in g  a  p ro b e . T h e  h u m a n  

g e n o m e  c o n ta in s  m a n y  th o u s a n d s  o f  p o ly m o rp h is m s  (D N A  s e q u e n c e  

v a r ia t io n s  a t  a  g iv e n  lo c u s ) .  P o ly m o rp h is m s  c a n  a r is e  f ro m  s in g le -b a s e  

c h a n g e s  a n d  f ro m  ta n d e m  re p e a ts .  A  p o ly m o rp h is m  c a n  s e rv e  as  a  g e n e t ic  

m a rk e r  th a t  c a n  b e  fo l lo w e d  th ro u g h  fa m ilie s .  A  r e s tr ic t io n  f r a g m e n t  le n g th  

p o ly m o rp h is m  (R F L P )  is  a  g e n e t ic  v a r ia n t  th a t  c a n  b e  o b s e rv e d  b y  c le a v in g  

th e  D N A  in to  r e s tr ic t io n  f ra g m e n ts  u s in g  a  r e s tr ic t io n  e n z y m e . A  b a s e  

s u b s t i tu t io n  in  o n e  o r  m o re  n u c le o t id e s  a t  a  r e s tr ic t io n  s ite  c a n  r e n d e r  th e  

s ite  u n re c o g n iz a b le  b y  a  p a r t ic u la r  restriction endonuclease . A  n e w  

r e s tr ic t io n  s ite  a lso  c a n  b e  c re a te d  b y  th e  s a m e  m e c h a n is m . In  e i th e r  c a se , 

c le a v a g e  w i th  th e  endonuclease  r e s u lts  in  f r a g m e n ts  o f  le n g th s  d if fe r in g  

f ro m  th e  n o rm a l  th a t  c a n  b e  d e te c te d  b y  h y b r id iz a t io n  w i th  a  p ro b e . R F L P  

a n a ly s is  c a n  b e  u s e d  to  d ia g n o s e  g e n e t ic  d is e a s e s  e a r ly  in  th e  g e s ta t io n  o f  a  

fe tu s . T h e  p o ly m e ra s e  c h a in  r e a c t io n  (P C R ), a n o th e r  m e th o d  fo r  a m p lify in g  

a  s e le c te d  D N A  s e q u e n c e , d o e s  n o t  r e ly  o n  th e  b io lo g ic  c lo n in g  m e th o d . 

P C R  p e rm its  th e  s y n th e s is  o f  m ill io n s  o f  c o p ie s  o f  a  s p e c if ic  n u c le o t id e  

s e q u e n c e  in  a  fe w  h o u rs . I t  c a n  a m p lify  th e  s e q u e n c e , e v e n  w h e n  th e  

ta rg e te d  s e q u e n c e  m a k e s  u p  le s s  th a n  o n e  p a r t  in  a  m il l io n  o f  th e  to ta l  

in i t ia l  s a m p le . T h e  m e th o d  c a n  b e  u s e d  to  a m p lify  D N A  s e q u e n c e s  f ro m  

a n y  s o u rc e . A p p lic a t io n s  o f  th e  P C R  te c h n iq u e  in c lu d e  1) e f f ic ie n t  

c o m p a r is o n  o f  a  n o rm a l  g e n e  w i th  a  m u ta n t  fo rm  o f  th e  g e n e , 2 ) fo re n s ic  

a n a ly s is  o f  D N A  s a m p le s ,  3 ) d e te c tio n  o f  lo w -a b u n d a n c e  n u c le ic  a c id  

s e q u e n c e s ,  a n d  4 )  p re n a ta l  d ia g n o s is  a n d  c a r r ie r  d e te c t io n  ( fo r  e x a m p le , o f  

c y s tic  f ib ro s is ) .  T h e  p ro d u c ts  o f  g e n e  e x p re s s io n  (m R N A  a n d  p ro te in s )  c a n  

b e  m e a s u re d  b y  te c h n iq u e s  s u c h  as  n o r th e rn  b lo ts ,  w h ic h  a re  l ik e  S o u th e rn  

b lo ts  e x c e p t  th a t  th e  s a m p le  c o n ta in s  a  m ix tu re  o f  m R N A  m o le c u le s  th a t  

a re  s e p a ra te d  b y  e le c tro p h o re s is ,  th e n  h y b r id iz e d  to  a  r a d io la b e le d  p ro b e ; 

m ic ro a r ra y s  a re  u s e d  to  d e te rm in e  th e  d if f e r in g  p a t te rn s  o f  g e n e  e x p re s s io n  

in  tw o  d if f e re n t  ty p e s  o f  c e lls  ( fo r  e x a m p le , n o rm a l  a n d  c a n c e r  c e lls ) ;  

e n z y m e - l in k e d  im m u n o s o rb e n t  a s s a y s  (E L IS A ); a n d  w e s te rn  b lo ts



( im m u n o b lo ts )  a re  u s e d  to  d e te c t  s p e c if ic  p ro te in s .  P ro te o m ic s  is  th e  s tu d y  

o f  a l l  th e  p ro te in s  e x p re s s e d  b y  a  g e n o m e . T h e  g o a l  o f  g e n e  th e ra p y  is  th e  

in s e r t io n  o f  a  n o rm a l  c lo n e d  g e n e  to  re p la c e  a  d e fe c t iv e  g e n e  in  a  s o m a tic  

c e ll, w h e re a s  th e  g o a l  o f  g e n e  e d i t in g  is  th e  r e p a ir  o f  a  m u ta te d  g e n e . 

I n s e r t io n  o f  a  fo re ig n  g e n e  ( t r a n s g e n e )  in to  th e  g e rm lin e  o f  a n  a n im a l 

c re a te s  a  t r a n s g e n ic  a n im a l  th a t  c a n  p ro d u c e  th e ra p e u tic  p ro te in s  o r  s e rv e  as 

g e n e  k n o c k in  o r  k n o c k o u t  m o d e ls  fo r  h u m a n  d is e a se s .

Study Questions

Choose th e  O N E  b e s t  a n s w e r .

4 .1 . H in d I I I  is  a  r e s tr ic t io n  e n d o n u c le a s e .  W h ic h  o f  th e  fo llo w in g  is  m o s t  l ik e ly  

to  b e  th e  r e c o g n i t io n  s e q u e n c e  fo r  th is  e n z y m e ?

A . A A G A A G

B . A A G A G A

C . A A G C T T

D . A A G G A A

E . A A G T T C

C o r re c t  a n s w e r  = C . T h e  v a s t  m a jo r i ty  o f  r e s tr ic t io n  e n d o n u c le a s e s  re c o g n iz e  

p a l in d ro m e s  in  d o u b le - s t r a n d e d  D N A , a n d  A A G C T T  is  th e  o n ly  p a l in d ro m e  

a m o n g  th e  c h o ic e s .  B e c a u s e  th e  s e q u e n c e  o f  o n ly  o n e  D N A  s tra n d  is  g iv e n , th e  

b a s e  s e q u e n c e  o f  th e  c o m p le m e n ta ry  s tr a n d  m u s t  b e  d e te rm in e d . T o  b e  a  

p a l in d ro m e , b o th  s tra n d s  m u s t  h a v e  th e  s a m e  s e q u e n c e  w h e n  re a d  in  th e  5 ' 3 '

d ire c tio n . T h u s , th e  c o m p le m e n t  o f  5 '-A A G C T T -3 ' is  a lso  5 '-A A G C T T -3 '.

4 .2 . A n  A s h k e n a z i  J e w is h  c o u p le  h a s  th e ir  6 -m o n th -o ld  s o n  e v a lu a te d  fo r  

l i s t le s s n e s s ,  p o o r  h e a d  c o n tro l,  a n d  a  f ix e d  g a z e . T a y -S a c h s  d is e a se , a n  

a u to s o m a l- re c e s s iv e  d is e a s e  o f  l ip id  d e g ra d a tio n ,  is  d ia g n o s e d . T h e  c o u p le  

a lso  h a s  a  d a u g h te r .  T h e  f a m i ly ’s p e d ig re e  is  s h o w n  to  th e  r ig h t ,  a lo n g  w ith  

S o u th e rn  b lo ts  o f  a  r e s tr ic t io n  f r a g m e n t  le n g th  p o ly m o rp h is m  v e ry  c lo s e ly  

l in k e d  to  th e  g e n e  fo r  h e x o s a m in id a s e  A , w h ic h  is  d e fe c t iv e  in  T a y -S a c h s  

d is e a se . W h ic h  o f  th e  s ta te m e n ts  b e lo w  is  m o s t  a c c u ra te  w i th  r e s p e c t  to  th e  

d a u g h te r?



A . S h e  h a s  a  2 5 %  c h a n c e  o f  h a v in g  T a y -S a c h s  d is e a se .

B . S h e  h a s  a  5 0 %  c h a n c e  o f  h a v in g  T a y -S a c h s  d is e a se .

C . S h e  h a s  T a y -S a c h s  d is e a se .

D . S h e  is  a  c a r r ie r  fo r  T a y -S a c h s  d is e a se .

E . S h e  is  h o m o z y g o u s  n o rm a l.

C o r r e c t  a n s w e r  = E . B e c a u s e  th e y  h a v e  a n  a f f e c te d  so n , b o th  th e  b io lo g ic a l  

f a th e r  a n d  m o th e r  m u s t  b e  c a r r ie r s  fo r  th is  d is e a se . T h e  a f fe c te d  s o n  m u s t  h a v e  

in h e r i te d  a  m u ta n t  a l le le  f ro m  e a c h  p a re n t .  B e c a u s e  h e  s h o w s  o n ly  th e  3- 

k i lo b a s e  (k b )  b a n d  o n  th e  S o u th e rn  b lo t ,  th e  m u ta n t  a l le le  fo r  th is  d is e a s e  m u s t  

b e  l in k e d  to  th e  3 -k b  b a n d . T h e  n o rm a l  a l le le  m u s t  b e  l in k e d  to  th e  4 -k b  b a n d , 

a n d  b e c a u s e  th e  d a u g h te r  in h e r i te d  o n ly  th e  4 -k b  b a n d , s h e  m u s t  b e  

h o m o z y g o u s  n o rm a l  fo r  th e  h e x o s a m in id a s e  A  g e n e .

4 .3 . A  p h y s ic ia n  w o u ld  l ik e  to  d e te rm in e  th e  g lo b a l  p a t te rn s  o f  g e n e  e x p re s s io n  

in  tw o  d if f e r e n t  ty p e s  o f  tu m o r  c e l ls  in  o rd e r  to  d e v e lo p  th e  m o s t  

a p p ro p r ia te  fo rm  o f  c h e m o th e ra p y  fo r  e a c h  p a t ie n t .  W h ic h  o f  th e  fo llo w in g  

te c h n iq u e s  w o u ld  b e  m o s t  a p p ro p r ia te  fo r  th is  p u rp o s e ?

A . E n z y m e - l in k e d  im m u n o s o rb e n t  a s s a y



B . M ic ro a r ra y

C . N o r th e rn  b lo t

D . S o u th e rn  b lo t

E . W e s te rn  b lo t

C o r r e c t  a n s w e r  = B . M ic ro a r ra y  a n a ly s is  a l lo w s  th e  d e te rm in a t io n  o f  

m e s s e n g e r  R N A  (m R N A )  p ro d u c t io n  (g e n e  e x p re s s io n )  f ro m  th o u s a n d s  o f  

g e n e s  a t  o n c e . A  n o r th e rn  b lo t  o n ly  m e a s u re s  m R N A  p ro d u c t io n  f ro m  o n e  g e n e  

a t  a  tim e . W e s te rn  b lo ts  a n d  e n z y m e - l in k e d  im m u n o s o rb e n t  a s s a y  m e a s u re  

p ro te in  p r o d u c t io n  (a lso  g e n e  e x p re s s io n )  b u t  o n ly  f ro m  o n e  g e n e  a t  a  tim e . 

S o u th e rn  b lo ts  a re  u s e d  to  a n a ly z e  D N A , n o t  th e  p ro d u c ts  o f  D N A  e x p re s s io n .

4 .4 . A  2 -w e e k -o ld  in f a n t  is  d ia g n o s e d  w ith  a  u r e a  c y c le  d e fe c t.  E n z y m ic  

a n a ly s is  s h o w e d  n o  a c t iv i ty  fo r  o rn i th in e  t r a n s c a rb a m o y la s e  (O T C ) , an  

e n z y m e  o f  th e  c y c le . M o le c u la r  a n a ly s is  r e v e a le d  th a t  th e  m e s s e n g e r  R N A  

(m R N A )  p ro d u c t  o f  th e  g e n e  fo r  O T C  w a s  id e n t ic a l  to  th a t  o f  a  c o n tro l.  

W h ic h  o f  th e  te c h n iq u e s  l i s te d  b e lo w  w a s  m o s t  l ik e ly  u s e d  to  a n a ly z e  

m R N A ?

A . D id e o x y  c h a in  te rm in a t io n

B . N o r th e rn  b lo t

C . P o ly m e ra s e  c h a in  r e a c t io n

D . S o u th e rn  b lo t

E . W e s te rn  b lo t

C o r r e c t  a n s w e r  = B . N o r th e rn  b lo t  a l lo w s  a n a ly s is  o f  th e  m e s s e n g e r  R N A  

p re s e n t  ( e x p re s s e d )  in  a  p a r t ic u la r  c e l l  o r  t is s u e . S o u th e rn  b lo t  is  u s e d  fo r  D N A  

a n a ly s is ,  w h e re a s  w e s te rn  b lo t  is  u s e d  fo r  p ro te in  a n a ly s is .  D id e o x y  c h a in  

te rm in a t io n  is  u s e d  to  s e q u e n c e  D N A . P o ly m e ra s e  c h a in  r e a c t io n  is  u s e d  to  

g e n e ra te  m u lt ip le ,  id e n t ic a l  c o p ie s  o f  a  D N A  s e q u e n c e  in  v itro .

4 .5 . F o r  th e  p a t ie n t  a b o v e , w h ic h  p h a s e  o f  th e  c e n tra l  d o g m a  w a s  m o s t  l ik e ly  

a f fe c te d ?

C o r r e c t  a n s w e r  = T ra n s la t io n .  T h e  g e n e  is  p r e s e n t  a n d  is  a b le  to  b e  e x p re s s e d  

as  e v id e n c e d  b y  n o rm a l  p r o d u c t io n  o f  m e s s e n g e r  R N A . T h e  la c k  o f  e n z y m ic  

a c t iv i ty  m e a n s  th a t  s o m e  a s p e c t  o f  p ro te in  s y n th e s is  is  a f fe c te d .
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Point" F o r  a d d i t io n a l  a n c i l la ry  m a te r ia ls  r e la te d  to  th is  

c h a p te r , p le a s e  v is i t  th e P o in t .

I. OVERVIEW

B lo o d  c lo tt in g  ( c o a g u la tio n )  is  d e s ig n e d  to  ra p id ly  s to p  b le e d in g  f ro m  a  

d a m a g e d  b lo o d  v e s s e l  in  o rd e r  to  m a in ta in  a  c o n s ta n t  b lo o d  v o lu m e  

(h e m o s ta s is ) .  C o a g u la t io n  is  a c c o m p lis h e d  th ro u g h  v a s o c o n s tr ic t io n  a n d  th e  

fo rm a t io n  o f  a  c lo t  ( th ro m b u s )  th a t  c o n s is ts  o f  a  p lu g  o f  p la te le ts  (p r im a ry  

h e m o s ta s is )  a n d  a  m e s h w o rk  o f  th e  p ro te in  f ib r in  ( s e c o n d a ry  h e m o s ta s is )  th a t  

s ta b i l iz e s  th e  p la te le t  p lu g . C lo t t in g  o c c u rs  in  a s s o c ia t io n  w ith  m e m b ra n e s  o n  th e  

s u r fa c e  o f  p la te le ts  a n d  d a m a g e d  b lo o d  v e s s e ls  (F ig . 3 5 .1 ). [N o te : I f  c lo tt in g  

o c c u rs  w ith in  a n  in ta c t  v e s s e l  s u c h  th a t  th e  lu m e n  is  o c c lu d e d  a n d  b lo o d  f lo w  is 

im p e d e d , a  c o n d i t io n  k n o w n  as  th ro m b o s is ,  s e r io u s  t i s s u e  d a m a g e , a n d  e v e n  

d e a th  c a n  o c c u r .  T h is  is  w h a t  h a p p e n s , fo r  e x a m p le , d u r in g  a  m y o c a rd ia l  

in fa rc t io n  (M I) .]  P ro c e s s e s  to  l im i t  c lo t  f o rm a t io n  to  th e  a re a  o f  d a m a g e  a n d  

r e m o v e  th e  c lo t  o n c e  v e s s e l  r e p a ir  is  u n d e rw a y  a lso  p la y  e s s e n t ia l  ro le s  in  

h e m o s ta s is .  [N o te : S e p a ra te  d is c u s s io n s  o f  th e  fo rm a t io n  o f  th e  p la te le t  p lu g  a n d  

th e  f ib r in  m e s h w o rk  fa c i l i ta te  p r e s e n ta t io n  o f  th e s e  m u lt is te p , m u l t ic o m p o n e n t  

p ro c e s s e s .  H o w e v e r ,  th e  tw o  w o r k  to g e th e r  to  m a in ta in  h e m o s ta s is .]



L U M E N  O F  V E S S E L

E n d o t h e l i a l
T r a p p e d  r e d

l a y e r
b l o o d  c e l l

A c t i v a t e d  p l a t e l e t

F ib r in

y  .U S
S u b e n d o t h e l i u m

F ig u re  3 5 .1  A  b lo o d  c lo t  fo rm e d  b y  a  p lu g  o f  a c t iv a te d  p la te le ts  a n d  a  m e s h w o rk  

o f  f ib r in  a t  th e  s i te  o f  v e s s e l  in ju ry .

II. FIBRIN MESHWORK FORMATION

T h e  fo rm a t io n  o f  th e  f ib r in  m e s h w o rk  in v o lv e s  tw o  u n iq u e  p a th w a y s  th a t  

c o n v e rg e  to  fo rm  a  c o m m o n  p a th w a y  (F ig . 3 5 .2 ). In  e a c h  p a th w a y , th e  m a jo r  

c o m p o n e n ts  a re  p ro te in s  ( c a l le d  fa c to rs  [F ]) d e s ig n a te d  b y  R o m a n  n u m e ra ls .  T h e



fa c to rs  a re  g ly c o p ro te in s  th a t  a re  s y n th e s iz e d  a n d  s e c re te d  b y  th e  liv e r , 

p r im a r ily .  [N o te : S e v e ra l  f a c to rs  a re  a lso  d e n o te d  b y  a l te rn a t iv e  n a m e s . F o r  

e x a m p le , f a c to r  X  (F X ), th e  p o in t  o f  p a th w a y  c o n v e rg e n c e , is  a lso  k n o w n  as  

S tu a r t  fa c to r .]

F ig u re  3 5 .2  T h re e  p a th w a y s  in v o lv e d  in  fo rm a t io n  o f  th e  f ib r in  m e s h w o rk .  F  = 

fa c to r ; a  = a c tiv e .

A. Proteolytic cascade
W ith in  th e  p a th w a y s ,  a  c a s c a d e  is  s e t  u p  in  w h ic h  p ro te in s  a re  c o n v e r te d  

f ro m  a n  in a c t iv e  fo rm , o r  z y m o g e n , to  a n  a c t iv e  fo rm  b y  p ro te o ly t ic  

c le a v a g e  in  w h ic h  th e  p ro te in  p r o d u c t  o f  o n e  a c t iv a t io n  r e a c t io n  in i t ia te s  

a n o th e r . T h e  a c t iv e  fo rm  o f  a  fa c to r  is  d e n o te d  b y  a  lo w e rc a s e  “ a ” a f te r  th e  

n u m e ra l .  T h e  a c t iv e  p ro te in s  FIIa, FVIIa, FIXa, FXa, FXIa, a n d  FX IIa  
a re  e n z y m e s  th a t  fu n c t io n  a s  serine proteases  w i th  trypsin-like  s p e c if ic i ty  

a n d , th e re fo re ,  c le a v e  a  p e p t id e  b o n d  o n  th e  c a rb o x y l  s id e  o f  a n  a rg in in e  o r



ly s in e  r e s id u e  in  a  p o ly p e p tid e .  F o r  e x a m p le , F IX  (C h r is tm a s  fa c to r )  is  

a c t iv a te d  th ro u g h  c le a v a g e  a t  a rg in in e  1 4 5  a n d  a rg in in e  1 8 0  b y  F X Ia  (F ig . 

3 5 .3 ). T h e  p ro te o ly t ic  c a s c a d e  re s u lts  in  e n o rm o u s  r a te  a c c e le ra t io n , 

b e c a u s e  o n e  a c t iv e  pro tease  c a n  p ro d u c e  m a n y  m o le c u le s  o f  a c t iv e  p ro d u c t  

e a c h  o f  w h ic h , in  tu rn , c a n  a c t iv a te  m a n y  m o le c u le s  o f  th e  n e x t  p ro te in  in  

th e  c a s c a d e . In  s o m e  c a s e s , a c t iv a t io n  c a n  b e  c a u s e d  b y  a  c o n fo rm a tio n a l  

c h a n g e  in  th e  p ro te in  in  th e  a b s e n c e  o f  p ro te o ly s is .  [N o te : N o n p ro te o ly t ic  

p ro te in s  p la y  a  ro le  a s  a c c e s s o ry  p ro te in s  ( c o fa c to rs )  in  th e  p a th w a y s .  F II I ,  

F V , a n d  F V II I  a re  th e  a c c e s s o ry  p ro te in s .]

F ig u re  3 5 .3  A c tiv a t io n  o f  F IX  (C h r is tm a s  fa c to r )  v ia  p ro te o ly s is  b y  th e  serine  
protease FXIa. [N o te : A c tiv a t io n  c a n  o c c u r  b y  c o n fo rm a tio n a l  c h a n g e  fo r  s o m e  

o f  th e  fa c to rs .]  F  = fa c to r ;  a  = a c tiv e ; A rg  = a rg in in e .

B. Role of phosphatidylserine and calcium
T h e  p re s e n c e  o f  th e  n e g a t iv e ly  c h a rg e d  p h o s p h o lip id  p h o s p h a t id y ls e r in e  

(P S ) a n d  p o s i t iv e ly  c h a rg e d  c a lc iu m  io n s  (C a 2+) a c c e le ra te s  th e  ra te  o f  

s o m e  s te p s  in  th e  c lo tt in g  c a s c a d e .

1. P h o s p h a tid y ls e r in e :  P S  is  lo c a te d  p r im a r i ly  o n  th e  in t r a c e l lu la r  

(c y to s o l ic )  f a c e  o f  th e  p la s m a  m e m b ra n e .  [N o te : Flippases  c r e a te  th e



a s y m m e try  ( s e e  p . 2 0 5 ) .]  I ts  e x p o s u re  s ig n a ls  in ju ry  to  th e  e n d o th e l ia l  

c e l ls  th a t  l in e  b lo o d  v e s s e ls .  P S  is  a lso  e x p o s e d  o n  th e  s u r fa c e  o f  

a c t iv a te d  p la te le ts .

2. C a lc iu m  io n s : C a 2+ b in d s  th e  n e g a t iv e ly  c h a rg e d  Y -c a rb o x y g lu ta m a te  

(G la )  re s id u e s  p r e s e n t  in  fo u r  o f  th e  serine proteases  o f  c lo tt in g  (F II, 

F V II , F IX , a n d  F X ) , f a c i l i ta t in g  th e  b in d in g  o f  th e s e  p ro te in s  to  e x p o s e d  

p h o s p h o lip id s  (F ig . 3 5 .4 ). T h e  G la  r e s id u e s  a re  g o o d  c h e la to r s  o f  C a 2+ 

b e c a u s e  o f  th e ir  tw o  a d ja c e n t  n e g a t iv e ly  c h a rg e d  c a rb o x y la te  g ro u p s  

(F ig . 3 5 .5 ). [N o te : T h e  u s e  o f  c h e la t in g  a g e n ts  s u c h  as  s o d iu m  c i tra te  to  

b in d  C a 2+ in  b lo o d -c o l le c t in g  tu b e s  o r  b a g s  p re v e n ts  th e  b lo o d  f ro m  

c lo ttin g .]



F ig u re  3 5 .4  C a 2+ fa c i l i ta te s  th e  b in d in g  o f  Y -c a rb o x y g lu ta m a te  (G la ) -c o n ta in in g  

fa c to rs  to  m e m b ra n e  p h o s p h o lip id s .  F  = fa c to r .



F ig u re  3 5 .5  G la  re s id u e .

C. Formation of y-carboxyglutamate residues
y -C a rb o x y la t io n  is  a  p o s t t r a n s la t io n a l  m o d if ic a t io n  in  w h ic h  9 - 1 2  g lu ta m a te  

r e s id u e s  ( a t  th e  a m in o  [N ]- te rm in u s  o f  th e  ta rg e t  p ro te in )  g e t  c a rb o x y la te d  

a t  th e  y  c a rb o n , th e re b y  fo rm in g  G la  re s id u e s .  T h e  p ro c e s s  o c c u rs  in  th e  

ro u g h  e n d o p la s m ic  r e t ic u lu m  (R E R )  o f  th e  liv e r .

1. y -C a rb o x y la tio n :  T h is  c a rb o x y la t io n  r e a c t io n  r e q u ire s  a  p ro te in  su b s tra te ,  

o x y g e n  (O 2), c a rb o n  d io x id e  (C O 2), y-glu tam yl carboxylase, a n d  th e  

h y d ro q u in o n e  fo rm  o f  v i ta m in  K  as  a  c o e n z y m e  (F ig . 3 5 .6 ). In  th e  

re a c tio n , th e  h y d r o q u in o n e  fo rm  o f  v i ta m in  K  g e ts  o x id iz e d  to  its  e p o x id e  

fo rm  a s  O 2 is  r e d u c e d  to  w a te r .  [N o te : D ie ta ry  v i ta m in  K , a  fa t - s o lu b le  

v i ta m in  (s e e  p . 3 9 3 ) , is  r e d u c e d  f ro m  th e  q u in o n e  fo rm  to  th e  

h y d ro q u in o n e  c o e n z y m e  fo rm  b y  vitam in K  reductase  (F ig . 3 5 .7 ).]



F ig u re  3 5 .6  Y -C a rb o x y la tio n  o f  a  g lu ta m a te  (G lu )  re s id u e  to  Y -c a rb o x y g lu ta m a te  

(G la )  b y  v i ta m in  K - r e q u i r in g  y-glutam yl carboxylase. T h e  y c a rb o n  is  s h o w n  in  

b lu e . O 2 = o x y g e n ; C O 2 = c a rb o n  d io x id e .





2. I n h ib i t io n  b y  w a r fa r in :  T h e  fo rm a t io n  o f  G la  r e s id u e s  is  s e n s it iv e  to  

in h ib i t io n  b y  w a r fa r in ,  a  s y n th e t ic  a n a lo g  o f  v i ta m in  K  th a t  in h ib i ts  th e  

e n z y m e  vitam in K  epoxide reductase (VKOR). T h e  reductase, a n  

in te g ra l  p ro te in  o f  th e  R E R  m e m b ra n e ,  is  r e q u ire d  to  re g e n e ra te  th e  

fu n c t io n a l  h y d r o q u in o n e  fo rm  o f  v i ta m in  K  f ro m  th e  e p o x id e  fo rm  

g e n e ra te d  in  th e  Y -c a rb o x y la tio n  r e a c tio n . T h u s , w a r f a r in  is  a n  

a n t ic o a g u la n t  th a t  in h ib its  c lo tt in g  b y  fu n c t io n in g  a s  a  v i ta m in  K  

a n ta g o n is t .  W a r f a r in  s a lts  a re  u s e d  th e r a p e u tic a l ly  to  l im i t  c lo t  fo rm a tio n . 

[N o te : W a r fa r in  is  u s e d  c o m m e rc ia l ly  as  a  p e s t  c o n tro l  a g e n t  s u c h  as  in  

r a t  p o is o n . I t  w a s  d e v e lo p e d  b y  th e  W is c o n s in  A lu m n i  R e s e a rc h  

F o u n d a tio n ,  h e n c e  th e  n a m e .]

Figure 35.7 The vitamin K cycle. V K O R  = vitamin K  epoxide reductase.

G e n e tic  d if f e re n c e s  (g e n o ty p e s )  in  th e  g e n e  fo r  catalytic subun it 1 o f  

VKOR (VKO RC1) in f lu e n c e  p a t ie n t  r e s p o n s e  to  w a r fa r in .  F o r  e x a m p le , a  

p o ly m o rp h is m  (s e e  p . 4 9 1 )  in  th e  p ro m o te r  re g io n  o f  th e  g e n e  d e c re a s e s  

g e n e  e x p re s s io n , r e s u l t in g  in  le s s  VKOR  b e in g  m a d e , th e re b y  n e c e s s i ta t in g  

a  lo w e r  d o s e  o f  w a r f a r in  to  a c h ie v e  a  th e ra p e u tic  le v e l. P o ly m o rp h is m s  in  

th e  c y to c h ro m e  P 4 5 0  e n z y m e  (CYP2C9) th a t  m e ta b o l iz e s  w a r f a r in  a re  a lso  

k n o w n . In  2 0 1 0 , th e  U .S . F o o d  a n d  D ru g  A d m in is t r a t io n  a d d e d  a  g e n o ty p e -  

b a s e d  d o s e  ta b le  to  th e  w a r f a r in  la b e l  (p a c k a g e  in s e r t) .  T h e  in f lu e n c e  o f  

g e n e t ic s  o n  a n  in d iv id u a l ’s r e s p o n s e  to  d ru g s  is  k n o w n  as  

p h a r m a c o g e n e t ic s .

D. Pathways
T h re e  d is t in c t  p a th w a y s  a re  in v o lv e d  in  fo rm a t io n  o f  th e  f ib r in  m e sh w o rk : 

th e  e x tr in s ic  p a th w a y , th e  in t r in s ic  p a th w a y , a n d  th e  c o m m o n  p a th w a y . 

P ro d u c t io n  o f  FX a  b y  th e  e x tr in s ic  a n d  in t r in s ic  p a th w a y s  in i t ia te s  th e  

c o m m o n  p a th w a y  (s e e  F ig . 3 5 .2 ).

1. E x tr in s ic :  T h is  p a th w a y  in v o lv e s  a  p ro te in ,  t i s s u e  fa c to r  (T F ), th a t  is  n o t  

in  th e  b lo o d  b u t  b e c o m e s  e x p o s e d  w h e n  b lo o d  v e s s e ls  g e t  in ju re d . T F  (o r, 

F I I I )  is  a  t r a n s m e m b ra n e  g ly c o p ro te in  a b u n d a n t  in  v a s c u la r  

s u b e n d o th e liu m . I t  is  a n  e x tr a v a s c u la r  a c c e s s o ry  p ro te in  a n d  n o t  a  

protease. A n y  in ju ry  th a t  e x p o s e s  F II I  to  b lo o d  r a p id ly  (w ith in  s e c o n d s )



in i t ia te s  th e  e x tr in s ic  (o r, T F )  p a th w a y . O n c e  e x p o s e d , T F  b in d s  a  

c i r c u la t in g  G la -c o n ta in in g  p ro te in ,  F V II ,  a c t iv a t in g  i t  th ro u g h  

c o n fo rm a tio n a l  c h a n g e . [N o te : F V I I  c a n  a lso  b e  a c t iv a te d  p ro te o ly t ic a l ly  

b y  throm bin  ( s e e  3. b e lo w ) .]  B in d in g  o f  F V I I  to  T F  re q u ire s  th e  p re s e n c e  

o f  C a 2+ a n d  p h o s p h o lip id s .  T h e  T F -F V IIa  c o m p le x  th e n  b in d s  a n d  

a c t iv a te s  F X  b y  p ro te o ly s is  (F ig . 3 5 .8 ). T h e re fo re ,  a c t iv a t io n  o f  F X  b y  

th e  e x tr in s ic  p a th w a y  o c c u rs  in  a s s o c ia t io n  w ith  th e  c e l l  m e m b ra n e .  T h e  

e x tr in s ic  p a th w a y  is  q u ic k ly  in a c t iv a te d  b y  t i s s u e  fa c to r  p a th w a y  

in h ib i to r  (T F P I)  th a t,  in  a  F X a - d e p e n d e n t  p ro c e s s ,  b in d s  to  th e  

T F -F V IIa  c o m p le x  a n d  p re v e n ts  fu r th e r  p r o d u c t io n  o f  FXa. [N o te : T F  

a n d  F V II  a re  u n iq u e  to  th e  e x tr in s ic  p a th w a y .]



F ig u re  3 5 .8  T h e  e x tr in s ic  o r  t i s s u e  fa c to r  (T F )  p a th w a y . B in d in g  o f  F V II  to  

e x p o s e d  T F  (F II I)  a c t iv a te s  F V II .  [N o te : T h e  p a th w a y  is  q u ic k ly  in h ib i te d  b y  

t i s s u e  fa c to r  p a th w a y  in h ib i to r  (T F P I) .]  F  = fa c to r ; G la  = Y -c a rb o x y g lu ta m a te ; 

C a 2+ = c a lc iu m ; P L  = p h o s p h o lip id ;  a  = a c tiv e .

2. In tr in s ic :  A l l  o f  th e  p ro te in  fa c to rs  in v o lv e d  in  th e  in t r in s ic  p a th w a y  a re  

p r e s e n t  in  th e  b lo o d  a n d  a re , th e re fo re ,  in t r a v a s c u la r .  T h e  in t r in s ic  

p a th w a y  in v o lv e s  tw o  p h a s e s : th e  c o n ta c t  p h a s e  a n d  th e  F X -a c t iv a t io n  

p h a s e , e a c h  w i th  k n o w n  d e f ic ie n c ie s .

a. C o n ta c t  p h a se : T h is  p h a s e  r e s u lts  in  th e  a c t iv a t io n  o f  F X I I  (H a g e m a n  

fa c to r )  b y  c o n fo rm a tio n a l  c h a n g e  th ro u g h  b in d in g  to  a  n e g a t iv e  

s u r fa c e . D e f ic ie n c ie s  in  F X I I  (o r  in  th e  o th e r  p ro te in s  o f  th is  p h a se , 

h ig h  m o le c u la r  w e ig h t  k in in o g e n  a n d  p re k a l l ik re in )  d o  n o t  r e s u l t  in  

b le e d in g , c a l l in g  in to  q u e s t io n  th e  im p o r ta n c e  o f  th is  p h a s e  in  

c o a g u la tio n . H o w e v e r ,  th e  c o n ta c t  p h a s e  d o e s  p la y  a  ro le  in  

in f la m m a tio n .  [N o te : F X II  c a n  b e  a c t iv a te d  p ro te o ly t ic a l ly  b y  

throm bin  (s e e  3. b e lo w )] .

b . F a c to r  X - a c t iv a t io n  p h a se : T h e  s e q u e n c e  o f  e v e n ts  le a d in g  to  th e  

a c t iv a t io n  o f  F X  to  FX a  b y  th e  in t r in s ic  p a th w a y  is  in i t ia te d  b y  FXIIa  
(F ig . 3 5 .9 ). FX IIa  a c t iv a te s  F X I , a n d  FX Ia  a c t iv a te s  F IX , a  G la -  

c o n ta in in g  serine protease. F IX a  c o m b in e s  w i th  F V I I I a  (a  b lo o d b o rn e  

a c c e s s o ry  p ro te in ) ,  a n d  th e  c o m p le x  a c t iv a te s  F X , a  G la -c o n ta in in g  

serine pro tease . [N o te : T h e  c o m p le x  c o n ta in in g  F IX a , F V II Ia ,  a n d  F X  

fo rm s  o n  e x p o s e d  n e g a t iv e ly  c h a rg e d  m e m b ra n e  r e g io n s , a n d  F X  g e ts  

a c t iv a te d  to  FXa. T h is  c o m p le x  is  s o m e t im e s  r e f e r r e d  to  a s  Xase. 

B in d in g  o f  th e  c o m p le x  to  m e m b ra n e  p h o s p h o lip id s  r e q u ire s  C a 2+.]



F ig u re  3 5 .9  F X -a c t iv a t io n  p h a s e  o f  th e  in t r in s ic  p a th w a y . [N o te : v o n  W i l le b ra n d  

fa c to r  (V W F )  s ta b i l iz e s  F V II I  in  th e  c i rc u la t io n .]  G la  = Y -c a rb o x y g lu ta m a te ; PL  

= p h o s p h o lip id ;  a  = a c tiv e ; F  = fa c to r ; C a 2+ = c a lc iu m .



c. F a c to r  X I I  d e f ic ie n c y : A  d e f ic ie n c y  in  F X II  d o e s  n o t  le a d  to  a  b le e d in g  

d is o rd e r .  T h is  is  b e c a u s e  F X I, th e  n e x t  p ro te in  in  th e  c a s c a d e , c a n  b e  

a c t iv a te d  p ro te o ly t ic a l ly  b y  throm bin  ( s e e  3. b e lo w ) .

d . H e m o p h il ia :  H e m o p h i l ia  is  a  c o a g u lo p a th y ,  a  d e f e c t  in  th e  a b i l i ty  to  

c lo t. H e m o p h i l ia  A , w h ic h  a c c o u n ts  fo r  8 0 %  o f  a l l  h e m o p h il ia ,  re s u lts  

f ro m  d e f ic ie n c y  o f  F V II I , w h e re a s  d e f ic ie n c y  o f  F IX  re s u lts  in  

h e m o p h il ia  B . E a c h  d e f ic ie n c y  is  c h a ra c te r iz e d  b y  d e c re a s e d  a n d  

d e la y e d  a b i l i ty  to  c lo t  a n d /o r  f o rm a t io n  o f  a b n o rm a lly  f r ia b le  (e a s ily  

d is ru p te d )  c lo ts . T h is  c a n  b e  m a n ife s te d ,  fo r  e x a m p le , b y  b le e d in g  in to  

th e  jo in ts  (F ig . 3 5 .1 0 ). T h e  e x te n t  o f  th e  fa c to r  d e f ic ie n c y  d e te rm in e s  

th e  s e v e r i ty  o f  th e  d is e a se . C u r r e n t  t r e a tm e n t  fo r  h e m o p h il ia  is  f a c to r  

r e p la c e m e n t  th e ra p y  u s in g  F V II I  o r  F IX  o b ta in e d  f ro m  p o o le d  h u m a n  

b lo o d  o r  f ro m  re c o m b in a n t  D N A  te c h n o lo g y . H o w e v e r ,  a n t ib o d ie s  to  

th e  fa c to rs  c a n  d e v e lo p . G e n e  th e ra p y  is  a  g o a l. B e c a u s e  th e  g e n e s  fo r  

b o th  p ro te in s  a re  o n  th e  X  c h ro m o s o m e , h e m o p h il ia  is  a n  X - l in k e d  

d is o rd e r .  [N o te : D e f ic ie n c y  o f  F X I  r e s u lts  in  a  b le e d in g  d is o rd e r  th a t  

s o m e t im e s  is  r e f e r r e d  to  a s  h e m o p h i l ia  C .]

F ig u re  3 5 .1 0  A c u te  b le e d in g  in to  jo in t  s p a c e s  (h e m a r th ro s is )  in  a n  in d iv id u a l



with hemophilia.

T h e  in a c t iv a t io n  o f  th e  e x tr in s ic  p a th w a y  b y  T F P I  r e s u l ts  in  d e p e n d e n c e  o n  

th e  in t r in s ic  p a th w a y  fo r  c o n t in u e d  p r o d u c t io n  o f  FXa. T h is  e x p la in s  w h y  

in d iv id u a ls  w i th  h e m o p h il ia  b le e d  e v e n  th o u g h  th e y  h a v e  a n  in ta c t  e x tr in s ic  

p a th w a y .

3. C o m m o n : FX a  p ro d u c e d  b y  b o th  th e  in t r in s ic  a n d  th e  e x tr in s ic  p a th s  

in i t ia te s  th e  c o m m o n  p a th w a y , a  s e q u e n c e  o f  r e a c t io n s  th a t  r e s u lts  in  th e  

g e n e ra t io n  o f  f ib r in  (F la ) ,  a s  s h o w n  in  F ig u re  3 5 .1 1 . F X a  a s s o c ia te s  w ith  

F V a  (a  b lo o d b o rn e  a c c e s s o ry  p ro te in )  a n d , in  th e  p re s e n c e  o f  C a 2+ a n d  

p h o s p h o lip id s ,  fo rm s  a  m e m b ra n e -b o u n d  c o m p le x  r e f e r r e d  to  a s  

prothrom binase. T h e  c o m p le x  c le a v e s  p ro th ro m b in  (F II)  to  throm bin  

(FIIa). [N o te : F V a  p o te n t ia te s  th e  p ro te o ly t ic  a c t iv i ty  o f  F X a .]  T h e  

b in d in g  o f  C a 2+ to  th e  G la  r e s id u e s  in  F II  f a c i l i ta te s  th e  b in d in g  o f  F II  to  

th e  m e m b ra n e  a n d  to  th e  prothrom binase  c o m p le x , w i th  s u b s e q u e n t  

c le a v a g e  to  FIIa. C le a v a g e  e x c is e s  th e  G la -c o n ta in in g  re g io n , r e le a s in g  

FIIa  f ro m  th e  m e m b ra n e  a n d , th e re b y , f re e in g  i t  to  a c t iv a te  f ib r in o g e n  

(F I)  in  th e  b lo o d . [N o te : T h is  is  th e  o n ly  e x a m p le  o f  c le a v a g e  o f  a  G la  

p ro te in  th a t  r e s u l ts  in  th e  r e le a s e  o f  a  G la -c o n ta in in g  p e p t id e . T h e  p e p t id e  

tr a v e ls  to  th e  l iv e r  w h e re  i t  is  th o u g h t  to  a c t  a s  a  s ig n a l  fo r  in c re a s e d  

p ro d u c t io n  o f  c lo tt in g  p ro te in s .]  O ra l,  d ir e c t  in h ib ito rs  o f  F X a  h a v e  b e e n  

a p p ro v e d  fo r  c l in ic a l  u s e  a s  a n t ic o a g u la n ts .  In  c o n t r a s t  to  w a r fa r in ,  th e y  

h a v e  a  m o re  r a p id  o n s e t  a n d  s h o r te r  h a l f - l i f e  a n d  d o  n o t  r e q u ire  ro u tin e  

m o n ito r in g .

F ig u re  3 5 .1 1  G e n e ra t io n  o f  f ib r in  b y  FX a  a n d  th e  c o m m o n  p a th w a y . F  =  fa c to r ; 

G la  =  Y -c a rb o x y g lu ta m a te ; P L  =  p h o s p h o lip id ;  a  =  a c tiv e ; C a 2+ = c a lc iu m .



A  c o m m o n  p o in t  m u ta t io n  (G 2 0 2 1 0 A )  in  w h ic h  a n  a d e n in e  (A ) r e p la c e s  a  

g u a n in e  (G ) a t  n u c le o t id e  2 0 2 1 0  in  th e  3 ' u n tr a n s la te d  re g io n  o f  th e  g e n e  

fo r  F I I  le a d s  to  in c r e a s e d  le v e ls  o f  F I I  in  th e  b lo o d . T h is  r e s u lts  in  

th ro m b o p h il ia ,  a  c o n d i t io n  c h a ra c te r iz e d  b y  a n  in c re a s e d  te n d e n c y  fo r  

b lo o d  to  c lo t.

a. F ib r in o g e n  c le a v a g e  to  f ib r in : F I  is  a  s o lu b le  g ly c o p ro te in  m a d e  b y  th e  

liv e r . I t  c o n s is ts  o f  d im e rs  o f  th re e  d if f e re n t  p o ly p e p tid e  c h a in s  

[ ( a p y )2] h e ld  to g e th e r  a t  th e  N  te rm in i  b y  d is u lf id e  b o n d s . T h e  N  

te rm in i  o f  th e  a  a n d  P c h a in s  fo rm  “ tu f t s ” o n  th e  c e n tra l  o f  th re e  

g lo b u la r  d o m a in s  (F ig . 3 5 .1 2 ). T h e  tu f ts  a re  n e g a t iv e ly  c h a rg e d  a n d  

r e s u l t  in  r e p u ls io n  b e tw e e n  F I  m o le c u le s .  Throm bin (FIIa) c le a v e s  th e  

c h a rg e d  tu f ts  ( re le a s in g  f ib r in o p e p tid e s  A  a n d  B ), a n d  F I  b e c o m e s  F la .  

A s  a  r e s u l t  o f  th e  lo s s  o f  c h a rg e , th e  F la  m o n o m e rs  a re  a b le  to  

n o n c o v a le n t ly  a s s o c ia te  in  a  s ta g g e re d  a r ra y , a n d  a  s o f t  ( s o lu b le )  f ib r in  

c lo t  is  fo rm e d .
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F ig u re  3 5 .1 2  C o n v e r s io n  o f  f ib r in o g e n  to  f ib r in  a n d  fo rm a t io n  o f  th e  s o f t  f ib r in  

c lo t. [N o te : D  a n d  E  r e fe r  to  n o d u la r  d o m a in s  o n  th e  p ro te in .]

b . F ib r in  c ro s s - l in k in g : T h e  a s s o c ia te d  F la  m o le c u le s  g e t  c o v a le n tly  

c ro s s - l in k e d . T h is  c o n v e r ts  th e  s o f t  c lo t  to  a  h a rd  ( in s o lu b le )  c lo t. 

FXIIIa, a  transglutam inase, c o v a le n tly  l in k s  th e  Y -c a rb o x a m id e  o f  a  

g lu ta m in e  r e s id u e  in  o n e  F la  m o le c u le  to  th e  e -a m in o  o f  a  ly s in e  

r e s id u e  in  a n o th e r  th ro u g h  fo rm a t io n  o f  a n  is o p e p t id e  b o n d  a n d  re le a s e  

o f  a m m o n ia  (F ig . 3 5 .1 3 ). [N o te : F X II I  is  a lso  a c t iv a te d  b y  throm bin.]

F ig u re  3 5 .1 3  C ro s s - l in k in g  o f  f ib r in . F X IIIa  fo rm s  a  c o v a le n t  is o p e p t id e  b o n d  

b e tw e e n  ly s in e  a n d  g lu ta m in e  r e s id u e s .  F  = fa c to r ;  N H 3 = a m m o n ia .

c. Im p o r ta n c e  o f  th ro m b in :  T h e  a c t iv a t io n  o f  F X  b y  th e  e x tr in s ic  p a th w a y  

p ro v id e s  th e  “ s p a r k ” o f  FX a  th a t  r e s u l ts  in  th e  in i t ia l  a c t iv a t io n  o f  

throm bin. FIIa  th e n  a c t iv a te s  fa c to rs  o f  th e  c o m m o n  (F V , F I , F X II I ) ,  

in t r in s ic  (F X I, F V II I ) ,  a n d  e x tr in s ic  (F V II )  p a th w a y s  (F ig . 3 5 .1 4 ). I t  

a lso  a c t iv a te s  F X I I  o f  th e  c o n ta c t  p h a s e . T h e  e x tr in s ic  p a th w a y , th e n , 

in i t ia te s  c lo tt in g  b y  th e  g e n e ra t io n  o f  FXa, a n d  th e  in t r in s ic  p a th w a y  

a m p lif ie s  a n d  s u s ta in s  c lo tt in g  a f te r  th e  e x tr in s ic  p a th w a y  h a s  b e e n  

in h ib i te d  b y  T F P I . [N o te : H iru d in , a  p e p t id e  s e c re te d  f ro m  th e  s a l iv a ry  

g la n d  o f  m e d ic in a l  le e c h e s ,  is  a  p o te n t  d ir e c t  throm bin  in h ib i to r  (D T I) .



In je c ta b le  r e c o m b in a n t  h iru d in  h a s  b e e n  a p p ro v e d  fo r  c l in ic a l  u se . 

D a b ig a tr a n  is  a n  o ra l  D T I .]  A d d i t io n a l  c ro s s ta lk  b e tw e e n  th e  p a th w a y s  

o f  c lo tt in g  is  a c h ie v e d  b y  th e  F V 7 I a - T F - m e d ia te d  a c t iv a t io n  o f  th e  

in t r in s ic  p a th w a y  a n d  th e  F X I I a - m e d ia te d  a c t iv a t io n  o f  th e  e x tr in s ic  

p a th w a y . T h e  c o m p le te  p ic tu re  o f  p h y s io lo g ic  b lo o d  c lo tt in g  v ia  th e  

fo rm a t io n  o f  a  h a rd  f ib r in  c lo t  is  s h o w n  in  F ig u re  3 5 .1 5 . T h e  fa c to rs  o f  

th e  c lo tt in g  c a s c a d e  a re  s h o w n  o rg a n iz e d  b y  fu n c t io n  in  F ig u re  3 5 .1 6 .

FV F V a  FVII FVIIa

\j 0
Thrombin (FIla)

C \ A
FVII I FVII la FXI FXIa

F ig u re  3 5 .1 4  T h e  im p o r ta n c e  o f  throm bin  in  fo rm a t io n  o f  th e  f ib r in  c lo t. a  

a c tiv e ; F  = fa c to r .



F ig u re  3 5 .1 5  T h e  c o m p le te  p ic tu re  o f  p h y s io lo g ic  b lo o d  c lo tt in g  v ia  th e  

fo rm a t io n  o f  a  c ro s s - l in k e d  (h a rd )  f ib r in  c lo t. a  =  a c tiv e ; F  =  fa c to r ;  T F  = tis s u e  

fa c to r ;  T F P I  =  t is s u e  fa c to r  p a th w a y  in h ib ito r ;  P L  = p h o s p h o lip id ;  C a 2+ = 

c a lc iu m ; G la  =  Y -c a rb o x y g lu ta m a te .

Serine proteases 
II, VII, IX, X, XI, XII

Gla-containing proteases
II, VII, IX, X

Accessory proteins
III, V, VIII

F ig u re  3 5 .1 6  P ro te in  f a c to rs  o f  th e  c lo tt in g  c a s c a d e  o rg a n iz e d  b y  fu n c t io n . T h e



a c t iv a te d  fo rm  w o u ld  b e  d e n o te d  b y  a n  “ a ” a f te r  th e  n u m e ra l .  [N o te : C a lc iu m  is 

IV . T h e re  is  n o  V I. I ( f ib r in )  is  n e i th e r  a  p ro te a s e  n o r  a n  a c c e s s o ry  p ro te in .  X III  

is  a  transglutam inase.] G la  = Y -c a rb o x y g lu ta m a te .

C lin ic a l  la b o ra to ry  te s ts  a re  a v a i la b le  to  e v a lu a te  th e  e x tr in s ic  th ro u g h  

c o m m o n  p a th w a y s  (p ro th ro m b in  t im e  [P T ] u s in g  th r o m b o p la s t in  a n d  

e x p re s s e d  a s  th e  in te rn a t io n a l  n o rm a liz e d  r a t io  [ IN R ])  a n d  th e  in t r in s ic  

th ro u g h  c o m m o n  p a th w a y s  ( a c t iv a te d  p a r t ia l  th ro m b o p la s t in  t im e  [a P T T ]) . 

T h r o m b o p la s t in  is  a  c o m b in a t io n  o f  p h o s p h o lip id s  + F II I .  A  d e r iv a tiv e , 

p a r t ia l  th ro m b o p la s t in  c o n ta in s  ju s t  th e  p h o s p h o lip id  p o r t io n  b e c a u s e  F I I I  is  

n o t  n e e d e d  to  a c t iv a te  th e  in t r in s ic  p a th w a y .

III. LIMITING CLOTTING

T h e  a b i l i ty  to  l im i t  c lo tt in g  to  a re a s  o f  d a m a g e  (a n t ic o a g u la tio n )  a n d  to  r e m o v e  

c lo ts  o n c e  re p a ir  p ro c e s s e s  a re  u n d e rw a y  ( f ib r in o ly s is )  a re  e x c e e d in g ly  

im p o r ta n t  a s p e c ts  o f  h e m o s ta s is .  T h e s e  a c t io n s  a re  p e r fo rm e d  b y  p ro te in s  th a t  

in a c t iv a te  c lo tt in g  fa c to rs  e i th e r  b y  b in d in g  to  th e m  a n d  re m o v in g  th e m  f ro m  th e  

b lo o d  o r  b y  d e g ra d in g  th e m  a n d  a lso  b y  p ro te in s  th a t  d e g ra d e  th e  f ib r in  

m e s h w o rk .

A. Inactivating proteins
P ro te in s  s y n th e s iz e d  b y  th e  l iv e r  a n d  b y  th e  b lo o d  v e s s e ls  th e m s e lv e s  

b a la n c e  th e  n e e d  to  fo rm  c lo ts  a t  s i te s  o f  v e s s e l  in ju ry  w i th  th e  n e e d  to  l im i t  

th e ir  f o rm a t io n  b e y o n d  th e  in ju re d  a re a .

1. A n ti th ro m b in :  A n ti th ro m b in  I II  (A T II I ) ,  a lso  r e f e r r e d  to  s im p ly  as  

a n t i th ro m b in  (A T ), is  a  h e p a t ic  p ro te in  th a t  c i r c u la te s  in  th e  b lo o d . I t  

in a c t iv a te s  f re e  FIIa  b y  b in d in g  to  i t  a n d  c a r ry in g  i t  to  th e  l iv e r  (F ig . 

3 5 .1 7 ). T h u s , A T I I I  r e m o v e s  FIIa  f ro m  th e  b lo o d , p re v e n t in g  i t  f ro m  

p a r t ic ip a t in g  in  c o a g u la tio n . [N o te : A T I I I  is  a  serine pro tease  in h ib ito r ,  

o r  “ s e r p in .” A  s e rp in  c o n ta in s  a  r e a c t iv e  lo o p  to  w h ic h  a  s p e c if ic  

pro tease  b in d s .  O n c e  b o u n d , th e  pro tease  c le a v e s  a  p e p t id e  b o n d  in  th e  

s e rp in  c a u s in g  a  c o n fo rm a tio n a l  c h a n g e  th a t  tr a p s  th e  e n z y m e  in  a



c o v a le n t  c o m p le x . ^ - A n t i t r y p s i n  (s e e  p . 5 0 ) is  a lso  a  s e rp in .]  T h e

a f f in i ty  o f  A T I I I  fo r  FIIA  is  g re a t ly  in c re a s e d  w h e n  A T I I I  is  b o u n d  to  

h e p a r in ,  a n  in t r a c e l lu la r  g ly c o s a m in o g ly -c a n  (s e e  p . 1 5 9 ) r e le a s e d  in  

r e s p o n s e  to  in ju ry  b y  m a s t  c e lls  a s s o c ia te d  w i th  b lo o d  v e s s e ls .  H e p a r in ,  

a n  a n t ic o a g u la n t ,  is  u s e d  th e r a p e u tic a l ly  to  l im i t  c lo t  fo rm a tio n . [N o te : In  

c o n tra s t  to  th e  a n t ic o a g u la n t  w a r fa r in ,  w h ic h  h a s  a  s lo w  o n s e t  a n d  a  lo n g  

h a lf - l i f e  a n d  is  a d m in is te re d  o ra lly , h e p a r in  h a s  a  r a p id  o n s e t  a n d  a  s h o r t  

h a l f - l i f e  a n d  re q u ire s  in t r a v e n o u s  a d m in is tra t io n .  T h e  tw o  d ru g s  a re  

c o m m o n ly  u s e d  in  a n  o v e r la p p in g  m a n n e r  in  th e  t r e a tm e n t  (a n d  

p re v e n t io n )  o f  th ro m b o s is .]  A T II I  a lso  in a c t iv a te s  FXa  a n d  th e  o th e r  

serine pro teases  o f  c lo tt in g , FIXa, FXIa, FXIIa, a n d  th e  F V IIa-TF  
c o m p le x . [N o te : A T I I I  b in d s  to  a  s p e c if ic  p e n ta s a c c h a r id e  w i th in  th e  

o l ig o s a c c h a r id e  fo rm  o f h e p a r in .  I n h ib i t io n  o f  FIIa  r e q u ire s  th e  

o l ig o s a c c h a r id e  fo rm , w h e re a s  in h ib i t io n  o f  F X a  r e q u ire s  o n ly  th e  

p e n ta s a c c h a r id e  fo rm . F o n d a p a r in u x ,  a  s y n th e t ic  v e r s io n  o f  th e  

p e n ta s a c c h a r id e ,  is  u s e d  c l in ic a lly  to  in h ib i t  F X a .]

F ig u re  3 5 .1 7  In a c t iv a t io n  o f  F IIa (throm bin) b y  b in d in g  o f  a n t i th ro m b in  III 

(A T II I )  a n d  t r a n s p o r t  to  th e  liv e r . [N o te : H e p a r in  in c re a s e s  th e  a f f in i ty  o f  A T II I  

fo r  F I I a . ]  a  =  a c t iv e ; F  =  fa c to r .

2. P ro te in  C - p r o te in  S c o m p le x : P ro te in  C , a  c i r c u la t in g  G la -c o n ta in in g  

p ro te in  m a d e  in  th e  l iv e r , is  a c t iv a te d  b y  F IIa  c o m p le x e d  w ith  

th ro m b o m o d u lin .  T h ro m b o m o d u lin ,  a n  in te g ra l  m e m b ra n e  g ly c o p ro te in  

o f  e n d o th e lia l  c e lls , b in d s  FIIa, th e re b y  d e c re a s in g  F IIa ’s a f f in i ty  fo r  

f ib r in o g e n  a n d  in c re a s in g  its  a f f in i ty  fo r  p ro te in  C . P ro te in  C  in  c o m p le x  

w ith  p ro te in  S, a lso  a  G la -c o n ta in in g  p ro te in ,  fo rm s  th e  activated protein  

C  (APC) c o m p le x  th a t  c le a v e s  th e  a c c e s s o ry  p ro te in s  F V a  a n d  F V II Ia , 

w h ic h  a re  r e q u i re d  fo r  m a x im a l  a c t iv i ty  o f  F X a  (F ig . 3 5 .1 8 ). P ro te in  S 

h e lp s  a n c h o r  A P C  to  th e  c lo t. T h ro m b o m o d u lin ,  th e n , m o d u la te s  th e  

a c t iv i ty  o f  throm bin, c o n v e r t in g  i t  f ro m  a  p ro te in  o f  c o a g u la t io n  to  a  

p ro te in  o f  a n t ic o a g u la tio n ,  th e re b y  l im i t in g  th e  e x te n t  o f  c lo tt in g . F a c to r  

V  L e id e n  is  a  m u ta n t  fo rm  o f F V  (g lu ta m in e  is  s u b s t i tu te d  fo r  a rg in in e  a t  

p o s i t io n  5 0 6 )  th a t  is  r e s is ta n t  to  A P C . I t  is  th e  m o s t  c o m m o n  in h e r i te d  

c a u se  o f  th ro m b o p h il ia  in  th e  U n ite d  S ta te s , w i th  h ig h e s t  f re q u e n c y  in  th e



C a u c a s ia n  p o p u la tio n .  H e te ro z y g o te s  h a v e  a  7 - fo ld  in c re a s e  in  th e  r is k  

fo r  v e n o u s  th ro m b o s is ,  a n d  h o m o z y g o te s  h a v e  u p  to  a  5 0 - fo ld  in c re a s e . 

[N o te : W o m e n  w ith  F V  L e id e n  a re  a t  e v e n  g re a te r  r is k  o f  th ro m b o s is  

d u r in g  p re g n a n c y  o r  w h e n  ta k in g  e s tro g e n .]



F ig u re  3 5 .1 8  F o rm a t io n  a n d  a c t io n  o f  th e  A P C  c o m p le x . G la  = y- 

c a rb o x y g lu ta m a te ;  a  = a c tiv e ; F  = fa c to r .

T h ro m b o p h il ia  (h y p e rc o a g u la b i l i ty )  c a n  r e s u l t  f ro m  d e f ic ie n c ie s  o f  p ro te in s  

C , S , a n d  A T II I ;  f ro m  th e  p r e s e n c e  o f  F V  L e id e n  a n d  a n t ip h o s p h o lip id  

a n tib o d ie s ;  a n d  f ro m  e x c e s s  p r o d u c t io n  o f  F I I  (G 2 0 2 1 0 A  m u ta tio n ) .  [N o te : 

A  th ro m b u s  th a t  fo rm s  in  th e  d e e p  v e in s  o f  th e  le g  (d e e p  v e n o u s  

th ro m b o s is ,  o r  D V T )  c a n  c a u s e  a  p u lm o n a ry  e m b o lis m  (P E ) i f  th e  c lo t  (o r  a  

p ie c e  o f  it)  b r e a k s  o ff , t r a v e ls  to  th e  lu n g s , a n d  b lo c k s  c irc u la t io n .]

B. Fibrinolysis
C lo ts  a re  te m p o ra ry  p a tc h e s  th a t  m u s t  b e  r e m o v e d  o n c e  w o u n d  re p a ir  h a s  

b e g u n . T h e  f ib r in  c lo t  is  c le a v e d  b y  th e  p ro te in  plasm in  to  f ib r in  

d e g ra d a t io n  p ro d u c ts  (F ig . 3 5 .1 9 ). [N o te : M e a s u re m e n t  o f  D-d im e r ,  a  f ib r in  

d e g ra d a t io n  p ro d u c t  c o n ta in in g  tw o  c ro s s - l in k e d  D  d o m a in s  r e le a s e d  b y  th e  

a c t io n  o f  p lasm in , c a n  b e  u s e d  to  a s s e s s  th e  e x te n t  o f  c lo tt in g  ( s e e  F ig . 

3 5 .1 2 ).] Plasm in  is  a  serine pro tease  th a t  is  g e n e ra te d  f ro m  p la s m in o g e n  b y  

p la s m in o g e n  a c t iv a to rs .  P la s m in o g e n ,  s e c re te d  b y  th e  l iv e r  in to  th e  

c irc u la t io n , b in d s  to  F Ia  a n d  is  in c o rp o ra te d  in to  c lo ts  a s  th e y  fo rm . T is s u e  

p la s m in o g e n  a c t iv a to r  (T P A , t-P A ) , m a d e  b y  v a s c u la r  e n d o th e l ia l  c e l ls  a n d  

s e c re te d  in  a n  in a c t iv e  fo rm  in  r e s p o n s e  to  FIIa, b e c o m e s  a c t iv e  w h e n  

b o u n d  to  F la - p la s m in o g e n .  B o u n d  plasm in  a n d  TPAa a re  p ro te c te d  f ro m  

th e ir  in h ib ito rs ,  a 2- a n t ip la s m in  a n d  p la s m in o g e n  a c t iv a to r  in h ib ito rs ,  

r e s p e c t iv e ly . O n c e  th e  f ib r in  c lo t  is  d is s o lv e d , plasm in  a n d  TPAa b e c o m e  

a v a i la b le  to  th e ir  in h ib ito rs .  T h e ra p e u tic  f ib r in o ly s is  in  p a t ie n ts  w i th  a n  M I 

o r  a n  is c h e m ic  s tro k e  c a n  b e  a c h ie v e d  b y  t r e a tm e n t  w ith  c o m m e rc ia l ly  

a v a i la b le  T P A  m a d e  b y  r e c o m b in a n t  D N A  te c h n iq u e s .  M e c h a n ic a l  c lo t  

r e m o v a l  ( th ro m b e c to m y )  is  a lso  p o s s ib le .  [N o te : U rokinase  is  a  

p la s m in o g e n  a c t iv a to r  (u -P A )  m a d e  in  a  v a r ie ty  o f  t i s s u e s  a n d  o r ig in a lly  

is o la te d  f ro m  u r in e . Streptokinase  ( f ro m  b a c te r ia )  a c t iv a te s  b o th  f re e  a n d  

f ib r in -b o u n d  p la s m in o g e n .]



F ig u re  3 5 .1 9  F ib r in o ly s is .  [N o te : P la s m in  b o u n d  to  f ib r in  is  p ro te c te d  f ro m  its  

in h ib ito r .]  T P A  = t is s u e  p la s m in o g e n  a c t iv a to r ;  i  = in a c tiv e ; a  = a c tiv e ; P A I  = 

p la s m in o g e n  a c t iv a to r  in h ib ito r .

P la s m in o g e n  c o n ta in s  s t ru c tu ra l  m o t if s  k n o w n  as  “ k r in g le  d o m a in s ” th a t



m e d ia te  p r o te in - p r o te in  in te ra c t io n s .  B e c a u s e  l ip o p ro te in  (a ) [L p (a ) ]  a lso  

c o n ta in s  k r in g le  d o m a in s ,  i t  c o m p e te s  w i th  p la s m in o g e n  fo r  b in d in g  to  F la .  

T h e  p o te n t ia l  to  in h ib i t  f ib r in o ly s is  m a y  b e  th e  b a s is  fo r  th e  a s s o c ia t io n  o f  

e le v a te d  L p (a )  w ith  in c r e a s e d  r is k  fo r  c a rd io v a s c u la r  d is e a s e  ( s e e  p . 2 3 6 ).

IV. PLATELET PLUG FORMATION

P la te le ts  ( th ro m b o c y te s )  a re  sm a ll ,  a n u c le a te  f ra g m e n ts  o f  m e g a k a ry o c y te s  th a t  

a d h e re  to  e x p o s e d  c o l la g e n  o f  d a m a g e d  e n d o th e liu m , g e t  a c t iv a te d , a n d  

a g g re g a te  to  fo rm  a  p la te le t  p lu g  (F ig . 3 5 .2 0 ; a lso  s e e  F ig . 3 5 .1 ). F o rm a t io n  o f  

th e  p la te le t  p lu g  is  r e f e r r e d  to  a s  p r im a ry  h e m o s ta s is  b e c a u s e  i t  is  th e  f ir s t  

r e s p o n s e  to  b le e d in g .  In  a  n o rm a l  a d u lt ,  th e re  a re  1 5 0 ,0 0 0 -4 5 0 ,0 0 0  p la te le ts  p e r  

|i l  o f  b lo o d . T h e y  h a v e  a  l i f e  s p a n  o f  u p  to  10  d a y s , a f te r  w h ic h  th e y  a re  ta k e n  u p  

b y  th e  l iv e r  a n d  s p le e n  a n d  d e s tro y e d . C lin ic a l  la b o ra to ry  te s ts  to  m e a s u re  

p la te le t  n u m b e r  a n d  a c t iv i ty  a re  a v a i la b le .

F ig u re  3 5 .2 0  S iz e  c o m p a r is o n  o f  p la te le ts ,  e ry th ro c y te s ,  a n d  a  le u k o c y te .

A. Adhesion
A d h e s io n  o f  p la te le ts  to  e x p o s e d  c o l la g e n  a t  th e  s i te  o f  v e s s e l  in ju ry  is



m e d ia te d  b y  th e  p ro te in  v o n  W il le b ra n d  fa c to r  (V W F ). V W F  b in d s  to  

c o l la g e n , a n d  p la te le ts  b in d  to  V W F  v ia  g ly c o p ro te in  Ib  (G P Ib ) , a  

c o m p o n e n t  o f  a  m e m b ra n e  re c e p to r  c o m p le x  ( G P I b - V - I X )  o n  th e  p la te le t  

s u r fa c e  (F ig . 3 5 .2 1 ). B in d in g  to  V W F  s to p s  th e  fo rw a rd  m o v e m e n t  o f  

p la te le ts .  [N o te : D e f ic ie n c y  in  th e  r e c e p to r  fo r  V W F  re s u lts  in  B e rn a rd -  

S o u lie r  s y n d ro m e , a  d is o rd e r  o f  d e c re a s e d  p la te le t  a d h e s io n .]  V W F  is  a  

g ly c o p ro te in  th a t  is  r e le a s e d  f ro m  p la te le ts .  I t  a lso  is  m a d e  a n d  s e c re te d  b y  

e n d o th e l ia l  c e l ls .  In  a d d i t io n  to  m e d ia t in g  th e  b in d in g  o f  p la te le ts  to  

c o l la g e n , V W F  a lso  b in d s  to  a n d  s ta b i l iz e s  F V I I I  in  th e  b lo o d . D e f ic ie n c y  

o f  V W F  re s u lts  in  v o n  W il le b ra n d  d is e a s e  (V W D ), th e  m o s t  c o m m o n  

in h e r i te d  c o a g u lo p a th y .  V W D  re s u lts  f ro m  d e c re a s e d  b in d in g  o f  p la te le ts  to  

c o l la g e n  a n d  a  d e f ic ie n c y  in  F V I I I  (d u e  to  in c re a s e d  d e g ra d a tio n ) .  P la te le ts  

c a n  a lso  b in d  d ire c tly  to  c o l la g e n  v ia  th e  m e m b ra n e  re c e p to r  g ly c o p ro te in  

V I  (G P V I) . O n c e  a d h e re d , p la te le ts  g e t  a c t iv a te d . [N o te : D a m a g e  to  th e  

e n d o th e l iu m  a lso  e x p o s e s  F II I ,  in i t ia t in g  th e  e x tr in s ic  p a th w a y  o f  b lo o d  

c lo tt in g  a n d  a c t iv a t io n  o f  F X  (s e e  F ig . 3 5 .8 ).]

LUMEN

P la te le ts

E ndothe lia l /  \
layer

F ig u re  3 5 .2 1  B in d in g  o f  p la te le ts  v ia  th e  g ly c o p ro te in  Ib  re c e p to r  (G P Ib )  to  v o n  

W i l le b ra n d  fa c to r  (V W F ). V W F  is  b o u n d  to  th e  e x p o s e d  c o l la g e n  a t  a  s i te  o f  

in ju ry .



B. Activation
O n c e  a d h e re d  to  a re a s  o f  in ju ry , p la te le ts  g e t  a c t iv a te d . P la te le t  a c t iv a t io n  

in v o lv e s  m o rp h o lo g ic  ( s h a p e )  c h a n g e s  a n d  d e g ra n u la tio n ,  th e  p ro c e s s  b y  

w h ic h  p la te le ts  s e c re te  th e  c o n te n ts  o f  th e ir  a  a n d  5 (o r, d e n s e )  s to ra g e  

g ra n u le s .  A c tiv a te d  p la te le ts  a lso  e x p o s e  P S  o n  th e ir  s u r fa c e . T h e  

e x te rn a l iz a t io n  o f  P S  is  m e d ia te d  b y  a  C a 2+ -a c tiv a te d  e n z y m e  k n o w n  as 

scram blase  th a t  d is ru p ts  th e  m e m b ra n e  a s y m m e try  c re a te d  b y  flippases 
( s e e  p . 2 0 5 ) . Throm bin  is  th e  m o s t  p o te n t  p la te le t  a c t iv a to r .  F IIa  b in d s  to  

a n d  a c t iv a te s  p r o te a s e - a c t iv a te d  r e c e p to rs ,  a  ty p e  o f  G  p r o te in - c o u p le d  

re c e p to r  (G P C R ), o n  th e  s u r fa c e  o f  p la te le ts  (F ig . 3 5 .2 2 ). FIIa  is  p r im a r ily  

a s s o c ia te d  w ith  G q p ro te in s  (s e e  p . 2 0 5 ) , r e s u lt in g  in  a c t iv a t io n  o f

phospholipase C  a n d  a  r is e  in  d ia c y lg ly c e ro l  (D A G ) a n d  in o s i to l  

t r i s p h o s p h a te  ( IP 3). [N o te : T h ro m b o m o d u lin ,  th ro u g h  its  b in d in g  o f  FIIa,

d e c re a s e s  th e  a v a i la b i l i ty  o f  FIIa  fo r  p la te le t  a c t iv a t io n  (s e e  F ig . 3 5 .1 8 ).]



F ig u re  3 5 .2 2  P la te le t  a c t iv a t io n  b y  th ro m b in . [N o te : Protease-activated  r e c e p to rs  

a re  a  ty p e  o f  G  p r o te in - c o u p le d  re c e p to r .]  P IP 2 = p h o s p h o in o s i to l  b is p h o s p h a te ;

D A G  = d ia c y lg ly c e ro l;  IP 3 = in o s i to l  tr i s p h o s p h a te ;  C a 2+ = c a lc iu m ; T X A 2 = 

th ro m b o x a n e  A 2; A D P  = a d e n o s in e  d ip h o s p h a te ;  P D G F  = p la te le t-d e r iv e d  

g ro w th  fa c to r ; V W F  = v o n  W il le b ra n d  fa c to r ;  F  = fa c to r .

1. D e g ra n u la tio n :  D A G  a c t iv a te s  protein  kinase C, a  k e y  e v e n t  fo r  

d e g ra n u la tio n . I P 3 c a u s e s  th e  r e le a s e  o f  C a 2+ ( f ro m  d e n s e  g ra n u le s ) .  T h e  

C a 2+ a c t iv a te s  phospholipase  A 2, w h ic h  c le a v e s  m e m b ra n e



p h o s p h o lip id s  to  r e le a s e  a ra c h id o n ic  a c id , th e  s u b s t r a te  fo r  th e  s y n th e s is  

o f  th ro m b o x a n e  A 2 (T X A 2) in  a c t iv a te d  p la te le ts  b y  cyclooxygenase-1  

(COX-1) ( s e e  p . 2 1 4 ) . T X A 2 c a u s e s  v a s o c o n s tr ic t io n ,  a u g m e n ts  

d e g ra n u la tio n , a n d  b in d s  to  p la te le t  G P C R , c a u s in g  a c t iv a t io n  o f  

a d d i t io n a l  p la te le ts .  R e c a ll  th a t  a s p ir in  i r r e v e r s ib ly  in h ib its  C O X  a n d , 

c o n s e q u e n tly ,  T X A 2 s y n th e s is  a n d  is  r e f e r r e d  to  as  a n  a n t ip la te le t  d ru g . 

D e g ra n u la t io n  a lso  r e s u l ts  in  re le a s e  o f  s e ro to n in  a n d  a d e n o s in e  

d ip h o s p h a te  (A D P )  f ro m  d e n s e  g ra n u le s .  S e ro to n in  c a u s e s  

v a s o c o n s tr ic t io n .  A D P  b in d s  to  G P C R  o n  th e  s u r fa c e  o f  p la te le ts ,  

a c t iv a t in g  a d d i t io n a l  p la te le ts .  [N o te : S o m e  a n t ip la te le t  d ru g s , s u c h  as  

c lo p id o g re l ,  a re  A D P - re c e p to r  a n ta g o n is ts .]  P la te le t-d e r iv e d  g ro w th  

fa c to r  ( in v o lv e d  in  w o u n d  h e a l in g ) ,  V W F , F V , F X II I ,  a n d  F I  a re  a m o n g  

o th e r  p ro te in s  re le a s e d  f ro m  a  g ra n u le s .  [N o te : P la te le t- a c t iv a t in g  fa c to r  

(P A F ) , a n  e th e r  p h o s p h o lip id  (s e e  p . 2 0 2 )  s y n th e s iz e d  b y  a  v a r ie ty  o f  c e l l  

ty p e s  in c lu d in g  e n d o th e l ia l  c e l ls  a n d  p la te le ts ,  b in d s  P A F  re c e p to r s  

(G P C R ) o n  th e  s u r fa c e  o f  p la te le ts  a n d  a c t iv a te s  th e m .]

2. M o rp h o lo g ic  c h a n g e : T h e  c h a n g e  in  s h a p e  o f  a c t iv a te d  p la te le ts  f ro m  

d is c o id a l  to  s p h e r ic a l  w i th  p s e u d o p o d - l ik e  p ro c e s s e s  th a t  f a c i l i ta te  

p la te l e t - p la te l e t  a n d  p la te l e t - s u r f a c e  in te ra c t io n s  (F ig . 3 5 .2 3 ) is  in i t ia te d  

b y  th e  r e le a s e  o f  C a 2+ f ro m  d e n s e  g ra n u le s .  C a 2+ b o u n d  to  c a lm o d u l in  

( s e e  p . 1 3 3 ) m e d ia te s  th e  a c t iv a t io n  o f  m yosin light chain kinase  th a t  

p h o s p h o ry la te s  th e  m y o s in  l ig h t  c h a in , r e s u l t in g  in  a  m a jo r  

r e o rg a n iz a t io n  o f  th e  p la te le t  c y to s k e le to n .



F ig u re  3 5 .2 3  A c tiv a te d  p la te le ts  u n d e rg o  c a lc iu m  (C a 2+ )- in itia te d  s h a p e  c h a n g e .



A c tiv a t io n  c a u s e s  d ra m a tic  c h a n g e s  in  p la te le ts  th a t  le a d  to  th e ir  

a g g re g a tio n .  S tru c tu ra l  c h a n g e s  in  a  s u r fa c e  r e c e p to r  (G P IIb /I I Ia )  e x p o s e  

b in d in g  s ite s  fo r  f ib r in o g e n . B o u n d  F I m o le c u le s  l in k  a c t iv a te d  p la te le ts  to  

o n e  a n o th e r  (F ig . 3 5 .2 4 ), w i th  a  s in g le  F I a b le  to  b in d  tw o  p la te le ts .  F I  is  

c o n v e r te d  to  F Ia  b y  F IIa  a n d  th e n  c o v a le n tly  c ro s s - l in k e d  b y  FX IIIa  
c o m in g  f ro m  b o th  th e  b lo o d  a n d  th e  p la te le ts .  [N o te : T h e  e x p o s u re  o f  P S  o n  

th e  s u r fa c e  o f  a c t iv a te d  p la te le ts  a l lo w s  fo rm a t io n  o f  th e  X ase  c o m p le x  

(V II Ia , IXa, X , a n d  C a 2+) w i th  s u b s e q u e n t  f o rm a t io n  o f  FXa  a n d  g e n e ra tio n  

o f  FIIa.] F ib r in  fo rm a t io n  ( s e c o n d a ry  h e m o s ta s is )  s tr e n g th e n s  th e  p la te le t  

p lu g . [N o te : R a re  d e fe c ts  in  th e  p la te le t  r e c e p to r  fo r  F I r e s u l t  in  G la n z m a n n  

th ro m b a s th e n ia  (d e c re a s e d  p la te le t  fu n c t io n ) ,  w h e re a s  a u to a n t ib o d ie s  to  th is  

r e c e p to r  a re  a  c a u s e  o f  im m u n e  th ro m b o c y to p e n ia  (d e c re a s e d  p la te le t  

n u m b e r) .]

C. Aggregation

LUMEN

Platelets
Fibrinogen (FI)

GPIIb/IIIa

1 i
Endothelial layer

GPIb VWF Exposed collagen of subendothelium

F ig u re  3 5 .2 4  L in k in g  o f  p la te le ts  b y  f ib r in o g e n  v ia  th e  g ly c o p ro te in  (G P )  I Ib /I I Ia  

re c e p to r .  [N o te : T h e  s h a p e s  in  th e  f ib r in o g e n  m o le c u le  r e p re s e n t  th e  tw o  D  a n d  

o n e  E  d o m a in s .]  G P Ib  =  g ly c o p ro te in  Ib  re c e p to r ;  V W F  = v o n  W il le b ra n d  fa c to r .

U n n e c e s s a ry  a c t iv a t io n  o f  p la te le ts  is  p r e v e n te d  b e c a u s e  1) a n  in ta c t  

v a s c u la r  w a ll  is  s e p a ra te d  f ro m  th e  b lo o d  b y  a  m o n o la y e r  o f  e n d o th e lia l  

c e lls , p re v e n t in g  th e  c o n ta c t  o f  p la te le ts  w i th  c o l la g e n ; 2 ) e n d o th e l ia l  c e l ls  

s y n th e s iz e  p ro s ta g la n d in  I 2 (P G I2, o r  p ro s ta c y c l in )  a n d  n it r ic  o x id e , e a c h  o f  

w h ic h  c a u s e s  v a s o d ila t io n ;  a n d  3 ) e n d o th e lia l  c e l ls  h a v e  a  c e ll  s u r fa c e  

A D P ase  th a t  c o n v e r ts  A D P  to  a d e n o s in e  m o n o p h o s p h a te .



V. CHAPTER SUMMARY

B lo o d  c lo tt in g  (c o a g u la tio n )  is  d e s ig n e d  to  ra p id ly  s to p  b le e d in g  f ro m  a  

d a m a g e d  b lo o d  v e s s e l  in  o rd e r  to  m a in ta in  a  c o n s ta n t  b lo o d  v o lu m e  

(h e m o s ta s is ) .  C o a g u la t io n  is  a c c o m p lis h e d  th ro u g h  fo rm a t io n  o f  a  c lo t  

( th ro m b u s )  c o n s is t in g  o f  a  p lu g  o f  p la te le ts  a n d  a  m e s h w o rk  o f  th e  p ro te in  

f ib r in  (F ig . 3 5 .2 5 ).



F ig u re  3 5 .2 5  K e y  c o n c e p t  m a p  fo r  b lo o d  c lo tt in g . a  =  a c t iv e ; F  =  fa c to r ;  C a 2+ = 

c a lc iu m .

T h e  fo rm a t io n  o f  th e  f ib r in  m e s h w o rk  b y  th e  c lo tt in g  c a s c a d e  in v o lv e s  th e  

e x tr in s ic  a n d  in t r in s ic  p a th w a y s  (a n d  th e ir  a s s o c ia te d  p ro te in  fa c to rs  [F ]) 

th a t  c o n v e rg e  a t  F X a  to  fo rm  th e  c o m m o n  p a th w a y . M a n y  o f  th e  p ro te in  

fa c to rs  a re  serine proteases  w ith  trypsin-like  s p e c if ic i ty .  C a lc iu m  b in d s  th e



n e g a t iv e ly  c h a rg e d  Y -c a rb o x y g lu ta m a te  (G la )  r e s id u e s  p r e s e n t  in  c e r ta in  o f  

th e  c lo tt in g  proteases  (F II , F V II ,  F IX , a n d  F X ) , f a c i l i ta t in g  th e  b in d in g  o f  

th e s e  p ro te in s  to  e x p o s e d  n e g a t iv e ly  c h a rg e d  p h o s p h a t id y ls e r in e  a t  th e  s ite  

o f  in ju ry  a n d  o n  th e  s u r fa c e  o f  p la te le ts .  y-G lutam yl carboxylase  a n d  its  

c o e n z y m e , th e  h y d ro q u in o n e  fo rm  o f  v i ta m in  K , a re  re q u ire d  fo r  f o rm a t io n  

o f  G la  r e s id u e s .  In  th e  re a c tio n , v i ta m in  K  g e ts  o x id iz e d  to  th e  

n o n fu n c t io n a l  e p o x id e  fo rm . W a r fa r in ,  a  s y n th e t ic  a n a lo g  o f  v i ta m in  K  

u s e d  c l in ic a l ly  to  r e d u c e  c lo tt in g , in h ib its  th e  e n z y m e  vitam in K  epoxide  
reductase  th a t  r e g e n e ra te s  th e  fu n c t io n a l  r e d u c e d  fo rm . T h e  e x tr in s ic  

p a th w a y  is  in i t ia te d  b y  e x p o s u re  o f  F II I  ( t is s u e  fa c to r  [T F ]) , a n  a c c e s s o ry  

p ro te in ,  in  v a s c u la r  s u b e n d o th e liu m . E x p o s e d  T F  b in d s  a  c i r c u la t in g  G la -  

c o n ta in in g  p ro te in ,  F V II , a c t iv a t in g  i t  th ro u g h  c o n fo rm a tio n a l  c h a n g e . T h e  

T F -F V IIa  c o m p le x  th e n  b in d s  a n d  a c t iv a te s  F X  b y  p ro te o ly s is .  FX a  f ro m  

th e  e x tr in s ic  p a th w a y  a l lo w s  throm bin  p r o d u c t io n  b y  th e  c o m m o n  

p a th w a y . Throm bin  th e n  a c t iv a te s  c o m p o n e n ts  o f  th e  in t r in s ic  p a th w a y . 

T h e  e x tr in s ic  p a th w a y  is  r a p id ly  in h ib i te d  b y  t i s s u e  fa c to r  p a th w a y  

in h ib ito r .  T h e  in t r in s ic  p a th w a y  is  in i t ia te d  b y  FXIIa. F X IIa  a c t iv a te s  F X I, 

a n d  F X Ia  a c t iv a te s  F IX . FIXa  c o m b in e s  w i th  F V I I Ia  (a n  a c c e s s o ry  

p ro te in ) ,  a n d  th e  c o m p le x  a c t iv a te s  F X . F V II I  d e f ic ie n c y  re s u lts  in  

h e m o p h il ia  A , w h e re a s  F IX  d e f ic ie n c y  r e s u lts  in  th e  le s s  c o m m o n  

h e m o p h il ia  B . FX a  a s s o c ia te s  w i th  F V a  (a n  a c c e s s o ry  p ro te in ) ,  fo rm in g  

prothrom binase  th a t  c le a v e s  p ro th ro m b in  (F II)  to  throm bin  (F IIa ). 

Throm bin  th e n  c le a v e s  f ib r in o g e n  to  f ib r in  (F Ia ) . F ib r in  m o n o m e rs  

a s s o c ia te ,  fo rm in g  a  s o lu b le  ( s o f t)  f ib r in  c lo t. T h e  f ib r in  m o le c u le s  g e t 

c ro s s - l in k e d  b y  FXIIIa, a  transglutam inase, f o rm in g  a n  in s o lu b le  (h a rd )  

f ib r in  c lo t. P ro te in s  s y n th e s iz e d  b y  th e  l iv e r  a n d  b y  b lo o d  v e s s e ls  

th e m s e lv e s  b a la n c e  c o a g u la t io n  w i th  a n t ic o a g u la tio n .  A n t i th ro m b in  III , a  

serine protease  in h ib ito r ,  o r  s e rp in , b in d s  to  a n d  r e m o v e s  throm bin  f ro m  

th e  b lo o d . I ts  a f f in i ty  fo r  throm bin  is  in c r e a s e d  b y  h e p a r in ,  w h ic h  is  u s e d  

th e ra p e u tic a l ly  to  l im i t  c lo t  fo rm a tio n . P ro te in  C , a  G la -c o n ta in in g  p ro te in ,  

is  a c t iv a te d  b y  th e  th r o m b in - th r o m b o m o d u l in  c o m p le x . T h ro m b o m o d u lin  

d e c re a s e s  th rom bin ’s a f f in i ty  fo r  f ib r in o g e n , c o n v e r t in g  i t  f ro m  a  p ro te in  o f  

c o a g u la t io n  to  a  p ro te in  o f  a n t ic o a g u la tio n .  P ro te in  C  in  c o m p le x  w ith  

p ro te in  S (a  G la -c o n ta in in g  p ro te in )  fo rm s  th e  activated protein  C  (APC) 

c o m p le x  th a t  c le a v e s  th e  a c c e s s o ry  p ro te in s  F V a  a n d  F V II Ia .  F V  L e id e n  is  

r e s is ta n t  to  A P C . I t  is  th e  m o s t  c o m m o n  in h e r i te d  th ro m b o p h il ic  c o n d i t io n  

in  th e  U n ite d  S ta te s . T h e  f ib r in  c lo t  is  c le a v e d  ( f ib r in o ly s is )  b y  th e  p ro te in  

plasm in, a  serine pro tease  th a t  is  g e n e ra te d  f ro m  p la s m in o g e n  b y  

p la s m in o g e n  a c t iv a to r s  s u c h  a s  t i s s u e  p la s m in o g e n  a c t iv a to r  (T P A , t-P A ).



R e c o m b in a n t  T P A  is  u s e d  c l in ic a lly .

W o u n d  to  a  t i s s u e  d a m a g e s  b lo o d  v e s s e ls  a n d  e x p o s e s  c o l la g e n . P la te le ts  

( th ro m b o c y te s )  a d h e re  to  th e  e x p o s e d  c o l la g e n , g e t  a c t iv a te d , a n d  a g g re g a te  

to  fo rm  a  p la te le t  p lu g . A d h e s io n  is  m e d ia te d  b y  v o n  W il le b ra n d  fa c to r  

(V W F ). V W F  b in d s  c o l la g e n , a n d  p la te le ts  b in d  V W F  v ia  g ly c o p ro te in  Ib  

(G P Ib )  w ith in  a  r e c e p to r  c o m p le x  o n  th e  p la te le t  s u r fa c e . D e f ic ie n c y  o f  

V W F  re s u lts  in  v o n  W il le b ra n d  d is e a se , th e  m o s t  c o m m o n  in h e r i te d  

c o a g u lo p a th y .  O n c e  a d h e re d , p la te le ts  g e t  a c t iv a te d . P la te le t  a c t iv a t io n  

in v o lv e s  c h a n g e s  in  s h a p e  (d is c o id a l  to  s p h e r ic a l  w ith  p s e u d o p o d ia )  a n d  

d e g ra n u la tio n , th e  p ro c e s s  b y  w h ic h  p la te le ts  r e le a s e  th e  c o n te n ts  o f  th e ir  

s to ra g e  g ra n u le s .  Throm bin  is  th e  m o s t  p o te n t  a c t iv a to r  o f  p la te le ts .  

Throm bin  b in d s  to  protease-activated  G  p r o te in - c o u p le d  r e c e p to r s  o n  th e  

s u r fa c e  o f  p la te le ts .  A c t iv a te d  p la te le ts  re le a s e  s u b s ta n c e s  th a t  c a u s e  

v a s o c o n s tr ic t io n  ( s e ro to n in  a n d  th ro m b o x a n e  A 2 [T X A 2]), r e c ru i t  a n d  

a c t iv a te  o th e r  p la te le ts  ( a d e n o s in e  d ip h o s p h a te  a n d  T X A 2), a n d  s u p p o r t  th e  

fo rm a t io n  o f  a  f ib r in  c lo t  (F V , F X II I ,  a n d  f ib r in o g e n ) .  A c tiv a t io n  c a u s e s  

c h a n g e s  in  p la te le ts  th a t  le a d  to  th e ir  a g g re g a tio n . S tru c tu ra l  c h a n g e s  in  a  

s u r fa c e  r e c e p to r  (G P IIb /I I Ia )  e x p o s e  b in d in g  s ite s  fo r  f ib r in o g e n . 

F ib r in o g e n  m o le c u le s  l in k  a c t iv a te d  p la te le ts  to  o n e  a n o th e r .  T h e  f ib r in o g e n  

is  a c t iv a te d  to  f ib r in  b y  throm bin  a n d  th e n  c ro s s - l in k e d  b y  F X IIIa  c o m in g  

b o th  f ro m  th e  b lo o d  a n d  f ro m  p la te le ts .  T h e  in i t ia l  lo o s e  p lu g  o f  p la te le ts  

(p r im a ry  h e m o s ta s is )  is  s tr e n g th e n e d  b y  th e  f ib r in  m e s h w o rk  (s e c o n d a ry  

h e m o s ta s is ) .  D is o rd e r s  o f  p la te le ts  a n d  c o a g u la t io n  p ro te in s  c a n  r e s u l t  in  

d e v ia tio n s  in  th e  a b i l i ty  to  c lo t. P ro th ro m b in  t im e  (P T )  a n d  a c t iv a te d  p a r t ia l  

th r o m b o p la s t in  t im e  (a P T T )  a re  c l in ic a l  la b o ra to ry  te s ts  u s e d  to  e v a lu a te  

th e  c lo tt in g  c a s c a d e .

Study Questions

Choose th e  O N E  b e s t  a n s w e r .

o r  Q u e s t io n s  3 1 .1 -3 1 .5 ,  m a tc h  th e  m o s t  a p p ro p r ia te  p ro te in  fa c to rs  (F ) o f  

c lo tt in g  to  th e  d e s c r ip t io n .



A. FI F. FVIII

B. F ll G. FIX

C. F ill H. FX

D. FV I. FXI

E. FVII J. FXIII

5 .1 . T h is  fa c to r  a c t iv a te s  c o m p o n e n ts  o f  th e  in tr in s ic ,  e x tr in s ic ,  a n d  c o m m o n  

p a th w a y s .

5 .2 . T h is  fa c to r  c o n v e r ts  th e  s o lu b le  c lo t  to  a n  in s o lu b le  c lo t.

5 .3 . T h is  fa c to r  in i t ia te s  th e  c o m m o n  p a th w a y .

5 .4 . T h is  fa c to r  is  a n  a c c e s s o ry  p ro te in  th a t  p o te n t ia te s  th e  a c t iv i ty  o f  f a c to r  X a .

5 .5 . T h is  fa c to r  is  a  Y -c a rb o x y g lu ta m a te -c o n ta in in g  s e r in e  p ro te a s e  o f  th e  

e x tr in s ic  p a th w a y .

C o r r e c t  a n s w e rs  = B , J, H , D , E . T h ro m b in  (F II)  is  fo rm e d  in  th e  c o m m o n  

p a th w a y  a n d  a c t iv a te s  c o m p o n e n ts  in  e a c h  o f  th e  th re e  p a th w a y s  o f  th e  c lo tt in g  

c a s c a d e . F X II I , a  t r a n s g lu ta m in a s e ,  c o v a le n t ly  c ro s s - l in k s  a s s o c ia te d  f ib r in  

m o n o m e rs ,  th e re b y  c o n v e r t in g  a  s o lu b le  c lo t  to  a n  in s o lu b le  o n e . T h e  

g e n e ra t io n  o f  F X a  b y  th e  in t r in s ic  a n d  e x tr in s ic  p a th w a y s  in i t ia te s  th e  c o m m o n  

p a th w a y . F V  in c re a s e s  th e  a c t iv i ty  o f  F X a . I t  is  o n e  o f  th re e  a c c e s s o ry  

(n o n p ro te a s e )  p ro te in s .  T h e  o th e rs  a re  F I I I  ( t is s u e  fa c to r )  a n d  F V II I  

( c o m p le x e s  w ith  F IX  to  a c t iv a te  F X ). F V I I  is  a  Y -c a rb o x y g lu ta m a te -c o n ta in in g  

s e r in e  p ro te a s e  th a t  c o m p le x e s  w i th  F I I I  in  th e  e x tr in s ic  p a th w a y .

5 .6 . In  w h ic h  p a t ie n t  w o u ld  p ro th ro m b in  t im e  b e  u n a f f e c te d  a n d  a c t iv a te d

p a r t ia l  th ro m b o p la s t in  t im e  b e  p ro lo n g e d ?

A . A  p a t ie n t  o n  a s p ir in  th e ra p y

B . A  p a t ie n t  w i th  e n d - s ta g e  l iv e r  d is e a s e

C . A  p a t ie n t  w i th  h e m o p h il ia

D . A  p a t ie n t  w i th  th r o m b o c y to p e n ia

C o r r e c t  a n s w e r  = C . P ro th ro m b in  t im e  (P T )  m e a s u re s  th e  a c t iv i ty  o f  th e  

e x tr in s ic  th ro u g h  th e  c o m m o n  p a th w a y s , a n d  a c t iv a te d  p a r t ia l  th ro m b o p la s t in  

t im e  (a P T T )  m e a s u re s  th e  a c t iv i ty  o f  th e  in t r in s ic  th ro u g h  th e  c o m m o n  

p a th w a y s . P a tie n ts  w i th  h e m o p h il ia  a re  d e f ic ie n t  in  e i th e r  F V II I  (h e m o p h il ia  

A )  o r  F IX  (h e m o p h il ia  B ), c o m p o n e n ts  o f  th e  c o m m o n  p a th w a y . T h e y  h a v e  a n  

in ta c t  e x tr in s ic  p a th w a y . T h e re fo re ,  th e  P T  is  u n a f fe c te d ,  a n d  th e  a P T T  is



p ro lo n g e d . P a tie n ts  o n  a s p ir in  th e ra p y  a n d  th o s e  w ith  th ro m b o c y to p e n ia  h a v e  

a l te ra t io n s  in  p la te le t  fu n c t io n  a n d  n u m b e r ,  r e s p e c t iv e ly , a n d  n o t  in  th e  p ro te in s  

o f  th e  c lo tt in g  c a s c a d e . T h e re fo re ,  b o th  th e  P T  a n d  th e  a P T T  a re  u n a f fe c te d . 

P a tie n ts  w i th  e n d - s ta g e  l iv e r  d is e a s e  h a v e  d e c re a s e d  a b i l i ty  to  s y n th e s iz e  

c lo tt in g  p ro te in s .  T h e y  s h o w  p ro lo n g e d  P T  a n d  a P T T .

5 .7 . W h ic h  o n e  o f  th e  fo llo w in g  c a n  b e  ru le d  o u t  in  a  p a t ie n t  w ith  

th ro m b o p h il ia ?

A . A  d e f ic ie n c y  o f  a n t i th ro m b in  III

B . A  d e f ic ie n c y  o f  F IX

C . A  d e f ic ie n c y  o f  p ro te in  C

D . A n  e x c e s s  o f  p ro th ro m b in

E . E x p re s s io n  o f  F V  L e id e n

C o r re c t  a n s w e r  = B . S y m p to m a t ic  d e f ic ie n c ie s  in  c lo tt in g  fa c to rs  w i l l  p r e s e n t  

w ith  a  d e c re a s e d  a b i l i ty  to  c lo t  ( c o a g u lo p a th y ) .  T h ro m b o p h il ia ,  h o w e v e r ,  is  

c h a ra c te r iz e d  b y  a n  in c re a s e d  te n d e n c y  to  c lo t. C h o ic e s  A , C , D , a n d  E  r e s u l t  

in  th ro m b o p h il ia .

5 .8 . C u r r e n t  g u id e lin e s  fo r  th e  t r e a tm e n t  o f  p a t ie n ts  w ith  a c u te  is c h e m ic  s tro k e  

(a  s t ro k e  c a u s e d  b y  a  b lo o d  c lo t  o b s tru c t in g  a  v e s s e l  th a t  s u p p lie s  b lo o d  to  

th e  b ra in )  in c lu d e  th e  r e c o m m e n d a tio n  th a t  t i s s u e  p la s m in o g e n  a c t iv a to r  

(T P A )  b e  u s e d  s h o r t ly  a f te r  th e  o n s e t  o f  s y m p to m s . T h e  b a s is  o f  th e  

r e c o m m e n d a tio n  fo r  T P A  is  th a t  i t  a c t iv a te s :

A . a n t i th ro m b in  III.

B . th e  a c t iv a te d  p ro te in  C  c o m p le x .

C . th e  re c e p to r  fo r  v o n  W il le b ra n d  fa c to r .

D . th e  s e r in e  p ro te a s e  th a t  d e g ra d e s  f ib r in .

E . th ro m b o m o d u lin .

C o r r e c t  a n s w e r  = D . T P A  c o n v e r ts  p la s m in o g e n  to  p la sm in . P la s m in  (a  s e r in e  

p ro te a s e )  d e g ra d e s  th e  f ib r in  m e s h w o rk ,  r e m o v in g  th e  o b s tru c t io n  to  b lo o d  

f lo w . A n ti th ro m b in  I II  in  a s s o c ia t io n  w i th  h e p a r in  b in d s  th ro m b in  a n d  c a r r ie s  i t  

to  th e  liv e r , d e c re a s in g  th ro m b in 's  a v a i la b i l i ty  in  th e  b lo o d . T h e  a c t iv a te d  

p ro te in  C  c o m p le x  d e g ra d e s  th e  a c c e s s o ry  p ro te in s  F V  a n d  F V II I .  T h e  p la te le t  

r e c e p to r  fo r  v o n  W il le b ra n d  fa c to r  is  n o t  a f f e c te d  b y  T P A . T h ro m b o m o d u lin



b in d s  th ro m b in  a n d  c o n v e r ts  i t  f ro m  a  p ro te in  o f  c o a g u la t io n  to  o n e  o f  

a n t ic o a g u la t io n  b y  d e c re a s in g  its  a c t iv a t io n  o f  f ib r in o g e n  a n d  in c re a s in g  its  

a c t iv a t io n  o f  p ro te in  C .

5 .9 . T h e  a d h e s io n , a c t iv a t io n , a n d  a g g re g a t io n  o f  p la te le ts  p ro v id e  th e  in i t ia l

p lu g  a t  th e  s ite  o f  v e s s e l  in ju ry . W h ic h  o f  th e  fo l lo w in g  s ta te m e n ts

c o n c e rn in g  th e  fo rm a t io n  o f  th is  p la te le t  p lu g  is  c o r re c t?

A . A c tiv a te d  p la te le ts  u n d e rg o  a  s h a p e  c h a n g e  th a t  d e c re a s e s  th e ir  s u r fa c e  

a re a .

B . F o rm a t io n  o f  a  p la te le t  p lu g  is  p r e v e n te d  in  in ta c t  v e s s e ls  b y  th e  

p ro d u c t io n  o f  th ro m b o x a n e  A 2 b y  e n d o th e l ia l  c e lls .

C . T h e  a c t iv a t io n  p h a s e  r e q u ire s  p r o d u c t io n  o f  c y c l ic  a d e n o s in e  

m o n o p h o s p h a te .

D . T h e  a d h e s io n  p h a s e  is  m e d ia te d  b y  th e  b in d in g  o f  p la te le ts  to  v o n  

W il le b ra n d  fa c to r  v ia  g ly c o p ro te in  Ib .

E . T h ro m b in  a c t iv a te s  p la te le ts  b y  b in d in g  to  a  p ro te a s e -  a c t iv a te d  G  

p r o te in - c o u p le d  r e c e p to r  a n d  c a u s in g  a c t iv a t io n  o f  p ro te in  k in a s e  A .

C o r r e c t  a n s w e r  = D . T h e  a d h e s io n  p h a s e  o f  p la te le t  p lu g  fo rm a t io n  is  in i t ia te d  

b y  th e  b in d in g  o f  v o n  W i l le b ra n d  fa c to r  to  a  r e c e p to r  (g ly c o p ro te in  Ib )  o n  th e  

s u r fa c e  o f  p la te le ts .  S h a p e  c h a n g e  f ro m  d is c o id a l  to  s p h e r ic a l  w ith  

p s e u d o p o d ia  in c re a s e s  th e  s u r fa c e  a re a  o f  p la te le ts .  T h ro m b o x a n e  A 2 is  m a d e  

b y  p la te le ts .  I t  c a u s e s  p la te le t  a c t iv a t io n  a n d  v a s o c o n s tr ic t io n .  A d e n o s in e  

d ip h o s p h a te  is  r e le a s e d  f ro m  a c t iv a te d  p la te le ts ,  a n d  i t  i t s e l f  a c t iv a te s  p la te le ts .  

T h ro m b in  w o rk s  p r im a r i ly  th ro u g h  re c e p to r s  c o u p le d  to  G q p ro te in s  c a u s in g  

a c t iv a t io n  o f  p h o s p h o lip a s e  C .

5 .1 1 . N e p h ro t ic  s y n d ro m e  is  a  k id n e y  d is e a s e  c h a ra c te r iz e d  b y  p ro te in  lo s s  in  

th e  u r in e  (> 3  g /d a y )  th a t  is  a c c o m p a n ie d  b y  e d e m a . T h e  lo s s  o f  p ro te in  

r e s u lts  in  a  h y p e rc o a g u la b le  s ta te . E x c re t io n  o f  w h ic h  o f  th e  fo llo w in g  

p ro te in s  w o u ld  e x p la in  th e  th ro m b o p h il ia  s e e n  in  th e  s y n d ro m e ?

A . A n ti th ro m b in  III

B . F V

C . F V II I

D . P ro th ro m b in



C o r re c t  a n s w e r  = A . A n t i th ro m b in  I II  (A T II I )  in h ib its  th e  a c t io n  o f  th ro m b in  

(F IIa ) , a  G la -c o n ta in in g  p ro te in  o f  c lo tt in g  th a t  a c t iv a te s  th e  e x tr in s ic ,  in tr in s ic ,  

a n d  c o m m o n  p a th w a y s . E x c re t io n  o f  A T I I I  in  n e p h ro t ic  s y n d ro m e  a l lo w s  th e  

a c t io n s  o f  F I I a  to  c o n t in u e , r e s u lt in g  in  a  h y p e rc o a g u la b le  s ta te . T h e  o th e r  

c h o ic e s  a re  p ro te in s  r e q u ire d  fo r  c lo tt in g . T h e ir  e x c re t io n  in  th e  u r in e  w o u ld  

d e c re a s e  c lo tt in g .

5 .1 2 . B lo c k in g  th e  a c t io n  o f  w h ic h  o f  th e  fo llo w in g  p ro te in s  w o u ld  b e  a  r a t io n a l  

th e ra p y  fo r  h e m o p h i l ia  B ?

A . F IX

B . F X II I

C . P ro te in  C

D . T is s u e  fa c to r  p a th w a y  in h ib ito r

C o r r e c t  a n s w e r  = D . H e m o p h i l ia  B  is  a  c o a g u lo p a th y  c a u s e d  b y  d e c re a s e d  

th ro m b in  p r o d u c t io n  b y  th e  c o m m o n  p a th w a y  as  a  r e s u l t  o f  a  d e f ic ie n c y  in  F IX  

o f  th e  in t r in s ic  p a th w a y . B e c a u s e  th e  e x tr in s ic  p a th w a y  a lso  c a n  r e s u l t  in  

th ro m b in  p ro d u c t io n ,  b lo c k in g  th e  in h ib i to r  o f  th is  p a th w a y  ( t is s u e  fa c to r  

p a th w a y  in h ib ito r )  sh o u ld , in  p r in c ip le ,  in c re a s e  th ro m b in  p ro d u c t io n .

5 .1 3 . T h e  p a re n ts  o f  a  n e w b o rn  b a b y  g ir l  r e fu s e  to  a l lo w  th e  b a b y  to  b e  g iv e n  

th e  in je c t io n  o f  v i ta m in  K  th a t  is  r e c o m m e n d e d  s h o r t ly  a f te r  b ir th  to  

p r e v e n t  v i ta m in  K  d e f ic ie n c y  b le e d in g ,  w h ic h  is  c a u s e d  b y  th e  lo w  le v e ls  

o f  th e  v i ta m in  in  n e w b o rn s . T h e  a c t iv i ty  o f  w h ic h  o n e  o f  th e  fo llo w in g  

p ro te in  fa c to rs  in v o lv e d  in  c lo tt in g  w o u ld  b e  d e c re a s e d  w i th  v i ta m in  K  

d e f ic ie n c y ?

A . F V

B . F V II

C . F X I

D . F X II

E . F X II I

C o r r e c t  a n s w e r  = B . F V II  is  a  Y -c a rb o x y g lu ta m a te  (G la ) -c o n ta in in g  p ro te in  o f  

c lo tt in g . T h e  c re a t io n  o f  G la  re s id u e s  b y  Y -g lu ta m y l c a rb o x y la s e  r e q u ire s  

v i ta m in  K  a s  a  c o e n z y m e . F II , F IX , a n d  F X , as  w e ll  as  p ro te in s  C  a n d  S th a t  

l im i t  c lo tt in g , a lso  c o n ta in  G la  re s id u e s .  T h e  o th e r  c h o ic e s  d o  n o t  c o n ta in  G la



re s id u e s .

5 .1 4 . T h ro m b in ,  p ro d u c e d  in  th e  c o m m o n  p a th w a y  o f  c lo tt in g , h a s  b o th  

p ro c o a g u la n t  a n d  a n t ic o a g u la n t  a c t iv i t ie s .  W h ic h  o n e  o f  th e  fo l lo w in g  is  a n  

a n t ic o a g u la n t  a c t iv i ty  o f  th ro m b in ?

A . A c tiv a t in g  F X II I

B . B in d in g  to  th ro m b o m o d u lin

C . In c re a s in g  n i t r ic  o x id e  p ro d u c t io n

D . In h ib i t in g  F V  a n d  F V II I

E . I n h ib i t in g  p la te le t  a c t iv a t io n

F . In h ib i t in g  t i s s u e  fa c to r  p a th w a y  in h ib i to r

C o r r e c t  a n s w e r  = B . T h ro m b in  b o u n d  to  th ro m b o m o d u lin  a c t iv a te s  p ro te in  C  

th a t  d e g ra d e s  th e  a c c e s s o ry  p ro te in s  F V  a n d  F V II I ,  th e re b y  in h ib i t in g  c lo tt in g . 

A c tiv a t io n  o f  F X I I I  b y  th ro m b in  s tr e n g th e n s  th e  f ib r in  c lo t. N itr ic  o x id e , a  

v a s o d ila to r  m a d e  b y  e n d o th e l ia l  c e lls , d e c re a s e s  c lo t  fo rm a tio n . I t  is  n o t  

a f f e c te d  b y  th ro m b in . T h ro m b in  is  a  p o w e r fu l  a c t iv a to r  o f  p la te le ts .  I n h ib i t io n  

o f  t i s s u e  fa c to r  p a th w a y  in h ib i to r  w o u ld  in c re a s e  c lo tt in g .

5 .1 5 . A  s tu d e n t  is  r e v ie w in g  th e  u s e  o f  p ro th ro m b in  t im e  (P T )  a n d  a c t iv a te d  

p a r t ia l  th ro m b o p la s t in  t im e  (a P T T )  in  e v a lu a t in g  a  s u s p e c te d  d e f ic ie n c y  o f  

a  c lo tt in g  p ro te in .  W h ic h  o n e  o f  th e  fo llo w in g  re s u lts  w o u ld  b e  c o r re c t  fo r  

a  d e f ic ie n c y  in  F X II I?

A . B o th  p ro th ro m b in  t im e  a n d  a c t iv a te d  p a r t ia l  th ro m b o p la s t in  t im e  a re  

d e c re a s e d .

B . B o th  p ro th ro m b in  t im e  a n d  a c t iv a te d  p a r t ia l  th r o m b o p la s t in  t im e  a re  

in c re a s e d .

C . B o th  p ro th ro m b in  t im e  a n d  a c t iv a te d  p a r t ia l  th r o m b o p la s t in  t im e  a re  

u n c h a n g e d .

D . O n ly  p ro th ro m b in  t im e  is  a f fe c te d .

E . O n ly  a c t iv a te d  p a r t ia l  th r o m b o p la s t in  t im e  is  a f fe c te d .

C o r r e c t  a n s w e r  = C . F X I I I  is  a  t r a n s g lu ta m in a s e  th a t  c ro s s - l in k s  f ib r in  

m o le c u le s  in  a  s o f t  c lo t  to  fo rm  a  h a rd  c lo t. I ts  d e f ic ie n c y  d o e s  n o t  a f f e c t  th e  

P T  o r  a P T T  te s ts . [N o te : I t  is  e v a lu a te d  b y  a  c lo t  s o lu b i l i ty  te s t .]



5 .1 6 . W h y  d o  in d iv id u a ls  w i th  S c o tt  s y n d ro m e , a  r a re  d is o rd e r  c a u s e d  b y  

m u ta t io n s  to  s c ra m b la s e  in  p la te le ts ,  h a v e  a  te n d e n c y  to  b le e d ?

S c ra m b la s e  m o v e s  p h o s p h a t id y ls e r in e  (P S ) f ro m  th e  c y to s o l ic  le a f le t  to  th e  

e x tr a c e l lu la r  le a f le t  in  th e  p la s m a  m e m b ra n e  o f  p la te le ts .  T h is  d is ru p ts  th e  

a s y m m e tr ic a l  lo c a l iz a t io n  o f  m e m b ra n e  p h o s p h o lip id s  c re a te d  b y  A T P -  

d e p e n d e n t  f l ip p a s e s  (m o v e  P S  f ro m  e x tra c e l lu la r  to  c y to s o l ic  le a f le t )  a n d  

f lo p p a s e s  (m o v e  p h o s p h a t id y lc h o l in e  [P C ] in  th e  o p p o s i te  d ire c tio n ) .  H a v in g  

P S  o n  th e  o u te r  f a c e  o f  p la te le t  m e m b ra n e s  p ro v id e s  a  s i te  fo r  p ro te in  c lo tt in g  

fa c to rs  to  in te r a c t  a n d  a c t iv a te  th ro m b in . I f  s c ra m b la s e  is  in a c tiv e , P S  is  n o t  

a v a i la b le  to  th e s e  fa c to rs ,  a n d  b le e d in g  re s u lts .

5 .1 0 . S e v e ra l  d a y s  a f te r  h a v in g  h a d  th e ir  h o m e  tr e a te d  fo r  a n  in fe s ta t io n  o f  ra ts , 

th e  p a re n ts  o f  a  3 -y e a r -o ld  g ir l  b e c o m e  c o n c e rn e d  th a t  s h e  m ig h t  b e  

in g e s t in g  th e  p o is o n -c o n ta in in g  p e l le ts .  A f te r  c a l l in g  th e  P o is o n  H o tlin e , 

th e y  ta k e  h e r  to  th e  e m e rg e n c y  d e p a r tm e n t .  B lo o d  s tu d ie s  r e v e a l  a  

p ro lo n g e d  p ro th ro m b in  a n d  a c t iv a te d  p a r t ia l  th ro m b o p la s t in  t im e  a n d  a  

d e c re a s e d  c o n c e n tra t io n  o f  F II , F V II , F IX , a n d  F X . W h y  m ig h t  

a d m in is tr a t io n  o f  v i ta m in  K  b e  a  r a t io n a l  a p p ro a c h  to  th e  t r e a tm e n t  o f  th is  

p a t ie n t?

M a n y  ro d e n t  p o is o n s  a re  s u p e r  w a r fa r in s ,  d ru g s  th a t  h a v e  a  lo n g  h a lf - l i f e  in  th e  

b o d y . W a r fa r in  in h ib its  Y -c a rb o x y la tio n  (p ro d u c t io n  o f  Y -c a rb o x y g lu ta m a te , o r  

G la , r e s id u e s ) ,  a n d  th e  c lo tt in g  p ro te in s  r e p o r te d  as  d e c re a s e d  a re  th e  G la -  

c o n ta in in g  p ro te a s e s  o f  th e  c lo tt in g  c a s c a d e . [N o te : P ro te in s  C  a n d  S o f  

a n t ic lo t t in g  a re  a lso  G la -c o n ta in in g  p ro te in s .]  B e c a u s e  w a r f a r in  fu n c t io n s  a s  a  

v i ta m in  K  a n ta g o n is t ,  a d m in is tr a t io n  o f  v i ta m in  K  is  a  r a t io n a l  a p p ro a c h  to  

tr e a tm e n t.



Appendix 
Clinical Cases

I. I. Integrative Cases

M e ta b o lic  p a th w a y s ,  in i t ia l ly  p r e s e n te d  in  is o la t io n , a re , in  fa c t, l in k e d  to  fo rm  

a n  in te r c o n n e c te d  n e tw o rk . T h e  fo l lo w in g  fo u r  in te g ra t iv e  c a s e  s tu d ie s  i l lu s tr a te  

h o w  a  p e r tu rb a t io n  in  o n e  p ro c e s s  c a n  r e s u l t  in  p e r tu rb a t io n s  in  o th e r  p ro c e s s e s  

o f  th e  n e tw o rk .

Case 1: Chest Pain

P a tie n t  P re s e n ta t io n :  B J , a  3 5 -y e a r -o ld  m a n  w ith  s e v e re  s u b s te rn a l  c h e s t  p a in  o f  

~ 2  h o u r s ’ d u ra t io n , is  b r o u g h t  b y  a m b u la n c e  to  h is  lo c a l  h o s p i ta l  a t  5 am. T h e  

p a in  is  a c c o m p a n ie d  b y  d y s p n e a  ( s h o r tn e s s  o f  b re a th ) ,  d ia p h o re s is  ( s w e a tin g ) ,  

a n d  n a u s e a .

F o c u s e d  H is to ry : B J  re p o r ts  e p is o d e s  o f  e x e r t io n a l  c h e s t  p a in  in  th e  la s t  fe w  

m o n th s ,  b u t  th e y  w e re  le s s  s e v e re  a n d  o f  s h o r t  d u ra t io n . H e  s m o k e s  ( 2 - 3  p a c k s  

p e r  d a y ) , d r in k s  a lc o h o l  o n ly  ra re ly ,  e a ts  a  “ ty p ic a l” d ie t, a n d  w a lk s  w i th  h is  w ife  

m o s t  w e e k e n d s .  H is  b lo o d  p re s s u re  h a s  b e e n  n o rm a l.  F a m ily  h is to ry  r e v e a ls  th a t  

h is  f a th e r  a n d  p a te rn a l  a u n t  d ie d  o f  h e a r t  d is e a s e  a t  a g e  4 5  a n d  3 9  y e a rs , 

r e s p e c t iv e ly . H is  m o th e r  a n d  y o u n g e r  (a g e  31  y e a rs )  b ro th e r  a re  s a id  to  b e  in  

g o o d  h e a lth .

P h y s ic a l  E x a m in a t io n  (P e r t in e n t  F in d in g s ) :  B J  is  p a le  a n d  c la m m y  a n d  is  in  

d is tre s s  d u e  to  c h e s t  p a in . B lo o d  p re s s u re  a n d  re s p ir a to ry  ra te  a re  e le v a te d . L ip id  

d e p o s its  a re  n o te d  o n  th e  p e r ip h e ry  o f  h is  c o rn e a s  ( c o rn e a l  a rc u s ; s e e  le f t  im a g e )  

a n d  u n d e r  th e  s k in  o n  a n d  a ro u n d  h is  e y e l id s  (x a n th e la s m a s ;  s e e  r ig h t  im a g e ) .  N o  

d e p o s its  o n  h is  te n d o n s  (x a n th o m a s )  a re  d e te c te d .



Xanthelasmas

P e r t in e n t  T e s t  R e s u lts :  B J ’s e le c tro c a rd io g ra m  is  c o n s is te n t  w i th  a  m y o c a rd ia l



in fa rc t io n  (M I) . A n g io g ra p h y  re v e a ls  a re a s  o f  s e v e re  s te n o s is  (n a r ro w in g )  o f  

s e v e ra l  c o ro n a ry  a r te r ie s .  In i t ia l  r e s u l ts  f ro m  th e  c l in ic a l  la b o ra to ry  in c lu d e  th e  

fo llo w in g :

Troponin 
Total cholesterol
Low-density lipoprotein (LDL)-cholesterol 
High-density lipoprotein (HDL)-cholesterol 
Triglycerides (triacylglycerols)

Patient Reference Range

+ 0
365 mg/dl (H) <200
304 mg/dl (H) <130

38 mg/dl (L) >45
115 mg/dl <150

H = High; L = Low. [Note: BJ had not eaten for ~8 hours prior to the blood draw.]

D ia g n o s is :  M I, th e  i r r e v e r s ib le  n e c ro s is  (d e a th )  o f  h e a r t  m u s c le  s e c o n d a ry  to  

is c h e m ia  (d e c re a s e d  b lo o d  s u p p ly ) ,  is  c a u s e d  b y  th e  o c c lu s io n  (b lo c k a g e )  o f  a  

b lo o d  v e s s e l  m o s t  c o m m o n ly  b y  a  b lo o d  c lo t  ( th ro m b u s ) .  B J  s u b s e q u e n tly  is  

d e te rm in e d  to  h a v e  h e te ro z y g o u s  f a m ilia l  h y p e rc h o le s te ro le m ia  (F H ), a lso  

k n o w n  a s  ty p e  I Ia  h y p e r l ip id e m ia .

Im m e d ia te  T re a tm e n t:  B J  is  g iv e n  O 2, a  v a s o d ila to r ,  p a in  m e d ic a t io n , a n d  d ru g s  

to  d is s o lv e  b lo o d  c lo ts  ( th ro m b o ly tic s )  a n d  r e d u c e  c lo tt in g  (a n t i th ro m b o tic s ) .

L o n g -T e rm  T re a tm e n t:  L ip id - lo w e r in g  d ru g s  ( fo r  e x a m p le , h ig h -p o te n c y  s ta t in s , 

b i le  a c id  [B A ] s e q u e s tra n ts ,  a n d  n ia c in ) ;  d a ily  a s p ir in ;  p -b lo c k e rs ;  a n d  

c o u n s e l in g  o n  n u tr i t io n , e x e rc is e ,  a n d  s m o k in g  c e s s a t io n  w o u ld  b e  p a r t  o f  th e  

lo n g - te rm  tr e a tm e n t  p la n .

P ro g n o s is :  P a tie n ts  w ith  h e te ro z y g o u s  F H  h a v e  ~ 5 0 %  o f  th e  n o rm a l  n u m b e r  o f  

fu n c t io n a l  L D L  r e c e p to r s  a n d  a  h y p e rc h o le s te ro le m ia  ( tw o  to  th re e  t im e s  

n o rm a l)  th a t  p u ts  th e m  a t  h ig h  r is k  (> 5 0 %  r is k )  fo r  p re m a tu re  c o ro n a ry  h e a r t  

d is e a s e  (C H D ). H o w e v e r ,  < 5 %  o f  p a t ie n ts  w i th  h y p e rc h o le s te ro le m ia  h a v e  F H .

N u tr i t io n  N u g g e t:  D ie ta ry  r e c o m m e n d a tio n s  fo r  in d iv id u a ls  w ith

h e te ro z y g o u s  F H  in c lu d e  l im i t in g  s a tu ra te d  fa ts  to  < 7 %  o f  to ta l  c a lo r ie s  a n d  

c h o le s te ro l  to  < 2 0 0  m g /d a y , s u b s t i tu t in g  u n s a tu ra te d  fa ts  fo r  s a tu ra te d  fa ts , 

a n d  a d d in g  s o lu b le  f ib e r  ( 1 0 - 2 0  g /d a y )  a n d  p la n t  s te ro ls  (2  g /d a y )  fo r  th e ir  

h y p o c h o le s te ro le m ic  e f fe c ts . F ib e r  in c re a s e s  B A  e x c re tio n . T h is  r e s u lts  in  

in c re a s e d  h e p a t ic  u p ta k e  o f  c h o le s te ro l- r ic h  L D L  to  s u p p ly  th e  s u b s t r a te  fo r  

B A  s y n th e s is .  P la n t  s te ro ls  d e c re a s e  c h o le s te ro l  a b s o rp t io n  in  th e  in te s t in e .



G e n e tic s  G e m : F H  is  c a u s e d  b y  h u n d re d s  o f  d if f e r e n t  m u ta t io n s  in  th e  g e n e  

fo r  th e  L D L  re c e p to r  (o n  c h ro m o s o m e  19 ) th a t  a f f e c t  r e c e p to r  a m o u n t  

a n d /o r  fu n c t io n . F H  is  a n  a u to s o m a l-d o m in a n t  d is e a s e  in  w h ic h  

h o m o z y g o te s  a re  m o re  s e r io u s ly  a f f e c te d  th a n  h e te ro z y g o te s .  H e te ro z y g o u s  

F H  h a s  a n  in c id e n c e  o f  ~ 1 :5 0 0  in  th e  g e n e ra l  p o p u la tio n . I t  is  a s s o c ia te d  

w ith  in c re a s e d  r is k  o f  c a rd io v a s c u la r  d is e a se . G e n e tic  s c re e n in g  o f  th e  f irs t-  

d e g re e  r e la t iv e s  o f  B J  w o u ld  id e n tify  a f f e c te d  in d iv id u a ls  fo r  tre a tm e n t.

Review Questions: Choose the ONE best 
answer.

LQ1. T r ia c y lg ly c e ro ls  a re  g ly c e ro l-b a s e d  lip id s .  W h ic h  o f  th e  fo l lo w in g  is  a lso  a

g ly c e ro l-b a s e d  l ip id ?

A . G a n g lio s id e  G M 2

B . P h o s p h a t id y lc h o lin e

C . P ro s ta g la n d in  P G I 2

D . S p h in g o m y e lin

E . V ita m in  D

LQ2. S ta t in s  a re  o f  b e n e f i t  to  p a t ie n ts  w i th  h y p e rc h o le s te ro le m ia  b e c a u s e  th e y :

A . d e c re a s e  a  r a te - l im it in g  a n d  r e g u la te d  s te p  o f  d e  n o v o  c h o le s te ro l  

b io s y n th e s is  b y  in h ib i t in g  h y d ro x y m e th y lg lu ta ry l  c o e n z y m e  A  (H M G  

C o A )  re d u c ta s e .

B . d e c re a s e  e x p re s s io n  o f  th e  g e n e  fo r  th e  L D L  re c e p to r  b y  p re v e n t in g  th e  

m o v e m e n t  o f  th e  s te ro l  r e g u la to ry  e le m e n t - b in d in g  p ro te in -2  (S R E B P -  

2 ) in  c o m p le x  w ith  S R E B P  c le a v a g e - a c t iv a t in g  p ro te in  (S C A P )  f ro m  

th e  m e m b ra n e  o f  th e  e n d o p la s m ic  r e t ic u lu m  to  th e  m e m b ra n e  o f  th e  

G o lg i.

C . in c re a s e  th e  o x id a t io n  o f  c h o le s te ro l  to  C O 2 + H 2O .

D . in te r f e re  w i th  th e  a b s o rp t io n  o f  b i le  s a lts  in  th e  e n te ro h e p a t ic  

c irc u la t io n , th e re b y  c a u s in g  th e  l iv e r  to  ta k e  u p  c h o le s te ro l  f ro m  th e  

b lo o d  fo r  u s e  in  B A  s y n th e s is .



E . r e d u c e  c h o le s te ro l  b y  in c re a s in g  s te ro id  h o rm o n e  a n d  v i ta m in  D  

s y n th e s is .

[Q 3. S ta t in s  a re  c o m p e ti t iv e  in h ib i to r s  o f  H M G  C o A  re d u c ta s e .  W h ic h  o f  th e  

fo llo w in g  s ta te m e n ts  a b o u t  c o m p e ti t iv e  in h ib i to r s  is  c o r re c t?

A . C o m p e ti t iv e  in h ib i to r s  a re  e x a m p le s  o f  i r r e v e r s ib le  in h ib ito rs .

B . C o m p e ti t iv e  in h ib i to r s  in c re a s e  b o th  th e  a p p a re n t  M ic h a e l is  c o n s ta n t  

(K m) a n d  th e  a p p a re n t  m a x im a l  v e lo c i ty  (V max).

C . C o m p e ti t iv e  in h ib i to r s  in c re a s e  th e  a p p a re n t  K m a n d  h a v e  n o  e f fe c t  o n

th e  V max

D . C o m p e ti t iv e  in h ib i to r s  d e c re a s e  b o th  th e  a p p a re n t  K m a n d  th e  a p p a re n t  

V .max

E . C o m p e ti t iv e  in h ib i to rs  h a v e  n o  e f f e c t  o n  th e  K m a n d  d e c re a s e  th e

a p p a re n t  V max.

[Q 4. In  a n  M I, a  b lo o d  c lo t  fo rm s  as  a  r e s u l t  o f  in ju ry  to  a  b lo o d  v e s s e l  th a t  le a d s  

to  p r o d u c t io n  o f  a  p la te le t  p lu g  a n d  a  f ib r in  m e s h w o rk .  T h e  c lo t  o c c lu d e s  

th e  b lo o d  v e s s e l ,  p re v e n t in g  b lo o d  f lo w  a n d , th e re fo re ,  d e l iv e ry  o f  O 2. 

D e s tru c t io n  o f  th e  c lo t  ( th ro m b o ly s is )  r e s to re s  b lo o d  f lo w . W h ic h  o n e  o f  

th e  fo llo w in g  is  a n  e x a m p le  o f  a  th ro m b o ly t ic  a g e n t?

A . A c tiv a te d  p ro te in  C  c o m p le x

B . A n ti th ro m b in  III

C . A s p ir in

D . F a c to r  X III

E . H e p a r in

F . T is s u e  p la s m in o g e n  a c t iv a to r

G . V ita m in  K

H . W a r fa r in

LQ5. D e c re a s e d  t is s u e  p e r fu s io n  r e s u l ts  in  h y p o x ia  (d e c re a s e d  O 2 a v a i la b i l i ty ) .  

R e la tiv e  to  n o rm o x ia ,  in  h y p o x ia  th e :

A . e le c tro n  t r a n s p o r t  c h a in  w il l  b e  u p re g u la te d  to  p ro v id e  p ro to n s  fo r  A T P  

s y n th e s is .

B . r a t io  o f  th e  o x id iz e d  fo rm  o f  n ic o t in a m id e  a d e n in e  d in u c le o t id e  

(N A D + ) to  th e  r e d u c e d  fo rm  (N A D H )  w il l  in c re a s e .

C . p y ru v a te  d e h y d ro g e n a s e  c o m p le x  w il l  b e  a c tiv e .



D . p ro c e s s  o f  s u b s t r a te - le v e l  p h o s p h o ry la t io n  w i l l  b e  in c re a s e d  in  th e  

c y to so l .

E . t r ic a rb o x y lic  a c id  c y c le  w i l l  b e  u p re g u la te d  to  p ro v id e  th e  re d u c in g  

e q u iv a le n ts  n e e d e d  fo r  o x id a tiv e  p h o s p h o ry la t io n  to  o c c u r .

LQ6. G e n e tic  s c re e n in g  o f  B J ’s f i r s t -d e g re e  r e la t iv e s  w o u ld  b e  a c c o m p lis h e d  b y  

m u ta t io n  a n a ly s is  v ia  p o ly m e ra s e  c h a in  r e a c t io n - b a s e d  a m p lif ic a t io n  

fo l lo w e d  b y  a u to m a te d  s e q u e n c in g  o f  th e  p ro m o te r  r e g io n  a n d  th e  18 

e x o n s  o f  th e  L D L  re c e p to r  g e n e . T h is  p ro c e s s  w o u ld  in v o lv e  th e :

A . g e n e ra t io n  a n d  u s e  o f  c o m p le m e n ta ry  D N A  (c D N A ).

B . in i t ia t io n  o f  D N A  s y n th e s is  w ith  d id e o x y n u c le o t id e s .

C . is o la t io n  o f  g e n o m ic  D N A  f ro m  g e rm  c e lls .

D . u s e  o f  f lu o re s c e n t ly  la b e le d  n u c le o tid e s .

THOUGHT QUESTIONS

Q 1 .  R e la tiv e  to  a n  in d iv id u a l  w i th  f a m il ia l  d e fe c t iv e  L D L  re c e p to rs ,  w h a t  

w o u ld  b e  th e  e x p e c te d  p h e n o ty p e  in  a n  in d iv id u a l  w i th  f a m il ia l  d e fe c tiv e  

a p o l ip o p ro te in  B -1 0 0 ?  W ith  a p o l ip o p ro te in  E -2 , th e  is o fo rm  th a t  o n ly  

p o o r ly  b in d s  its  r e c e p to r?

Q 2 .  W h y  w a s  a s p ir in  p re s c r ib e d ?  H in t: W h a t  p a th w a y  o f  l ip id  m e ta b o l is m  is  

a f f e c te d  b y  a s p ir in ?

Q 3 .  H e a r t  m u s c le  n o rm a lly  u s e s  a e ro b ic  m e ta b o l is m  to  m e e t  its  e n e rg y  n e e d s . 

H o w e v e r ,  in  h y p o x ia ,  a n a e ro b ic  g ly c o ly s is  is  in c re a s e d .  W h a t  a l lo s te r ic  

a c t iv a to r  o f  g ly c o ly s is  is  r e s p o n s ib le  fo r  th is  e f fe c t?  W ith  h y p o x ia ,  w h a t  

w i l l  b e  th e  e n d  p r o d u c t  o f  g ly c o ly s is ?

Q 4 .  O n e  o f  th e  r e a s o n s  fo r  e n c o u ra g in g  s m o k in g  c e s s a t io n  a n d  e x e rc is e  fo r  B J  

is  th a t  th e s e  c h a n g e s  r a is e  th e  le v e l  o f  H D L , a n d  e le v a te d  H D L  re d u c e s  th e  

r is k  fo r  C H D . H o w  d o e s  a  r is e  in  H D L  re d u c e  th e  r is k  fo r  C H D ?

Case 2: Severe Fasting Hypoglycemia



P a tie n t  P re s e n ta t io n :  JS  is  a  4 -m o n th -o ld  b o y  w h o s e  m o th e r  is  c o n c e rn e d  a b o u t  

th e  “ tw i tc h in g ” m o v e m e n ts  h e  m a k e s  ju s t  b e fo re  f e e d in g s . S h e  te l ls  th e  

p e d ia tr ic ia n  th a t  th e  m o v e m e n ts  s ta r te d  ~ 1  w e e k  a g o , a re  m o s t  a p p a re n t  in  th e  

m o rn in g , a n d  d is a p p e a r  s h o r t ly  a f te r  e a tin g .

F o c u s e d  H is to ry : JS  is  th e  p ro d u c t  o f  a  n o rm a l  p re g n a n c y  a n d  d e l iv e ry . H e  

a p p e a re d  n o rm a l  a t  b ir th .  O n  h is  g ro w th  c h a r ts , h e  h a s  b e e n  a t  th e  3 0 th  p e rc e n t i le  

fo r  b o th  w e ig h t  a n d  le n g th  s in c e  b ir th .  H is  im m u n iz a t io n s  a re  u p  to  d a te . JS  la s t  

a te  a  f e w  h o u rs  a g o .

P h y s ic a l  E x a m in a t io n  (P e r t in e n t  F in d in g s ) :  JS  a p p e a rs  s le e p y  a n d  fe e ls  c la m m y  

to  th e  to u c h . H is  r e s p ir a to ry  r a te  is  e le v a te d . H is  te m p e ra tu re  is  n o rm a l.  JS  h a s  a  

p ro tu b e ra n t ,  f irm  a b d o m e n  th a t  a p p e a rs  to  b e  n o n te n d e r .  H is  l iv e r  is  p a lp a b le  4  

c m  b e lo w  th e  r ig h t  c o s ta l  m a rg in  a n d  is  s m o o th . H is  k id n e y s  a re  e n la rg e d  a n d  

s y m m e tr ic a l .

P e r t in e n t  T e s t  R e su lts :

Patient Pediatric Reference Range

G lucose

Lacta te
Urate

Total cho les te ro l 

T rig lycerides (triacy lg lyce ro ls ) 

pH

H C C V

50 m g/d l (L) 
3.4 m m ol/l (H) 
5.6 m g/dl (H) 
220 m g/d l (H) 
280 m g/d l (H) 

7.30 (L)
12 m Eq/l (L)

6 0 -1 0 5

0 .6 -3 .2
2 .4 -5 .4

<170

<90

7 .3 5 -7 .4 5
1 9 -2 5

H = High; L = Low.

JS  is  s e n t  to  th e  re g io n a l  c h i ld r e n ’s h o s p i ta l  fo r  fu r th e r  e v a lu a tio n . U ltr a s o u n d  

s tu d ie s  c o n f i rm  h e p a to m e g a ly  a n d  re n o m e g a ly  a n d  s h o w  n o  e v id e n c e  o f  tu m o rs . 

A  l iv e r  b io p s y  is  p e r fo rm e d . T h e  h e p a to c y te s  a re  d is te n d e d . S ta in in g  re v e a ls  

la rg e  a m o u n ts  o f  l ip id  (p r im a r ily  t r ia c y lg ly c e ro l)  a n d  c a rb o h y d ra te .  L iv e r  

g ly c o g e n  is  e le v a te d  in  a m o u n t  a n d  n o rm a l  in  s tru c tu re .  E n z y m e  a s s a y  u s in g  

l iv e r  h o m o g e n a te  t r e a te d  w ith  d e te rg e n t  r e v e a ls  < 1 0 %  o f  th e  n o rm a l  a c t iv i ty  o f  

glucose 6-phosphatase, a n  e n z y m e  o f  th e  e n d o p la s m ic  r e t ic u la r  (E R )  m e m b ra n e  

in  th e  l iv e r  a n d  th e  k id n e y s .

D ia g n o s is :  JS  h a s  glucose 6-phosphatase  d e f ic ie n c y  (g ly c o g e n  s to ra g e  d is e a s e  

[G S D ] ty p e  Ia , v o n  G ie rk e  d is e a se ) .

T re a tm e n t  ( Im m e d ia te ) :  JS  w a s  g iv e n  g lu c o s e  in t r a v e n o u s ly ,  a n d  h is  b lo o d  

g lu c o s e  le v e l  ro s e  in to  th e  n o rm a l  ra n g e . H o w e v e r ,  a s  th e  d a y  p ro g re s s e d ,  i t  fe l l



to  w e l l  b e lo w  n o rm a l.  A d m in is t r a t io n  o f  g lu c a g o n  h a d  n o  e f fe c t  o n  b lo o d  

g lu c o s e  le v e ls  b u t  in c r e a s e d  b lo o d  la c ta te .  J S ’s b lo o d  g lu c o s e  le v e ls  w e re  a b le  to  

b e  m a in ta in e d  b y  c o n s ta n t  in fu s io n  o f  g lu c o se .

P ro g n o s is :  In d iv id u a ls  w ith  glucose 6-phosphatase  d e f ic ie n c y  d e v e lo p  h e p a t ic  

a d e n o m a s  s ta r t in g  in  th e  s e c o n d  d e c a d e  o f  l i f e  a n d  a re  a t  in c r e a s e d  r is k  fo r  

h e p a t ic  c a rc in o m a . K id n e y  g lo m e ru la r  fu n c t io n  is  im p a ire d  a n d  c a n  r e s u l t  in  

k id n e y  fa i lu re .  P a tie n ts  a re  a t  in c re a s e d  r is k  fo r  d e v e lo p in g  g o u t, b u t  th is  r a re ly  

o c c u rs  b e fo re  p u b e r ty .

N u tr i t io n  N u g g e t:  L o n g - te rm  m e d ic a l  n u tr i t io n  th e ra p y  fo r  JS  is  d e s ig n e d  to  

m a in ta in  h is  b lo o d  g lu c o s e  le v e ls  in  th e  n o rm a l  ra n g e . F r e q u e n t  (e v e ry  2 - 3  

h o u rs )  d a y t im e  fe e d in g s  r ic h  in  c a rb o h y d ra te  (p ro v id e d  b y  u n c o o k e d  

c o rn s ta rc h  th a t  is  s lo w ly  h y d ro ly z e d )  a n d  n ig h t t im e  n a s o g a s tr ic  in fu s io n  

(p u m p  a s s is te d )  o f  g lu c o s e  a re  a d v is e d . A v o id a n c e  o f  f ru c to s e  a n d  

g a la c to s e  is  r e c o m m e n d e d  b e c a u s e  th e y  a re  m e ta b o l iz e d  to  g ly c o ly t ic  

in te rm e d ia te s  a n d  la c ta te ,  w h ic h  c a n  e x a c e rb a te  th e  m e ta b o l ic  p ro b le m s . 

C a lc iu m  a n d  v i ta m in  D  s u p p le m e n ts  a re  p re s c r ib e d .

G e n e tic s  G e m : G S D  Ia  is  a n  a u to s o m a l- re c e s s iv e  d is o rd e r  c a u s e d  b y  > 1 0 0  

k n o w n  m u ta t io n s  to  th e  g e n e  fo r  glucose 6-phosphatase  lo c a te d  o n  

c h ro m o s o m e  17 . I t  h a s  a n  in c id e n c e  o f  1 :1 0 0 ,0 0 0  a n d  a c c o u n ts  fo r  ~ 2 5 %  o f  

a l l  c a s e s  o f  G S D  in  th e  U n ite d  S ta te s . I t  is  o n e  o f  th e  f e w  g e n e t ic  c a u s e s  o f  

h y p o g ly c e m ia  in  n e w b o rn s . G S D  Ia  is  n o t  ro u t in e ly  s c re e n e d  fo r  in  

n e w b o rn s . [N o te : D e f ic ie n c y  o f  th e  t r a n s lo c a s e  th a t  m o v e s  g lu c o s e  6- 

p h o s p h a te  in to  th e  E R  is  th e  c a u s e  o f  G S D  Ib . H y p o g ly c e m ia  a n d  

n e u t ro p e n ia  a re  s e e n .]

Review Questions: Choose the ONE best 
answer.

LQ1. JS  is  h y p o g ly c e m ic  b e c a u se :

A . f re e  (n o n p h o s p h o ry la te d )  g lu c o s e  c a n n o t  b e  p ro d u c e d  f ro m  e i th e r  

g ly c o g e n o ly s is  o r  g lu c o n e o g e n e s is  as  a  r e s u l t  o f  th e  d e f ic ie n c y  in



g lu c o s e  6 -p h o s p h a ta s e .

B . g ly c o g e n  p h o s p h o ry la s e  is  d e p h o s p h o ry la te d  a n d  in a c tiv e , a n d  

g ly c o g e n  c a n n o t  b e  d e g ra d e d .

C . h o rm o n e -s e n s i t iv e  l ip a s e  is  d e p h o s p h o ry la te d  a n d  in a c tiv e , a n d  fa t ty  

a c id  s u b s t r a te s  fo r  g lu c o n e o g e n e s is  c a n n o t  b e  g e n e ra te d .

D . th e  d e c re a s e  in  th e  in s u l in /g lu c a g o n  ra t io  u p re g u la te s  g lu c o s e  

t r a n s p o r te r s  in  th e  l iv e r  a n d  k id n e y s , r e s u lt in g  in  in c re a s e d  u p ta k e  o f  

b lo o d  g lu c o se .

LQ2. JS  w a s  p r e s c r ib e d  c a lc iu m  s u p p le m e n ts  b e c a u s e  c h ro n ic  a c id o s is  c a n  c a u s e  

b o n e  d e m in e ra l iz a t io n ,  r e s u l t in g  in  o s te o p e n ia .  V ita m in  D  (1 ,2 5 -d iO H -D 3) 

w a s  a lso  p r e s c r ib e d  b e c a u s e  v i ta m in  D :

A . b in d s  G q p r o te in - c o u p le d  m e m b ra n e  r e c e p to r s  a n d  c a u s e s  a  r is e  in  

in o s i to l  t r i s p h o s p h a te  w i th  r e le a s e  o f  c a lc iu m  f ro m  in t r a c e l lu la r  s to re s .

B . c a n n o t  b e  s y n th e s iz e d  b y  h u m a n s  a n d , th e re fo re ,  m u s t  b e  s u p p lie d  in  

th e  d ie t.

C . is  a  f a t - s o lu b le  v i ta m in  th a t  in c re a s e s  in te s t in a l  a b s o rp t io n  o f  c a lc iu m .

D . is  th e  c o e n z y m e -p ro s th e t ic  g ro u p  fo r  c a lb in d in , a  c a lc iu m  tr a n s p o r te r  in  

th e  in te s tin e .

[Q 3. T h e  h e p a to m e g a ly  a n d  re n o m e g a ly  s e e n  in  JS  a re  p r im a r i ly  th e  r e s u l t  o f  a n  

in c re a s e  in  th e  a m o u n t  o f  g ly c o g e n  s to re d  in  th e s e  o rg a n s . W h a t  is  th e  

b a s is  fo r  g ly c o g e n  a c c u m u la t io n  in  th e s e  o rg a n s ?

A . G ly c o ly s is  is  d o w n re g u la te d ,  w h ic h  p u s h e s  g lu c o s e  to  g ly c o g e n e s is .

B . In c re a s e d  o x id a t io n  o f  fa t ty  a c id s  s p a re s  g lu c o s e  fo r  g ly c o g e n e s is .

C . G lu c o s e  6 -p h o s p h a te  is  a n  a l lo s te r ic  a c t iv a to r  o f  g ly c o g e n  s y n th a s e  b .

D . T h e  r is e  in  th e  in s u l in /g lu c a g o n  ra t io  fa v o rs  g ly c o g e n e s is .

[Q 4. G lu c o s e  6 -p h o s p h a ta s e  is  a n  in te g ra l  p ro te in  o f  th e  E R  m e m b ra n e .  W h ic h  

o f  th e  fo llo w in g  s ta te m e n ts  a b o u t  s u c h  p ro te in s  is  c o r re c t?

A . I f  g ly c o s y la te d , th e  c a rb o h y d ra te  is  o n  th e  p o r t io n  o f  th e  p ro te in  th a t  

e x te n d s  in to  th e  c y to so l .

B . T h e y  a re  s y n th e s iz e d  o n  r ib o s o m e s  th a t  a re  f re e  in  th e  c y to so l .

C . T h e  m e m b ra n e - s p a n n in g  d o m a in  c o n s is ts  o f  h y d ro p h il ic  a m in o  a c id s .

D . T h e  in i t ia l  ta rg e t in g  s ig n a l  is  a n  a m in o  te rm in a l  h y d r o p h o b ic  s ig n a l  

s e q u e n c e .



Thought Questions

Q 1 . W h a t  is  th e  l ik e ly  r e a s o n  fo r  J S ’s tw itc h in g  m o v e m e n ts ?

Q 2 . W h y  w a s  th e  l iv e r  h o m o g e n a te  tr e a te d  w i th  d e te rg e n t?  H in t: T h in k  a b o u t 

w h e re  th e  e n z y m e  is  lo c a te d .

Q 3 . W h y  is  J S ’s b lo o d  g lu c o s e  le v e l  u n a f f e c te d  b y  g lu c a g o n ?  H in t: W h a t  is  th e  

ro le  o f  g lu c a g o n  in  n o rm a l  in d iv id u a ls  w h o  e x p e r ie n c e  a  d ro p  in  b lo o d  

g lu c o se ?

Q 4 .  W h y  a re  u ra te  a n d  la c ta te  e le v a te d  in  a  d is o rd e r  o f  g ly c o g e n  m e ta b o l is m ?  

H in t: I t  is  th e  r e s u l t  o f  a  d e c re a s e  in  in o rg a n ic  p h o s p h a te  (P j), b u t  w h y  is  Pj 

d e c re a s e d ?

Q 5 . A .W h y  a re  t r ia c y lg ly c e ro ls  a n d  c h o le s te ro l  e le v a te d ?  H in t: G lu c o s e  is  th e  

p r im a ry  c a rb o n  s o u rc e  fo r  th e ir  s y n th e s is .

B .W h y  a re  k e to n e  b o d ie s  n o t  e le v a te d ?

Case 3: Hyperglycemia and Hyperketonemia

P a tie n t  P re s e n ta t io n :  M W , a  4 0 -y e a r -o ld  w o m a n , w a s  b r o u g h t  to  th e  h o s p i ta l  in  a  

d is o r ie n te d , c o n fu s e d  s ta te  b y  h e r  h u s b a n d .

F o c u s e d  H is to ry : A s  n o te d  o n  h e r  m e d ic a l  a le r t  b ra c e le t ,  M W  h a s  h a d  ty p e  1 

d ia b e te s  (T 1 D )  fo r  th e  la s t  2 4  y e a rs .  H e r  h u s b a n d  re p o r ts  th a t  th is  is  h e r  f ir s t  

m e d ic a l  e m e rg e n c y  in  2 y e a rs .

P h y s ic a l  E x a m in a t io n  (P e r t in e n t  F in d in g s ) :  M W  d is p la y e d  s ig n s  o f  d e h y d ra t io n  

( s u c h  as  d ry  m u c o u s  m e m b ra n e s  a n d  sk in , p o o r  s k in  tu rg o r ,  a n d  lo w  b lo o d  

p re s s u re )  a n d  a c id o s is  ( s u c h  as  d e e p , r a p id  b re a th in g  [K u s s m a u l r e s p ira t io n ] ) .  

H e r  b re a th  h a d  a  fa in tly  f ru ity  o d o r . H e r  te m p e ra tu re  w a s  n o rm a l.

P e r t in e n t  T e s t  R e s u lts :  R a p id , b e d s id e  te s ts  w e re  s tro n g ly  p o s i t iv e  fo r  g lu c o s e  

a n d  a c e to a c e ta te  a n d  n e g a t iv e  fo r  p ro te in .  R e s u lts  o n  b lo o d  te s ts  p e r fo rm e d  b y  

th e  c l in ic a l  la b o ra to ry  a re  s h o w n  b e lo w :



Glucose
Blood urea nitrogen
3-Hydroxybutyrate
HC03_
Na+
K+
c r
PH

Patient

414 mg/dl (23 mmol/l) (H) 
8  mmol/l (H)

350 mg/dl (H)
12 mmol/l (L)
136 mmol/l 
5.3 mmol/l 
1 0 2  mmol/l 

7.1 (L)

Reference Range

70-99 (3.9-5.5)
2 .5 - 6.4 

0-3
22-28

138-150
3.5 - 5.0 
95-105

7.35-7.45

H = High; L = Low.

M ic ro s c o p ic  e x a m in a t io n  o f  h e r  u r in e  r e v e a le d  a  u r in a ry  t r a c t  in fe c t io n  (U T I) .

D ia g n o s is :  M W  is  in  d ia b e t ic  k e to a c id o s is  (D K A ) th a t  w a s  p r e c ip i ta te d  b y  a  

U T I. [N o te : D ia b e te s  in c re a s e s  th e  r is k  fo r  in fe c t io n s  s u c h  a s  U T I .]

Im m e d ia te  T re a tm e n t:  M W  w a s  r e h y d ra te d  w ith  n o rm a l  s a l in e  g iv e n  

in t r a v e n o u s ly  (IV ). S h e  a lso  w a s  g iv e n  in s u l in  IV . B lo o d  g lu c o se , k e to n e  b o d ie s ,  

a n d  e le c tro ly te s  w e re  m e a s u re d  p e r io d ic a l ly .  A n tib io t ic  t r e a tm e n t  o f  h e r  U T I  

w a s  s ta r te d .

L o n g -T e rm  T re a tm e n t:  D ia b e te s  in c re a s e s  th e  r is k  fo r  m a c ro v a s c u la r

c o m p lic a t io n s  ( s u c h  a s  c o ro n a ry  a r te ry  d is e a s e  a n d  s tro k e )  a n d  m ic ro v a s c u la r  

c o m p lic a t io n s  ( s u c h  a s  re t in o p a th y ,  n e p h ro p a th y ,  a n d  n e u ro p a th y ) .  O n g o in g  

m o n i to r in g  fo r  th e s e  c o m p lic a t io n s  w il l  b e  c o n t in u e d .

P ro g n o s is :  D ia b e te s  is  th e  s e v e n th  le a d in g  c a u s e  o f  d e a th  b y  d is e a s e  in  th e  

U n ite d  S ta te s . I n d iv id u a ls  w i th  d ia b e te s  h a v e  a  r e d u c e d  li f e  e x p e c ta n c y  r e la t iv e  

to  th o s e  w i th o u t  d ia b e te s .

N u tr i t io n  N u g g e t:  M o n ito r in g  to ta l  in ta k e  o f  c a rb o h y d ra te s  is  p r im a ry  in  

b lo o d  g lu c o s e  c o n tro l.  C a rb o h y d ra te s  s h o u ld  c o m e  f ro m  w h o le  g ra in s , 

v e g e ta b le s ,  le g u m e s , a n d  f ru its .  L o w - fa t  d a iry  p ro d u c ts  a n d  n u ts  a n d  f is h  

r ic h  in  « - 3  fa t ty  a c id s  a re  e n c o u ra g e d .  In ta k e  o f  s a tu ra te d  a n d  tra n s  fa ts  

s h o u ld  b e  m in im iz e d .

G e n e tic s  G e m : A u to im m u n e  d e s tru c t io n  o f  p a n c re a t ic  p c e lls  is  

c h a ra c te r is t ic  o f  T 1 D . O f  th e  g e n e t ic  lo c i  th a t  c o n fe r  r is k  fo r  T 1 D , th e  

h u m a n - le u k o c y te  a n t ig e n  (H L A )  re g io n  o n  c h ro m o s o m e  6 h a s  th e  s tro n g e s t  

a s s o c ia t io n . T h e  m a jo r i ty  o f  g e n e s  in  th e  H L A  re g io n  a re  in v o lv e d  in  th e



im m u n e  re s p o n s e .

Review Questions: Choose the ONE best 
answer.

LQ1. W h ic h  o f  th e  fo llo w in g  s ta te m e n ts  c o n c e rn in g  T 1 D  is  c o r re c t?

A . D ia g n o s is  c a n  b e  m a d e  b y  m e a s u r in g  th e  le v e l  o f  g lu c o s e  o r  g ly c a te d  

h e m o g lo b in  ( H b A 1c) in  th e  b lo o d .

B . D u r in g  p e r io d s  o f  p h y s io lo g ic  s tre s s , th e  u r in e  o f  a n  in d iv id u a l  w ith  

T 1 D  w o u ld  l ik e ly  te s t  n e g a t iv e  fo r  re d u c in g  s u g a rs .

C . T 1 D  is  a s s o c ia te d  w i th  o b e s ity  a n d  a  s e d e n ta ry  l i fe s ty le .

D . T h e  c h a ra c te r is t ic  m e ta b o l ic  a b n o rm a li t ie s  s e e n  in  T 1 D  r e s u l t  f ro m  

in s e n s i t iv i ty  to  b o th  in s u l in  a n d  g lu c a g o n .

E . T re a tm e n t  w ith  e x o g e n o u s  in s u l in  a l lo w s  n o rm a liz a t io n  o f  b lo o d  

g lu c o s e  (e u g ly c e m ia ) .

[Q 2. D K A  o c c u rs  w h e n  th e  ra te  o f  k e to n e  b o d y  p r o d u c t io n  is  g re a te r  th a n  th e  

ra te  o f  u t i l iz a t io n .  W h ic h  o f  th e  fo llo w in g  s ta te m e n ts  c o n c e rn in g  k e to n e  

b o d y  m e ta b o l is m  is  c o r re c t?  K e to n e  b o d ie s :

A . a re  m a d e  in  m ito c h o n d r ia  f ro m  a c e ty l  c o e n z y m e  A  (C o A )  p r im a r ily  

p ro d u c e d  b y  th e  o x id a t io n  o f  g lu c o se .

B . a re  u t i l iz e d  b y  m a n y  tis s u e s ,  p a r t ic u la r ly  th e  l iv e r , a f te r  c o n v e r s io n  to  

a c e ty l  C o A .

C . in c lu d e  a c e to a c e ta te ,  w h ic h  c a n  im p a r t  a  f ru ity  o d o r  to  th e  b re a th .

D . r e q u ire  a lb u m in  fo r  t r a n s p o r t  th ro u g h  th e  b lo o d .

E . u t i l iz e d  in  e n e rg y  m e ta b o l is m  a re  o rg a n ic  a c id s  th a t  c a n  a d d  to  th e  

p ro to n  lo a d  o f  th e  b o d y .

LQ3. A d ip o s e  l ip o ly s is  f o l lo w e d  b y  p -o x id a tio n  o f  th e  fa t ty  a c id  (F A ) p ro d u c ts  is  

r e q u ire d  fo r  th e  g e n e ra t io n  o f  k e to n e  b o d ie s .  W h ic h  o f  th e  fo llo w in g  

s ta te m e n ts  c o n c e rn in g  th e  g e n e ra t io n  a n d  u s e  o f  F A  is  c o r re c t?

A . M ito c h o n d r ia l  p -o x id a t io n  o f  F A  is  in h ib i te d  b y  m a lo n y l  C o A .

B . P ro d u c t io n  o f  F A  f ro m  a d ip o s e  l ip o ly s is  is  u p re g u la te d  b y  in s u lin .



C . T h e  a c e ty l  C o A  p ro d u c t  o f  F A  p -o x id a t io n  fa v o rs  th e  u s e  o f  p y ru v a te  

fo r  g lu c o n e o g e n e s is  b y  a c t iv a t in g  th e  p y ru v a te  d e h y d ro g e n a s e  

c o m p le x .

D . T h e  p -o x id a tio n  o f  F A  u ti l iz e s  re d u c in g  e q u iv a le n ts  g e n e ra te d  b y  

g lu c o n e o g e n e s is .

E . T h e  F A  p ro d u c e d  b y  l ip o ly s is  a re  ta k e n  u p  b y  th e  b r a in  a n d  o x id iz e d  

fo r  e n e rg y .

Thought Questions

Q 1 . A t  a d m is s io n , M W  w a s  h y p o in s u l in e m ic ,  a n d  s h e  w a s  g iv e n  in s u lin .  W h y  

d id  M W ’s h y p o in s u l in e m ia  r e s u l t  in  h y p e rg ly c e m ia ?  H in t: W h a t  is  th e  ro le  

o f  in s u l in  in  g lu c o s e  m e ta b o l is m ?

Q 2 . W h y  is  th e re  g lu c o s e  in  M W ’s u r in e  (g lu c o s u r ia )?  H o w  is  th e  g lu c o s u r ia  

r e la te d  to  h e r  d e h y d ra te d  s ta te ?

Q 3 . W h y  is  th e  m a jo r i ty  o f  th e  a c e ty l  C o A  f ro m  F A  p -o x id a tio n  b e in g  u s e d  fo r  

k e to g e n e s is  r a th e r  th a n  b e in g  o x id iz e d  in  th e  t r ic a rb o x y lic  a c id  c y c le ?

Q 4 .  W a s  M W  in  p o s i t iv e  o r  n e g a t iv e  n i t r o g e n  b a la n c e  w h e n  sh e  w a s  b r o u g h t  to  

th e  h o s p ita l?

Q 5 . W h a t  r e s p o n s e  to  th e  D K A  is  a p p a re n t  in  M W ?  W h a t  r e s p o n s e  is  l ik e ly  

o c c u r r in g  in  th e  k id n e y ?  H in t: In  a d d i t io n  to  c o n v e r s io n  to  u re a , h o w  is  

to x ic  a m m o n ia  r e m o v e d  f ro m  th e  b o d y ?

Q 6 . W h a t  w o u ld  b e  tru e  a b o u t  th e  le v e ls  o f  k e to n e  b o d ie s  a n d  g lu c o s e  d u r in g  

p e r io d s  o f  p h y s io lo g ic  s tre s s  in  in d iv id u a ls  w i th  im p a ire d  F A  o x id a tio n ?

Case 4: Hypoglycemia, Hyperketonemia, and 
Liver Dysfunction

P a tie n t  P re s e n ta t io n :  A K , a  5 9 -y e a r -o ld  m a le  w i th  s lu r re d  sp e e c h , a ta x ia  ( lo s s  o f  

s k e le ta l  m u s c le  c o o rd in a t io n ) ,  a n d  a b d o m in a l  p a in , w a s  d ro p p e d  o f f  a t  th e



E m e rg e n c y  D e p a r tm e n t  (E D ).

F o c u s e d  H is to ry : A K  is  k n o w n  to  th e  E D  s ta f f  f ro m  p re v io u s  v is i ts .  H e  h a s  a  6- 

y e a r  h is to ry  o f  c h ro n ic ,  e x c e s s iv e  a lc o h o l  c o n s u m p tio n .  H e  is  n o t  k n o w n  to  ta k e  

i l l ic i t  d ru g s . A t  th is  E D  v is it ,  A K  re p o r ts  th a t  h e  h a s  b e e n  d r in k in g  h e a v i ly  in  th e  

p a s t  d a y  o r  so . H e  c a n n o t  re c a l l  h a v in g  e a te n  a n y th in g  in  th a t  t im e . T h e re  is  

e v id e n c e  o f  r e c e n t  v o m it in g ,  b u t  n o  b lo o d  is  a p p a re n t .

P h y s ic a l  E x a m in a t io n  (P e r t in e n t  F in d in g s ) :  T h e  p h y s ic a l  e x a m in a t io n  w a s  

r e m a rk a b le  fo r  A K ’s e m a c ia te d  a p p e a ra n c e . (H is  b o d y  m a s s  in d e x  w a s  la te r  

d e te rm in e d  to  b e  1 7 .5 , w h ic h  p u t  h im  in  th e  u n d e rw e ig h t  c a te g o ry .)  H is  fa c ia l  

c h e e k s  w e re  e ry th e m a to u s  ( re d  in  c o lo r )  d u e  to  d ila te d  b lo o d  v e s s e ls  in  th e  sk in  

( te la n g ie c ta s ia ) .  E y e  m o v e m e n t  w a s  n o rm a l.  N e ith e r  ic te ru s  ( ja u n d ic e )  n o r  

e d e m a  ( s w e l l in g  d u e  to  f lu id  re te n tio n )  w a s  se e n . T h e  l iv e r  w a s  s l ig h t ly  

e n la rg e d . B e d s id e  te s ts  r e v e a le d  h y p o g ly c e m ia  a n d  h y p e rk e to n e m ia  (as  

a c e to a c e ta te ) .  B lo o d  w a s  d ra w n  a n d  s e n t  to  th e  c l in ic a l  la b o ra to ry .

P e r t in e n t  T e s t  R e su lts :

Patient Reference Range

Ethanol 180 mg/dl (H) (>80 considered positive for DUI)
Glucose 58 mg/dl (L) 70-99
Lactate 23 mg/dl (H) 5-15
Uric acid 7.0 mg/dl 2.5-8.0
3-Hydroxybutyrate 50 mg/dl (H) 0-3.0
Total bilirubin 1.5 mg/dl (H) 0.3-1.0
Direct (conjugated) bilirubin 0.5 mg/dl (H) 0.1-0.3
Albumin 3.0 g/dl (L) 3.5-5.8
Aspartate transaminase (AST) 130 U/l (H) 0-35
Alanine transaminase (ALT) 75 U/l (H) 0-35
Prothrombin time 15.5 s (H) 11.0-13.2

DUI = driving under the influence; H = High; L = Low.

A d d it io n a l  T e s ts :  C o m p le te  b lo o d  c o u n t  (C B C )  a n d  b lo o d  s m e a r  r e v e a le d  a  

m a c ro c y tic  a n e m ia  (s e e  r ig h t  im a g e ) .  F o la te  a n d  B 12 le v e ls  w e re  o rd e re d .



D ia g n o s is :  A K  is  d ia g n o s e d  w ith  a lc o h o lism .

T re a tm e n t  ( Im m e d ia te ) :  T h ia m in e  a n d  g lu c o s e  w e re  g iv e n  in t r a v e n o u s ly .

P ro g n o s is :  A lc o h o l is m  (a lc o h o l d e p e n d e n c e )  is  th e  th i rd  m o s t  c o m m o n  c a u s e  o f  

p re v e n ta b le  d e a th  in  th e  U n ite d  S ta te s . P e o p le  w i th  a lc o h o lis m  a re  a t  in c re a s e d  

r is k  fo r  l iv e r  c ir rh o s is ,  p a n c re a ti t is ,  g a s tro in te s t in a l  b le e d in g ,  a n d  s o m e  c a n c e rs .

N u tr i t io n  N u g g e t:  T h o s e  w i th  a lc o h o lis m  a re  a t  r i s k  fo r  v i ta m in  

d e f ic ie n c ie s  a s  a  r e s u l t  o f  d e c re a s e d  in ta k e  a n d  a b s o rp tio n . T h ia m in e  

(v ita m in  B 1) d e f ic ie n c y  is  c o m m o n  a n d  c a n  h a v e  s e r io u s  c o n s e q u e n c e s  

s u c h  as  W e rn ic k e -K o r s a k o f f  s y n d ro m e  w ith  its  n e u ro lo g ic  e f fe c ts .



T h ia m in e  p y r o p h o s p h a te  (T P P ) , th e  c o e n z y m e  fo rm , is  r e q u ire d  fo r  th e  

dehydrogenase-m ediated  o x id a t io n  o f  a - k e to  a c id s  ( s u c h  a s  p y ru v a te )  as  

w e l l  a s  th e  t r a n s fe r  o f  tw o -c a rb o n  k e to l  g ro u p s  b y  transketolase  in  th e  

r e v e r s ib le  s u g a r  in te rc o n v e r s io n s  in  th e  p e n to s e  p h o s p h a te  p a th w a y .

G e n e tic s  G e m : A c e ta ld e h y d e ,  th e  p ro d u c t  o f  e th a n o l  o x id a t io n  b y  th e  

h e p a t ic ,  c y to so l ic ,  n ic o t in a m id e  a d e n in e  d in u c le o t id e  (N A D + )-re q u ir in g  

e n z y m e  alcohol dehydrogenase (ADH), is  o x id iz e d  to  a c e ta te  b y  th e  

m ito c h o n d r ia l ,  N A D + -re q u ir in g  aldehyde dehydrogenase (ALDH 2). T h e  

m a jo r i ty  o f  in d iv id u a ls  o f  E a s t  A s ia n  (b u t  n o t  E u ro p e a n  o r  A f r ic a n )  

h e r i ta g e  h a v e  a  s in g le  n u c le o t id e  p o ly m o rp h is m  (S N P ) th a t  r e n d e r s  A L D H 2  
e s s e n tia l ly  in a c tiv e . T h is  re s u lts  in  a ld e h y d e - in d u c e d  fa c ia l  f lu s h in g  a n d  

m ild  to  m o d e ra te  in to x ic a t io n  a f te r  c o n s u m p tio n  o f  s m a l l  a m o u n ts  o f  

e th a n o l.

Review Questions: Choose the ONE best 
answer.

LQ1. M a n y  o f  th e  m e ta b o l ic  c o n s e q u e n c e s  o f  c h ro n ic  e x c e s s iv e  a lc o h o l

c o n s u m p tio n  s e e n  in  A K  a re  th e  r e s u l t  o f  a n  in c re a s e  in  th e  ra t io  o f  

r e d u c e d  n ic o t in a m id e  a d e n in e  d in u c le o t id e  (N A D H )  to  its  o x id iz e d  fo rm  

(N A D + ) in  b o th  th e  c y to p la s m  a n d  m ito c h o n d r ia .  W h ic h  o f  th e  fo llo w in g  

s ta te m e n ts  c o n c e rn in g  th e  e f fe c ts  o f  th e  r is e  in  m i to c h o n d r ia l  N A D H  is  

c o r re c t?

A . F a tty  a c id  o x id a t io n  is  in c re a s e d .

B . G lu c o n e o g e n e s is  is  in c re a s e d .

C . L ip o ly s is  is  in h ib ite d .

D . T h e  t r ic a rb o x y lic  a c id  c y c le  is  in h ib ite d .

E . T h e  r e d u c t io n  o f  m a la te  to  o x a lo a c e ta te  in  th e  m a la te - a s p a r ta te  s h u tt le  

is  in c re a s e d .

[Q 2. E th a n o l  c a n  a lso  b e  o x id iz e d  b y  c y to c h ro m e  P 4 5 0  (C Y P )  e n z y m e s , a n d  

C Y P 2 E 1  is  a n  im p o r ta n t  e x a m p le . C Y P 2 E 1 , w h ic h  is  e th a n o l  in d u c ib le ,  

g e n e ra te s  r e a c t iv e  o x y g e n  s p e c ie s  (R O S )  in  its  m e ta b o l is m  o f  e th a n o l.



W h ic h  o f  th e  fo llo w in g  s ta te m e n ts  c o n c e rn in g  th e  C Y P  p ro te in s  is  c o r re c t?

A . C Y P  p ro te in s  a re  h e m e -c o n ta in in g  d io x y g e n a s e s .

B . C Y P  p ro te in s  o f  th e  in n e r  m i to c h o n d r ia l  m e m b ra n e  a re  in v o lv e d  in  

d e to x if ic a t io n  re a c tio n s .

C . C Y P  p ro te in s  o f  th e  s m o o th  e n d o p la s m ic  r e t ic u la r  m e m b ra n e  a re  

in v o lv e d  in  th e  s y n th e s is  o f  s te ro id  h o rm o n e s , b i le  a c id s , a n d  c a lc it r io l .

D . R O S  s u c h  a s  h y d ro g e n  p e ro x id e  g e n e ra te d  b y  C Y P 2 E 1  c a n  b e  o x id iz e d  

b y  g lu ta th io n e  p e ro x id a s e .

E . T h e  p e n to s e  p h o s p h a te  p a th w a y  is  a n  im p o r ta n t  s o u rc e  o f  th e  

n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te  (N A D P H )  th a t  p ro v id e s  

th e  r e d u c in g  e q u iv a le n ts  n e e d e d  fo r  a c t iv i ty  o f  C Y P  p ro te in s  a n d  th e  

r e g e n e ra t io n  o f  f u n c t io n a l  g lu ta th io n e .

[Q 3. A lc o h o l  is  k n o w n  to  m o d u la te  th e  le v e ls  o f  s e ro to n in  in  th e  c e n tra l  n e rv o u s  

sy s te m , w h e re  th e  m o n o a m in e  fu n c t io n s  as  a  n e u ro tra n s m it te r .  W h ic h  o f  

th e  fo llo w in g  s ta te m e n ts  a b o u t  s e ro to n in  is  c o r re c t?  S e ro to n in  is:

A . a s s o c ia te d  w i th  a n x ie ty  a n d  d e p re s s io n .

B . d e g ra d e d  v ia  m e th y la t io n  b y  m o n o a m in e  o x id a se , w h ic h  a lso  d e g ra d e s  

th e  c a te c h o la m in e s .

C . re le a s e d  b y  a c t iv a te d  p la te le ts .

D . s y n th e s iz e d  f ro m  ty ro s in e  in  a  tw o -s te p  p ro c e s s  th a t  u t i l iz e s  a  

te t r a h y d ro b io p te r in - r e q u ir in g  h y d ro x y la s e  a n d  a  p y r id o x a l  p h o s p h a te -  

r e q u ir in g  c a rb o x y la s e .

LQ4. C h ro n ic ,  e x c e s s iv e  c o n s u m p tio n  o f  a lc o h o l  is  a  le a d in g  c a u s e  o f  a c u te  

p a n c re a ti t is ,  a  p a in fu l  in f la m m a to ry  c o n d i t io n  th a t  r e s u lts  f ro m  

a u to d ig e s t io n  o f  th e  g la n d  b y  p r e m a tu re  a c t iv a t io n  o f  p a n c re a t ic  e n z y m e s . 

W h ic h  o f  th e  fo llo w in g  s ta te m e n ts  c o n c e rn in g  th e  p a n c re a s  is  c o r re c t?

A . A u to d ig e s t io n  o f  th e  p a n c re a s  w o u ld  b e  e x p e c te d  to  r e s u l t  in  a  d e c re a s e  

in  p a n c re a t ic  p ro te in s  in  th e  b lo o d .

B . In  in d iv id u a ls  w h o  p ro g re s s  f ro m  a c u te  to  c h ro n ic  p a n c re a t i t is ,  w ith  th e  

c h a ra c te r is t ic  s t ru c tu ra l  c h a n g e s  th a t  r e s u l t  in  d e c re a s e d  p a n c re a t ic  

fu n c t io n , d ia b e te s  a n d  s te a to r rh e a  a re  e x p e c te d  f in d in g s .

C . In  r e s p o n s e  to  s e c re t in ,  th e  e x o c r in e  p a n c re a s  s e c re te s  p ro to n s  to  lo w e r  

th e  p H  in  th e  in te s t in a l  lu m e n .

D . P a n c re a ti t is  m a y  a lso  b e  s e e n  in  in d iv id u a ls  w ith  h y p e rc h o le s te ro le m ia .



Thought Questions

Q 1 . A . W h a t  e f f e c t  d o e s  th e  r is e  in  c y to s o l ic  N A D H  s e e n  w ith  e th a n o l 

m e ta b o l is m  h a v e  o n  g ly c o ly s is ?  H in t: W h a t  c o e n z y m e  is  r e q u ire d  in  

g ly c o ly s is ?

B . H o w  d o e s  th is  re la te  to  th e  fa t ty  l iv e r  (h e p a t ic  s te a to s is )  c o m m o n ly  s e e n  

in  a lc o h o l-d e p e n d e n t  in d iv id u a ls ?

Q 2 . W h y  m ig h t  in d iv id u a ls  w i th  a  h is to ry  o f  g o u ty  a t ta c k s  b e  a d v is e d  to  r e d u c e  

th e ir  c o n s u m p tio n  o f  e th a n o l?

Q 3 . W h y  m ig h t  p ro th ro m b in  t im e  b e  a f f e c te d  in  a lc o h o l-d e p e n d e n t  in d iv id u a ls ?

Q 4 .  F o la te  a n d  v i ta m in  B 12 d e f ic ie n c ie s  c a u s e  a  m a c ro c y tic  a n e m ia  th a t  m a y  b e  

s e e n  in  th o s e  w i th  a lc o h o lis m . W h y  is  i t  a d v is a b le  to  m e a s u re  v i ta m in  B 12 

le v e ls  b e fo re  s u p p le m e n tin g  w ith  fo la te  in  a n  in d iv id u a l  w i th  m a c ro c y tic  

a n e m ia ?

Integrative Case Answers

Case 1: Answers to Review Questions

R Q 1 .A n s w e r  = B . P h o s p h a t id y lc h o lin e  is  a  g ly c e ro l-b a s e d  p h o s p h o lip id  d e r iv e d  

f ro m  d ia c y lg ly c e ro l  p h o s p h a te  (p h o s p h a t id ic  a c id )  a n d  c y t id in e  d ip h o s p h a te -  

c h o lin e . G a n g lio s id e s  a re  d e r iv e d  f ro m  c e ra m id e s ,  l ip id s  w ith  a  s p h in g o s in e  

b a c k b o n e . P ro s ta g la n d in s  o f  th e  2 s e r ie s  ( s u c h  a s  P G I 2) a re  d e r iv e d  f ro m  th e  2 0 - 

c a rb o n  p o ly u n s a tu r a te d  fa t ty  a c id  a ra c h id o n ic  a c id . S p h in g o m y e lin  is  a  

s p h in g o p h o s p h o lip id  d e r iv e d  f ro m  c e ra m id e . V ita m in  D  is  d e r iv e d  f ro m  a n  

in te rm e d ia te  in  th e  b io s y n th e t ic  p a th w a y  fo r  th e  s te ro l  c h o le s te ro l .

R Q 2 .A n s w e r  = A . S ta t in s  in h ib i t  h y d ro x y m e th y lg lu ta ry l  c o e n z y m e  A  (H M G  

C o A )  re d u c ta s e ,  th e re b y  p re v e n t in g  th e  n ic o t in a m id e  a d e n in e  d in u c le o t id e  

p h o s p h a te  (N A D P H )-d e p e n d e n t  r e d u c t io n  o f  H M G  C o A  to  m e v a lo n a te  a n d  

d e c re a s in g  c h o le s te ro l  b io s y n th e s is  (s e e  f ig u re  b e lo w ) .  T h e  d e c re a s e  in  

c h o le s te ro l  c o n te n t  c a u s e d  b y  s ta t in s  r e s u lts  in  m o v e m e n t  o f  th e  s te ro l  r e g u la to ry



e le m e n t - b in d in g  p ro te in -2  (S R E B P -2 )  in  c o m p le x  w ith  S R E B P  c le a v a g e 

a c t iv a t in g  p ro te in  (S C A P )  f ro m  th e  e n d o p la s m ic  r e t ic u la r  m e m b ra n e  to  th e  G o lg i  

m e m b ra n e .  S R E B P -2  is  c le a v e d , g e n e ra t in g  a  t r a n s c r ip t io n  fa c to r  th a t  m o v e s  to  

th e  n u c le u s  a n d  b in d s  to  th e  s te ro l  r e g u la to ry  e le m e n t  u p s tr e a m  o f  th e  g e n e s  fo r  

H M G  C o A  re d u c ta s e  a n d  th e  lo w -d e n s i ty  l ip o p ro te in  (L D L )  re c e p to r ,  in c re a s in g  

th e ir  e x p re s s io n . H u m a n s  a re  u n a b le  to  d e g ra d e  th e  s te ro id  n u c le u s  to  C O 2 +

H 2O . B ile  a c id  (B A ) s e q u e s tra n ts ,  s u c h  as  c h o le s ty ra m in e ,  p r e v e n t  th e

a b s o rp t io n  o f  b i le  s a lts  b y  th e  l iv e r , th e re b y  in c re a s in g  th e ir  e x c re tio n . T h e  l iv e r  

th e n  ta k e s  u p  c h o le s te ro l  v ia  th e  L D L  re c e p to r  a n d  u s e s  i t  to  m a k e  B A , th e re b y  

re d u c in g  b lo o d  c h o le s te ro l  le v e ls .  S te ro id  h o rm o n e s  a re  s y n th e s iz e d  f ro m  

c h o le s te ro l ,  a n d  v i ta m in  D  is  s y n th e s iz e d  in  s k in  f ro m  a n  in te rm e d ia te  (7 - 

d e h y d ro c h o le s te ro l)  in  th e  c h o le s te ro l  b io s y n th e t ic  p a th w a y . T h e re fo re ,  

in h ib i t io n  o f  c h o le s te ro l  s y n th e s is  w o u ld  b e  e x p e c te d  to  d e c re a s e  th e ir  

p ro d u c t io n  a s  w e ll .



2 Acetyl CoA

\ ^  CoA

Acetoacetyl CoA (4 C)

Acetyl CoA

HMG CoA (6 C)

2 NADPH + 2 H+^

CoA

2 NADP4
HMG CoA reductase 
^  Statins

Mevalonate (6 C)
3 ATP 

3 ADP + P;

(5 C) Isopentenyl pyrophosphate <—►  Dir

F *

COc

Dimethylallyl pyrophosphate (5 C)

PP;

Geranyl pyrophosphate (10 C)

Isopentenyl pyrophosphate

’b ppi

Farnesyl pyrophosphate (15 C) - - - ►  Ubiquinone, dolichol

;>

2 PP;

Farnesyl pyrophosphate 

NADPH + H+

NADP+
Squalene (30 C)

NADPH + H+

NADP+ j 

Lanosterol (30 C) (cyclic)

I
7-Dehydrocholesterol —

prénylation of proteins

sunlight
- ►  Vitamin D

Cholic acid __ 7-g-hydroxylase 

(bile acid) £ B ileac ids

\
Cholesterol (27 C ) ------ ►  Steroid hormones

R Q 3 .A n s w e r  = C . C o m p e ti t iv e  in h ib ito rs  b in d  to  th e  s a m e  s ite  as  th e  s u b s tra te  

(S ) a n d  p r e v e n t  th e  S f ro m  b in d in g . T h is  re s u lts  in  a n  in c re a s e  in  th e  a p p a re n t  

K m (M ic h a e lis  c o n s ta n t ,  o r  th a t  S c o n c e n tra t io n  th a t  g iv e s  o n e  h a l f  o f  th e  

m a x im a l  v e lo c i ty  [V max]). H o w e v e r ,  b e c a u s e  th e  in h ib i t io n  c a n  b e  r e v e r s e d  b y  

a d d in g  a d d i t io n a l  s u b s tra te ,  th e  V max is  u n c h a n g e d  (s e e  f ig u re  a t  r ig h t) .  I t  is  

n o n c o m p e ti t iv e  in h ib i to r s  th a t  d e c re a s e  th e  a p p a re n t  V max a n d  h a v e  n o  e f f e c t  o n

K m*



R Q 4 .A n s w e r  = F . T is s u e  p la s m in o g e n  a c t iv a to r  (T P A )  c o n v e r ts  p la s m in o g e n  to  

p la s m in  th a t  d e g ra d e s  f ib r in  ( f ib r in o ly s is ) ,  th e re b y  d e g ra d in g  th e  c lo t  

( th ro m b o ly s is ) .  A s p ir in ,  a n  in h ib i to r  o f  c y c lo o x y g e n a s e ,  is  a n  a n t ip la te le t  d ru g . 

A n ti th ro m b in  I II  (A T II I )  r e m o v e s  th ro m b in  f ro m  th e  b lo o d , a n d  its  a c t io n  is  

p o te n t ia te d  b y  h e p a r in .  A c tiv a te d  p ro te in  C  (A P C )  c o m p le x  c le a v e s  th e  

a c c e s s o ry  p ro te in s  fa c to r  (F )V a  a n d  F V II Ia .  A T I I I  a n d  A P C  a re  in v o lv e d  in  

a n t ic o a g u la tio n .  F X I I I  is  a  t r a n s g lu ta m in a s e  th a t  c ro s s - l in k s  th e  f ib r in  

m e s h w o rk .  V ita m in  K  is  a  fa t - s o lu b le  v i ta m in  r e q u i re d  fo r  th e  Y -c a rb o x y la tio n  o f  

F II , F V II , F IX , a n d  F X . W a r fa r in  p re v e n ts  r e g e n e ra t io n  o f  th e  fu n c t io n a l ,  

r e d u c e d  fo rm  o f  v i ta m in  K .

R Q 5 .A n s w e r  = D . In  h y p o x ia ,  s u b s t r a te - le v e l  p h o s p h o ry la t io n  in  g ly c o ly s is  

p ro v id e s  A T P . O x id a t iv e  p h o s p h o ry la t io n  is  in h ib i te d  b y  th e  la c k  o f  O 2. B e c a u s e  

th e  r a te  o f  A T P  s y n th e s is  b y  o x id a tiv e  p h o s p h o ry la t io n  c o n tro ls  th e  ra te  o f  

c e l lu la r  r e s p ira t io n , e le c tro n  t r a n s p o r t  is  in h ib ite d . T h e  r e s u l t in g  r is e  in  th e  ra t io  

o f  th e  r e d u c e d  fo rm  o f  n ic o t in a m id e  a d e n in e  d in u c le o t id e  (N A D H )  to  th e  

o x id iz e d  fo rm  (N A D + ) in h ib its  th e  t r ic a rb o x y lic  a c id  c y c le  a n d  th e  p y ru v a te  

d e h y d ro g e n a s e  c o m p le x .

R Q 6 .A n s w e r  = D . F lu o re s c e n t ly  la b e le d  n u c le o t id e s  a l lo w  th e  b a s e  s e q u e n c e  o f  

th e  D N A  o f  in te r e s t  to  b e  d e te rm in e d . C o m p le m e n ta ry  D N A  (c D N A ) is



g e n e ra te d  f ro m  p ro c e s s e d  m e s s e n g e r  R N A  a n d  w o u ld  n o t  c o n ta in  th e  p ro m o te r .  

D id e o x y n u c le o t id e s  la c k  th e  3 '-O H  n e e d e d  to  fo rm  th e  3 '^ 5 '- p h o s p h o d i e s t e r  

b o n d  th a t  jo in s  th e  n u c le o t id e s  a n d , th u s , w il l  te rm in a te  D N A  s y n th e s is .  

G e n o m ic  D N A  o b ta in e d  f ro m  w h ite  c e l ls  is o la te d  f ro m  a  b lo o d  s a m p le  w o u ld  b e  

th e  s o u rc e  o f  th e  D N A .

Case 1: Answers to Thought Questions

T Q l .T h e  p h e n o ty p e  w o u ld  b e  th e  s a m e . In  f a m il ia l  d e fe c t iv e  a p o l ip o p ro te in  

(a p o )  B -1 0 0 , L D L  re c e p to r s  a re  n o rm a l  in  n u m b e r  a n d  fu n c t io n , b u t  th e  l ig a n d  

fo r  th e  re c e p to r  is  a l te re d  s u c h  th a t  b in d in g  to  th e  r e c e p to r  is  d e c re a s e d . 

D e c re a s e d  l i g a n d - r e c e p to r  b in d in g  r e s u lts  in  in c r e a s e d  le v e ls  o f  L D L  in  th e  

b lo o d  w ith  h y p e rc h o le s te ro le m ia .  [N o te : T h e  p h e n o ty p e  w o u ld  b e  th e  s a m e  in  

in d iv id u a ls  w ith  a  g a in -o f - fu n c t io n  m u ta t io n  to  P C S K 9 , th e  p ro te a s e  th a t  

d e c re a s e s  r e c y c l in g  o f  th e  L D L  re c e p to r ,  th e re b y  in c re a s in g  its  d e g ra d a tio n .]  

W ith  th e  a p o  E -2  is o fo rm , c h o le s te ro l- r ic h  c h y lo m ic ro n  r e m n a n ts  a n d  

in te rm e d ia te -d e n s i ty  l ip o p ro te in s  w o u ld  a c c u m u la te  in  b lo o d .

T Q 2 .A s p ir in  i r r e v e r s ib ly  in h ib its  c y c lo o x y g e n a s e  (C O X ) a n d , th e re fo re ,  th e  

s y n th e s is  o f  p ro s ta g la n d in s  (P G ), s u c h  a s  P G I2 in  v a s c u la r  e n d o th e l ia l  c e l ls ,  a n d  

th ro m b o x a n e s  (T X ), s u c h  a s  T X A 2 in  a c t iv a te d  p la te le ts .  T X A 2 p ro m o te s  

v a s o c o n s tr ic t io n  a n d  fo rm a t io n  o f  a  p la te le t  p lu g , w h e re a s  P G I2 in h ib i ts  th e s e  

e v e n ts . B e c a u s e  p la te le ts  a re  a n u c le a te ,  th e y  c a n n o t  o v e rc o m e  th is  in h ib i t io n  b y  

s y n th e s iz in g  m o re  C O X . H o w e v e r ,  e n d o th e l ia l  c e l ls  h a v e  a  n u c le u s .  A sp ir in ,  

th e n , in h ib its  fo rm a t io n  o f  b lo o d  c lo ts  b y  p re v e n t in g  p r o d u c t io n  o f  T X A 2 fo r  th e  

l i f e  o f  th e  p la te le t .

T Q 3 .T h e  d e c re a s e  in  A T P  (a s  th e  r e s u l t  o f  a  d e c re a s e  in  O 2 a n d , th u s , a  d e c re a s e  

in  o x id a t iv e  p h o s p h o ry la t io n )  c a u s e s  a n  in c re a s e  in  a d e n o s in e  m o n o p h o s p h a te  

(A M P ) . A M P  a l lo s te r ic a l ly  a c t iv a te s  p h o s p h o f ru c to k in a s e -1 ,  th e  k e y  r e g u la te d  

e n z y m e  o f  g ly c o ly s is .  T h e  r is e  in  g ly c o ly s is  in c re a s e s  th e  p ro d u c t io n  o f  A T P  b y  

s u b s t r a te - le v e l  p h o s p h o ry la t io n .  I t  a lso  in c re a s e s  th e  ra t io  o f  th e  r e d u c e d  to  

o x id iz e d  fo rm s  o f  N A D . U n d e r  a n a e ro b ic  c o n d it io n s ,  p y ru v a te  p ro d u c e d  in  

g ly c o ly s is  is  r e d u c e d  to  la c ta te  b y  la c ta te  d e h y d ro g e n a s e  a s  N A D H  is  o x id iz e d  to  

N A D + . N A D +  is  r e q u i re d  fo r  c o n t in u e d  g ly c o ly s is .  B e c a u s e  f e w e r  A T P  

m o le c u le s  a re  p ro d u c e d  p e r  m o le c u le  o f  s u b s t r a te  in  s u b s t r a te - le v e l  

p h o s p h o ry la t io n  r e la t iv e  to  o x id a t iv e  p h o s p h o ry la t io n ,  th e re  is  a  c o m p e n s a to ry  

in c re a s e  in  th e  ra te  o f  g ly c o ly s is  u n d e r  a n a e ro b ic  c o n d it io n s .



T Q 4 .H ig h -d e n s i ty  l ip o p ro te in  (H D L )  fu n c t io n s  in  r e v e r s e  c h o le s te ro l  tr a n sp o r t .  

I t  ta k e s  c h o le s te ro l  f ro m  n o n h e p a t ic  (p e r ip h e ra l)  t i s s u e s  ( fo r  e x a m p le , th e  

e n d o th e l ia l  la y e r  o f  a r te r ie s )  a n d  b r in g s  i t  to  th e  l iv e r  ( s e e  f ig u re  o n  th e  n e x t  

p a g e ) .  T h e  A B C A 1  tr a n s p o r te r  m e d ia te s  th e  e f f lu x  o f  c h o le s te ro l  to  H D L . T h e  

c h o le s te ro l  is  e s te r i f ie d  b y  e x tr a c e l lu la r  l e c i th in - c h o le s te r o l  a c y l tr a n s fe ra s e  

(L C A T )  th a t  re q u ire s  a p o  A -1  a s  a  c o e n z y m e . S o m e  c h o le s te ry l  e s te r  is  

t r a n s f e r r e d  to  v e ry - lo w -d e n s i ty  l ip o p ro te in s  (V L D L )  b y  c h o le s te ry l  e s te r  tr a n s fe r  

p ro te in  (C E T P )  in  e x c h a n g e  fo r  tr ia c y lg ly c e ro l .  T h e  r e m a in d e r  is  ta k e n  u p  b y  a  

s c a v e n g e r  r e c e p to r  (S R -B 1 )  o n  th e  s u r fa c e  o f  h e p a to c y te s .  T h e  l iv e r  c a n  u s e  th e  

c h o le s te ro l  f ro m  H D L  in  th e  s y n th e s is  o f  b i le  a c id s . R e m o v a l  o f  c h o le s te ro l  f ro m  

e n d o th e l ia l  c e l ls  p r e v e n ts  its  a c c u m u la t io n  (a s  c h o le s te ro l  o r  c h o le s te ry l  e s te r) ,  

d e c re a s in g  th e  r is k  o f  h e a r t  d is e a se . [N o te : In  c o n tra s t ,  L D L  c a r r ie s  c h o le s te ro l  

f ro m  th e  l iv e r  to  p e r ip h e ra l  t i s s u e s  o r  b a c k  to  th e  l iv e r .]

Case 2: Answers to Review Questions

R Q l .A n s w e r  = A . D e f ic ie n c y  o f  g lu c o s e  6 -p h o s p h a ta s e  p r e v e n ts  th e  g lu c o s e  6- 

p h o s p h a te  g e n e ra te d  b y  g ly c o g e n o ly s is  a n d  g lu c o n e o g e n e s is  f ro m  b e in g  

d e p h o s p h o ry la te d  a n d  r e le a s e d  in to  th e  b lo o d  (s e e  f ig u re  b e lo w ) . B lo o d  g lu c o s e  

le v e ls  fa ll , a n d  a  s e v e re , f a s t in g  h y p o g ly c e m ia  re s u lts .  [N o te : J S ’s s y m p to m s  

a p p e a re d  o n ly  re c e n t ly  b e c a u s e , a t  a g e  4  m o n th s ,  h is  f e e d in g s  a re  le s s  f re q u e n t .]



H y p o g ly c e m ia  s t im u la te s  re le a s e  o f  g lu c a g o n , w h ic h  le a d s  to  p h o s p h o ry la t io n  

a n d  a c t iv a t io n  o f  g ly c o g e n  p h o s p h o ry la s e  k in a s e  th a t  p h o s p h o ry la te s  a n d  

a c t iv a te s  g ly c o g e n  p h o s p h o ry la s e .  E p in e p h r in e  is  a lso  re le a s e d  a n d  le a d s  to  

p h o s p h o ry la t io n  a n d  a c t iv a t io n  o f  h o rm o n e -s e n s i t iv e  l ip a s e . H o w e v e r ,  ty p ic a l  

fa t ty  a c id s  (F A ) c a n n o t  s e rv e  a s  s u b s t ra te s  fo r  g lu c o n e o g e n e s is .  T h e  g lu c o s e  

t r a n s p o r te r s  in  th e  l iv e r  a n d  k id n e y s  a re  in s u l in  in s e n s it iv e .

Glycogen Glucose precursors

G L Y C O G E N O L Y S IS  ^  ^  G L U C O N E O G E N E S IS

Glucose 6-phosphate

|G /u co se  6-phosphatase

Glucose

R Q 2 .A n s w e r  = C . V ita m in  D  is  a  f a t - s o lu b le  v i ta m in  th a t  fu n c t io n s  a s  a  s te ro id  

h o rm o n e . In  c o m p le x  w ith  its  in t r a c e l lu la r  n u c le a r  re c e p to r ,  i t  in c re a s e s  

tr a n s c r ip t io n  o f  th e  g e n e  fo r  c a lb in d in , a  c a lc iu m  (C a 2+) t r a n s p o r te r  p ro te in  in  th e  

in te s t in e  (s e e  f ig u re  a t  r ig h t) .  V ita m in  D  d o e s  n o t  b in d  to  a  m e m b ra n e  re c e p to r  

a n d  d o e s  n o t  p ro d u c e  s e c o n d  m e s s e n g e rs .  I t  c a n  b e  s y n th e s iz e d  in  th e  s k in  b y  th e  

a c t io n  o f  u l t r a v io le t  l ig h t  o n  a n  in te rm e d ia te  o f  c h o le s te ro l  s y n th e s is ,  7- 

d e h y d ro c h o le s te ro l .  O f  th e  fa t - s o lu b le  v i ta m in s  (A , D , E , a n d  K ), o n ly  K  

fu n c t io n s  as  a  c o e n z y m e .



R Q 3 .A n s w e r  = C . G lu c o s e  6 -p h o s p h a te  is  a  p o s i t iv e  a l lo s te r ic  e f f e c to r  o f  th e  

c o v a le n tly  in h ib i te d  (p h o s p h o ry la te d )  g ly c o g e n  s y n th a s e  b . W ith  th e  r is e  in  

g lu c o s e  6 -p h o s p h a te ,  g ly c o g e n  s y n th e s is  is  a c t iv a te d , a n d  g ly c o g e n  s to re s  a re  

in c re a s e d  in  b o th  th e  l iv e r  a n d  th e  k id n e y s . T h e  in c re a s e d  a v a i la b i l i ty  o f  g lu c o s e  

6 -p h o s p h a te  a lso  d r iv e s  g ly c o ly s is .  T h e  in c re a s e  in  g ly c o ly s is  p ro v id e s  

s u b s t ra te s  fo r  l ip o g e n e s is ,  th e re b y  in c re a s in g  s y n th e s is  o f  F A  a n d  

t r ia c y lg ly c e ro ls  (T A G ). In  h y p o g ly c e m ia ,  th e  in s u l in /g lu c a g o n  ra t io  is  lo w , n o t  

h ig h .



R Q 4 .A n s w e r  = D . M e m b ra n e  p ro te in s  a re  in i t ia l ly  ta rg e te d  to  th e  e n d o p la s m ic  

r e t ic u lu m  (E R ) b y  a n  a m in o  te rm in a l  h y d r o p h o b ic  s ig n a l  s e q u e n c e . 

G ly c o s y la t io n  is  th e  m o s t  c o m m o n  p o s t t r a n s la t io n a l  m o d if ic a t io n  fo u n d  in  

p ro te in s .  T h e  g ly c o s y la te d  p o r t io n  o f  m e m b ra n e  p ro te in s  is  fo u n d  o n  th e  

e x tr a c e l lu la r  f a c e  o f  th e  m e m b ra n e .  T h e  m e m b ra n e - s p a n n in g  d o m a in  c o n s is ts  o f  

~ 2 2  h y d r o p h o b ic  a m in o  a c id s . P ro te in s  d e s t in e d  fo r  s e c re t io n  o r  fo r  m e m b ra n e s ,  

th e  E R  lu m e n , G o lg i, o r  ly s o s o m e s  a re  s y n th e s iz e d  o n  r ib o s o m e s  a s s o c ia te d  w ith  

th e  E R .

Case 2: Answers to Thought Questions

T Q l .T h e  tw itc h in g  is  th e  r e s u l t  o f  th e  a d re n e rg ic  r e s p o n s e  to  h y p o g ly c e m ia  a n d  

is  m e d ia te d  b y  th e  r is e  in  e p in e p h r in e . T h e  a d re n e rg ic  r e s p o n s e  in c lu d e s  t r e m o r  

a n d  s w e a tin g . N e u ro g ly c o p e n ia  ( im p a ire d  d e l iv e ry  o f  g lu c o s e  to  th e  b ra in )  

r e s u lts  in  im p a irm e n t  o f  b r a in  fu n c t io n  th a t  c a n  le a d  to  s e iz u re s ,  c o m a , a n d  

d e a th . N e u ro g ly c o p e n ic  s y m p to m s  d e v e lo p  i f  th e  h y p e rg ly c e m ia  p e rs is ts .  

T Q 2 .D e te rg e n ts  a re  a m p h ip a th ic  m o le c u le s  ( th a t  is , th e y  h a v e  b o th  h y d ro p h il ic  

[p o la r]  a n d  h y d ro p h o b ic  [n o n p o la r]  re g io n s ) .  D e te rg e n ts  s o lu b i l iz e  m e m b ra n e s ,  

th e re b y  d is ru p t in g  m e m b ra n e  s tru c tu re .  I f  th e  p ro b le m  w e re  th e  tr a n s lo c a s e  

n e e d e d  to  m o v e  th e  g lu c o s e  6 -p h o s p h a te  s u b s t r a te  in to  th e  E R , r a th e r  th a n  th e  

p h o s p h a ta s e ,  d is ru p t io n  o f  th e  E R  m e m b ra n e  w o u ld  a l lo w  th e  s u b s t r a te  a c c e s s  to  

th e  p h o s p h a ta s e .

T Q 3 .G lu c a g o n , a  p e p t id e  h o rm o n e  re le a s e d  f ro m  p a n c re a t ic  a  c e l ls  in  

h y p o g ly c e m ia ,  b in d s  its  p la s m a  m e m b ra n e  G  p r o te in - c o u p le d  r e c e p to r  o n  

h e p a to c y te s .  T h e  a s s u b u n it  o f  th e  a s s o c ia te d  t r im e r ic  G  p ro te in  is  a c t iv a te d  

(g u a n o s in e  d ip h o s p h a te  is  r e p la c e d  b y  g u a n o s in e  tr ip h o s p h a te ) ,  s e p a ra te s  f ro m  

th e  p a n d  y s u b u n its ,  a n d  a c t iv a te s  a d e n y ly l  c y c la s e  th a t  g e n e ra te s  c y c l ic  

a d e n o s in e  m o n o p h o s p h a te  (c A M P )  f ro m  A T P . c A M P  a c t iv a te s  p ro te in  k in a s e  A  

(P K A ) th a t  p h o s p h o ry la te s  a n d  a c t iv a te s  g ly c o g e n  p h o s p h o ry la s e  k in a se , w h ic h  

p h o s p h o ry la te s  a n d  a c t iv a te s  g ly c o g e n  p h o s p h o ry la s e .  T h e  p h o s p h o ry la s e  

d e g ra d e s  g ly c o g e n , g e n e ra t in g  g lu c o s e  1 -p h o s p h a te  th a t  is  c o n v e r te d  to  g lu c o s e  

6 -p h o s p h a te .  W ith  g lu c o s e  6 -p h o s p h a ta s e  d e f ic ie n c y , th e  d e g ra d a t iv e  p ro c e s s  

s to p s  h e re  (s e e  f ig u re  b e lo w ) .  C o n s e q u e n t ly ,  a d m in is tr a t io n  o f  g lu c a g o n  is  

u n a b le  to  c a u s e  a  r is e  in  b lo o d  g lu c o se . [N o te : E p in e p h r in e  w o u ld  b e  s im ila r ly  

in e f fe c tiv e .]
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T Q 4 .T h e  a v a i la b i l i ty  o f  in o rg a n ic  p h o s p h a te  (P t) is  d e c re a s e d  b e c a u s e  i t  is  

t r a p p e d  a s  p h o s p h o ry la te d  g ly c o ly t ic  in te rm e d ia te s  a s  a  r e s u l t  o f  th e  u p re g u la t io n  

o f  g ly c o ly s is  b y  th e  r is e  in  g lu c o s e  6 -p h o s p h a te .  U ra te  is  e le v a te d  b e c a u s e  th e  

tr a p p in g  o f  P j d e c re a s e s  th e  a b i l i ty  to  p h o s p h o ry la te  a d e n o s in e  d ip h o s p h a te  

(A D P )  to  A T P , a n d  th e  fa l l  in  A T P  c a u s e s  a  r is e  in  a d e n o s in e  m o n o p h o s p h a te  

(A M P ) . T h e  A M P  is  d e g ra d e d  to  u ra te . A d d it io n a l ly ,  th e  a v a i la b i l i ty  o f  g lu c o s e  

6 -p h o s p h a te  d r iv e s  th e  p e n to s e  p h o s p h a te  p a th w a y , r e s u l t in g  in  a  r is e  in  r ib o s e  

5 -p h o s p h a te  ( f ro m  r ib u lo s e  5 -p h o s p h a te )  a n d , c o n s e q u e n t ly ,  a  r is e  in  p u r in e  

s y n th e s is .  N ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te  (N A D P H )  a lso  r is e s . 

P u r in e s  m a d e  b e y o n d  n e e d  a re  d e g ra d e d  to  u ra te  ( s e e  f ig u re  o n  th e  n e x t  p a g e ) . 

[N o te : T h e  d e c re a s e  in  P i r e d u c e s  th e  a c t iv i ty  o f  g ly c o g e n  p h o s p h o ry la s e ,  

r e s u lt in g  in  in c re a s e d  s to ra g e  o f  g ly c o g e n  w ith  a  n o rm a l  s tru c tu re .]  L a c ta te  is  

e le v a te d  b e c a u s e  th e  d e c re a s e  in  p h o s p h o ry la t io n  o f  A D P  to  A T P  re s u lts  in  a  

d e c re a s e  in  c e l lu la r  r e s p ir a t io n  ( re s p ir a to ry  c o n tro l)  a s  a  r e s u l t  o f  th e s e  p ro c e s s e s  

b e in g  c o u p le d . A s  a  c o n s e q u e n c e ,  r e d u c e d  n ic o t in a m id e  a d e n in e  d in u c le o t id e  

(N A D H )  f ro m  g ly c o ly s is  c a n n o t  b e  o x id iz e d  b y  C o m p le x  I o f  th e  e le c tro n  

t r a n s p o r t  c h a in . In s te a d , i t  is  o x id iz e d  b y  c y to s o l ic  la c ta te  d e h y d ro g e n a s e  w i th  its  

c o e n z y m e  N A D H  a s  p y ru v a te  is  r e d u c e d  to  la c ta te .  [N o te : P y ru v a te  is  in c re a s e d



as  a  r e s u l t  o f  th e  in c re a s e  in  g ly c o ly s is .]  T h e  la c ta te  io n iz e s ,  r e le a s in g  p ro to n s  

(H +) a n d  le a d in g  to  a  m e ta b o l ic  a c id o s is  ( lo w  p H  c a u s e d  h e re  b y  in c re a s e d  

p ro d u c t io n  o f  a c id ) . R e s p ira to ry  c o m p e n s a t io n  c a u s e s  a n  in c r e a s e d  r e s p ir a to ry  

ra te .

T Q 5 .In c re a s e d  g ly c o ly s is  r e s u lts  in  in c re a s e d  a v a i la b i l i ty  o f  g ly c e ro l  3- 

p h o s p h a te  fo r  h e p a t ic  T A G  s y n th e s is .  A d d it io n a l ly ,  s o m e  o f  th e  p y ru v a te  

g e n e ra te d  in  g ly c o ly s is  w i l l  b e  o x id a t iv e ly  d e c a rb o x y la te d  to  a c e ty l  c o e n z y m e  A  

(C o A ). H o w e v e r ,  th e  t r ic a rb o x y lic  a c id  c y c le  is  in h ib i te d  b y  th e  r is e  in  N A D H , 

a n d  th e  a c e ty l  C o A  is  tr a n s p o r te d  to  th e  c y to s o l  as  c i tra te . T h e  r is e  o f  a c e ty l  C o A  

in  th e  c y to s o l  r e s u lts  in  in c re a s e d  fa t ty  a c id  (F A ) s y n th e s is .  R e c a l l  th a t  c i tr a te  is  

a n  a l lo s te r ic  a c t iv a to r  o f  a c e ty l  C o A  c a rb o x y la s e  (A C C ) . T h e  m a lo n y l  p ro d u c t  o f  

A C C  in h ib i ts  F A  o x id a t io n  a t  th e  c a rn i t in e  p a lm ito y l t ra n s f e ra s e  I s te p . B e c a u s e  

m i to c h o n d r ia l  F A  o x id a t io n  g e n e ra te s  th e  a c e ty l  C o A  s u b s tr a te  fo r  h e p a t ic  

k e to g e n e s is ,  k e to n e  b o d y  le v e ls  d o  n o t  r is e . T h e  F A  g e ts  e s te r i f ie d  to  th e  

g ly c e ro l  b a c k b o n e ,  r e s u l t in g  in  a n  in c re a s e  in  T A G  th a t  g e ts  s e n t  o u t  o f  th e  l iv e r  

as  c o m p o n e n ts  o f  v e ry - lo w -d e n s i ty  l ip o p ro te in s  (V L D L ) . [N o te : T h e  

h y p o g ly c e m ia  r e s u lts  in  r e le a s e  o f  e p in e p h r in e  a n d  th e  a c t iv a t io n  o f  T A G  

l ip o ly s is  w ith  r e le a s e  o f  f re e  F A  in to  th e  b lo o d . T h e  F A  a re  o x id iz e d , w ith  th e  

e x c e s s  u s e d  in  h e p a t ic  T A G  s y n th e s is .]  T h e  a c e ty l  C o A  is  a lso  a  s u b s t r a te  fo r  

c h o le s te ro l  s y n th e s is .  T h u s , th e  in c re a s e  in  g ly c o ly s is  r e s u lts  in  th e  

h y p e r l ip id e m ia  s e e n  in  JS  (s e e  f ig u re  b e lo w ) .



Glycogen
Glycerol

Glucose 6-phosphate Glycerol kinase (liver)

Glyceraldehyde 3-phosphate <— ►

i
Dihydroxyaceton

phosphate

Pyruvate Acetyl CoA

Case 3: Answers to Review Questions

R Q l .C o r r e c t  a n s w e r  = A . D ia b e te s  is  c h a ra c te r iz e d  b y  h y p e rg ly c e m ia .  C h ro n ic  

h y p e rg ly c e m ia  c a n  r e s u l t  in  th e  n o n e n z y m a tic  g ly c o s y la t io n  (g ly c a tio n )  o f  

h e m o g lo b in  (H b ), p ro d u c in g  H b A 1c. T h e re fo re ,  m e a s u re m e n t  o f  g lu c o s e  o r  

H b A 1c in  th e  b lo o d  is  u s e d  to  d ia g n o s e  d ia b e te s .  In  re s p o n s e  to  p h y s io lo g ic  

s tre s s  ( fo r  e x a m p le , a  u r in a ry  t r a c t  in fe c tio n ) ,  s e c re t io n  o f  c o u n te r re g u la to ry  

h o rm o n e s  ( s u c h  as  th e  c a te c h o la m in e s )  re s u lts  in  a  r is e  in  b lo o d  g lu c o se . 

G lu c o s e  is  a  r e d u c in g  su g a r . I t  is  ty p e  2 d ia b e te s  (T 2 D )  th a t  is  a s s o c ia te d  w ith  

o b e s ity  a n d  a  s e d e n ta ry  l i f e s ty le  a n d  is  c a u s e d  b y  in s e n s i t iv i ty  to  in s u l in  ( in s u lin  

r e s is ta n c e ) .  T 1 D  is  c a u s e d  b y  la c k  o f  in s u lin  as  a  r e s u l t  o f  th e  a u to im m u n e  

d e s tru c t io n  o f  p a n c re a t ic  P c e lls . E v e n  in d iv id u a ls  o n  a  p ro g ra m  o f  t ig h t  

g ly c e m ic  c o n tro l  d o  n o t  a c h ie v e  e u g ly c e m ia .

R Q 2 .C o r re c t  a n s w e r  = E . T h e  k e to n e  b o d ie s  3 -h y d ro x y b u ty ra te  a n d  a c e to a c e ta te  

a re  o rg a n ic  a c id s , a n d  th e i r  io n iz a t io n  c o n tr ib u te s  to  th e  p ro to n  lo a d  o f  th e  b o d y . 

K e to n e  b o d ie s  a re  m a d e  in  th e  m i to c h o n d r ia  o f  l iv e r  c e lls  u s in g  a c e ty l  c o e n z y m e  

A  (C o A )  g e n e ra te d  p r im a r i ly  f ro m  th e  P -o x id a t io n  o f  fa t ty  a c id s  ( [F A ]; s e e  

f ig u re  o n  th e  n e x t  p a g e ) .  B e c a u s e  th e y  a re  w a te r  s o lu b le ,  th e y  d o  n o t  r e q u ire  a 

tr a n s p o r te r .  T h e  l iv e r  c a n n o t  u s e  th e m  b e c a u s e  i t  la c k s  th e  e n z y m e  th io p h o ra s e ,  

w h ic h  m o v e s  C o A  f ro m  s u c c in y l C o A  to  a c e to a c e ta te  fo r  c o n v e r s io n  to  tw o  

m o le c u le s  o f  a c e ty l  C o A . I t  is  th e  a c e to n e  r e le a s e d  in  th e  b r e a th  th a t  c a n  im p a r t  a 

f ru ity  o d o r .
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R Q 3 .C o r r e c t  a n s w e r  = A . M a lo n y l  C o A , a n  in te rm e d ia te  o f  F A  s y n th e s is ,  

in h ib its  F A  P -o x id a t io n  th ro u g h  in h ib i t io n  o f  c a rn i t in e  p a lm ito y l t ra n s f e ra s e  I. 

L ip o ly s is  o c c u rs  w h e n  th e  in s u l in /c o u n te r r e g u la to ry  h o rm o n e  ra t io  d e c re a s e s .  

A c e ty l  C o A , th e  p ro d u c t  o f  F A  p -o x id a tio n , in h ib its  th e  p y ru v a te  d e h y d ro g e n a s e  

(P D H ) c o m p le x  th ro u g h  a c t iv a t io n  o f  P D H  k in a s e  a n d  a c t iv a te s  p y ru v a te  

c a rb o x y la s e .  A c e ty l  C o A , th e n , p u s h e s  p y ru v a te  to  g lu c o n e o g e n e s is .  p -O x id a t io n  

g e n e ra te s  r e d u c e d  n ic o t in a m id e  a d e n in e  d in u c le o t id e  (N A D H ) , th e  re d u c in g  

e q u iv a le n t  r e q u ire d  fo r  g lu c o n e o g e n e s is .  F A  a re  n o t  r e a d i ly  c a ta b o liz e d  fo r  

e n e rg y  b y  th e  b ra in .

Case 3: Answers to Thought Questions

T Q l .H y p o in s u l in e m ia  re s u lts  in  h y p e rg ly c e m ia  b e c a u s e  in s u l in  is  r e q u ire d  fo r  

th e  u p ta k e  o f  b lo o d  g lu c o s e  b y  m u s c le  a n d  a d ip o s e  t is s u e . T h e ir  g lu c o s e  

tr a n s p o r te r  (G L U T -4 )  is  in s u l in  d e p e n d e n t  in  th a t  in s u l in  is  r e q u ire d  fo r  

m o v e m e n t  o f  th e  t r a n s p o r te r  to  th e  c e l l  s u r fa c e  f ro m  in t r a c e l lu la r  s to ra g e  s ite s . 

I n s u lin  is  a lso  r e q u ire d  to  s u p p re s s  h e p a t ic  g lu c o n e o g e n e s is .  In s u l in  s u p p re s s e s  

th e  r e le a s e  o f  g lu c a g o n  f ro m  p a n c re a t ic  a  c e lls .  T h e  r e s u l t in g  r is e  in  th e  

in s u l in /g lu c a g o n  ra t io  re s u lts  in  th e  d e p h o s p h o ry la t io n  a n d  a c t iv a t io n  o f  th e  

k in a s e  d o m a in  o f  b ifu n c t io n a l  p h o s p h o f ru c to k in a s e -2  (P F K -2 ) . T h e  f ru c to s e  2 ,6 -  

b is p h o s p h a te  p ro d u c e d  b y  P F K -2  a c t iv a te s  p h o s p h o f ru c to k in a s e -1  o f  g ly c o ly s is  

(s e e  f ig u re  b e lo w ) . I t  a lso  in h ib its  f ru c to s e  1 ,6 -b is p h o s p h a ta s e  (F B P -2 ) ,  th e re b y  

in h ib i t in g  g lu c o n e o g e n e s is .  W ith  h y p o in s u l in e m ia ,  th e  fa i lu re  to  ta k e  u p  g lu c o s e



f ro m  th e  b lo o d  w h ile  s im u l ta n e o u s ly  s e n d in g  i t  o u t  in to  th e  b lo o d  r e s u lts  in  

h y p e rg ly c e m ia .

CELL MEMBRANE

CYTOSOLAdenylyl
cyclase

Bifunctional enzyme

PFK-2
(active)

I FBP-2 
(inactive) FBP-2

(active)
PFK-2

[(inactive).Glyceraldehyde 3-P ^  DHAP

1,3-Bisphosphoglycerate

3-Phosphoglycerate

2-Phosphoglycerate

Phosphoenolpyruvate

Lactate Pyruvate

Insulin Glucagon
(high) (low)

Activation of many enzymes

ATP cAMP

Glucose 6-phosphate

Active prote in  kinase A

G lycolysis
Fructose 6-pho sp hate Fructose 6-phosphate

A T P

ATP ADPPhosphofructo
kinase-1

A D P

Bifunctional enzyme
Fructose 1 ,6 -b ispho sp hate Fructose 2,6-bisphosphate

T Q 2 .T h e  b lo o d  g lu c o se  le v e l  h a s  e x c e e d e d  th e  c a p a c i ty  o f  th e  k id n e y  to  

r e a b s o rb  g lu c o s e  (v ia  a  s o d iu m -d e p e n d e n t  g lu c o s e  t r a n s p o r te r  [S G L T ]) . T h e  

h ig h  c o n c e n tra t io n  o f  g lu c o se  in  th e  u r in e  o s m o tic a l ly  d ra w s  w a te r  f ro m  th e  

b o d y . T h is  c a u s e s  in c re a s e d  u r in a t io n  (p o ly u r ia )  w ith  lo s s  o f  w a te r  th a t  r e s u lts  in  

d e h y d ra t io n .

T Q 3 .T h e  N A D H  g e n e ra te d  in  F A  P -o x id a t io n  in h ib its  th e  t r ic a rb o x y lic  a c id  

(T C A )  c y c le  a t  th e  th re e  N A D H -p ro d u c in g  d e h y d ro g e n a s e  s te p s . T h is  sh if ts  

a c e ty l  C o A  a w a y  f ro m  o x id a tio n  in  th e  T C A  c y c le  a n d  to w a rd  u se  a s  a  s u b s tra te  

in  h e p a t ic  k e to g e n e s is .
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T Q 4 .M W  w a s  in  n e g a t iv e  n i t ro g e n  b a la n c e :  M o re  n i t r o g e n  w a s  g o in g  o u t  th a n  

c o m in g  in . T h is  is  r e f le c te d  in  th e  e le v a te d  b lo o d  u re a  n i t ro g e n  (B U N ) le v e l  s e e n  

in  th e  p a t ie n t  ( s e e  f ig u re  a t  to p  r ig h t) .  [N o te : T h e  B U N  v a lu e  a lso  re f le c ts  

d e h y d ra t io n .]  M u s c le  p ro te o ly s is  a n d  a m in o  a c id  c a ta b o lis m  a re  o c c u r r in g  a s  a  

r e s u l t  o f  th e  fa l l  in  in s u lin .  (R e c a l l  th a t  s k e le ta l  m u s c le  d o e s  n o t  e x p re s s  th e  

g lu c a g o n  re c e p to r .)  A m in o  a c id  c a ta b o lis m  p ro d u c e s  a m m o n ia  (N H 3), w h ic h  is  

c o n v e r te d  to  u r e a  b y  th e  h e p a t ic  u re a  c y c le  a n d  s e n t  in to  th e  b lo o d . [N o te : U re a  

in  th e  u r in e  is  r e p o r te d  as  u r in a ry  u re a  n it ro g e n .]

T Q 5 .T h e  K u s s m a u l  r e s p ir a t io n  s e e n  in  M W  is  a  r e s p ir a to ry  r e s p o n s e  to  th e  

m e ta b o l ic  a c id o s is .  H y p e rv e n ti la t io n  b lo w s  o f f  C O 2 a n d  w a te r ,  r e d u c in g  th e

c o n c e n tra t io n  o f  p ro to n s  (H +) a n d  b ic a rb o n a te  (H C O 3- ) a s  r e f le c te d  in  th e  

fo llo w in g  e q u a tio n :

H+ + H C 03~ H2C 0 3 (carbonic acid) C 0 2 + H20.



T h e  r e n a l  r e s p o n s e  in c lu d e s ,  in  p a r t ,  th e  e x c re t io n  o f  H+ a s  a m m o n iu m  (N H 4+). 

D e g ra d a t io n  o f  b r a n c h e d -c h a in  a m in o  a c id s  in  s k e le ta l  m u s c le  r e s u lts  in  th e  

re le a s e  o f  la rg e  a m o u n ts  o f  g lu ta m in e  (G ln )  in to  th e  b lo o d . T h e  k id n e y s  ta k e  u p  

a n d  c a ta b o liz e  th e  G ln , g e n e ra t in g  N H 3 in  th e  p ro c e s s .  T h e  N H 3 is  c o n v e r te d  to

N H 4+ b y  s e c re te d  H+ a n d  is  e x c re te d  ( s e e  f ig u re  a t  m id d le  r ig h t) .  [N o te : W h e n  

k e to n e  b o d ie s  a re  p le n tifu l ,  e n te ro c y te s  s h if t  to  u s in g  th e m  as  a  fu e l  in s te a d  o f  

G ln . T h is  in c re a s e s  th e  a m o u n t  o f  G ln  g o in g  to  th e  k id n e y .]

T Q 6 .B e c a u s e  F A  p -o x id a tio n  s u p p lie s  th e  a c e ty l  C o A  s u b s tr a te  fo r  k e to g e n e s is ,  

im p a ire d  p -o x id a t io n  d e c re a s e s  th e  a b i l i ty  to  m a k e  k e to n e  b o d ie s .  K e to n e  b o d ie s  

a re  a n  a l te rn a te  to  th e  u s e  o f  g lu c o se , a n d , th u s , d e p e n d e n c e  o n  g lu c o s e  

in c re a s e s .  B e c a u s e  F A  p -o x id a tio n  s u p p lie s  th e  N A D H  a n d  th e  n u c le o s id e  

tr ip h o s p h a te s  n e e d e d  fo r  g lu c o n e o g e n e s is ,  g lu c o s e  p r o d u c t io n  d e c re a s e s .  T h e  

r e s u l t  is  a  h y p o k e to t ic  h y p o g ly c e m ia .  R e c a ll  th a t  th is  w a s  s e e n  w i th  m e d iu m -  

c h a in  a c y l  C o A  d e h y d ro g e n a s e  (M C A D ) d e f ic ie n c y .



Case 4: Answers to Review Questions

R Q l .A n s w e r  = D . T h e  r is e  in  r e d u c e d  n ic o t in a m id e  a d e n in e  d in u c le o t id e  

(N A D H )  in  th e  m ito c h o n d r ia  d e c re a s e s  th e  t r ic a rb o x y lic  a c id  (T C A ) c y c le , fa t ty  

a c id  (F A ) o x id a tio n , a n d  g lu c o n e o g e n e s is .  N A D H  in h ib its  th e  is o c i tr a te  

d e h y d ro g e n a s e  re a c tio n , th e  k e y  r e g u la te d  s te p  o f  th e  T C A  c y c le , a n d  th e  a -  

k e to g lu ta ra te  d e h y d ro g e n a s e  r e a c t io n  ( s e e  f ig u re  a t  b o t to m  r ig h t) .  I t  a lso  fa v o rs  

th e  r e d u c t io n  o f  o x a lo a c e ta te  (O A A ) to  m a la te  (n o t  m a la te  to  O A A ), d e c re a s in g  

th e  a v a i la b i l i ty  o f  O A A  fo r  c o n d e n s a t io n  w i th  a c e ty l  c o e n z y m e  A  (C o A )  in  th e  

T C A  c y c le  a n d  fo r  g lu c o n e o g e n e s is .  F A  o x id a t io n  r e q u ire s  th e  o x id iz e d  fo rm  o f  

n ic o t in a m id e  a d e n in e  d in u c le o t id e  (N A D + ) fo r  th e  3 -h y d ro x y a c y l  C o A  

d e h y d ro g e n a s e  s te p  a n d , th u s , is  in h ib i te d  b y  th e  r is e  in  N A D H . T h e  d e c re a s e  in  

F A  o x id a t io n  d e c re a s e s  th e  p ro d u c t io n  o f  A T P  a n d  a c e ty l  C o A  ( th e  a l lo s te r ic  

a c t iv a to r  o f  p y ru v a te  c a rb o x y la s e )  n e e d e d  fo r  g lu c o n e o g e n e s is .  L ip o ly s is  is  

a c t iv a te d  in  fa s t in g  a s  a  c o n s e q u e n c e  o f  th e  fa l l  in  in s u l in  a n d  th e  r is e  in  

c a te c h o la m in e s  th a t  r e s u l t  in  a c t iv a t io n  o f  h o rm o n e -s e n s i t iv e  l ip a se .



Acetyl CoA

Citrate
synthase

R Q 2 .A n s w e r  = E . T h e  ir r e v e r s ib le ,  o x id a tiv e  p o r t io n  o f  th e  p e n to s e  p h o s p h a te  

p a th w a y  p ro v id e s  th e  n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te  (N A D P H ) 

th a t  s u p p lie s  th e  re d u c in g  e q u iv a le n ts  n e e d e d  fo r  a c t iv i ty  o f  c y to c h ro m e  P 4 5 0  

(C Y P )  p ro te in s  a n d  fo r  th e  r e g e n e ra t io n  o f  f u n c t io n a l  ( re d u c e d )  g lu ta th io n e . I t  is



a lso  a n  im p o r ta n t  s o u rc e  o f  N A D P H  fo r  r e d u c t iv e  b io s y n th e t ic  p ro c e s s e s  in  th e  

c y to so l ,  s u c h  a s  F A  a n d  c h o le s te ro l  s y n th e s is .  [N o te : M a lic  e n z y m e  is  a n o th e r  

so u rc e .]  C Y P  p ro te in s  a re  m o n o o x y g e n a s e s  (m ix e d - fu n c t io n  o x id a se s ) .  T h e y  

in c o rp o ra te  o n e  O  a to m  f ro m  O 2 in to  th e  s u b s t r a te  a s  th e  o th e r  is  r e d u c e d  to  

w a te r .  I t  is  th e  C Y P  p ro te in s  o f  th e  s m o o th  e n d o p la s m ic  r e t ic u la r  m e m b ra n e  th a t  

a re  in v o lv e d  in  d e to x if ic a t io n  r e a c tio n s .  T h o s e  o f  th e  in n e r  m i to c h o n d r ia l  

m e m b ra n e  a re  in v o lv e d  in  th e  s y n th e s is  o f  s te ro id  h o rm o n e s , b i le  a c id s , a n d  

v i ta m in  D . R e a c tiv e  o x y g e n  s p e c ie s  a re  r e d u c e d  b y  g lu ta th io n e  p e ro x id a s e  as  

g lu ta th io n e  is  o x id iz e d .

R Q 3 .A n s w e r  = C . S e ro to n in  is  r e le a s e d  b y  a c t iv a te d  p la te le ts  a n d  c a u s e s  

v a s o c o n s tr ic t io n  a n d  p la te le t  a g g re g a tio n . [N o te : P la te le ts  d o  n o t  s y n th e s iz e  

s e ro to n in , b u t  th e y  ta k e  u p  th a t  w h ic h  w a s  m a d e  in  th e  in te s t in e  a n d  s e c re te d  in to  

th e  b lo o d .]  S e ro to n in  is  a s s o c ia te d  w i th  a  fe e l in g  o f  w e ll -b e in g .  I t  is  d e g ra d e d  to  

5 -h y d ro x y in d o le a c e t ic  a c id  b y  m o n o a m in e  o x id a s e  th a t  c a ta ly z e s  o x id a tiv e  

d e a m in a t io n . I t  is  c a te c h o l -O -m e th y l tr a n s f e r a s e  th a t  c a ta ly z e s  th e  m e th y la t io n  

s te p  in  th e  d e g ra d a t io n  o f  th e  c a te c h o la m in e s .  S e ro to n in  is  s y n th e s iz e d  f ro m  

try p to p h a n  in  a  tw o -s te p  p ro c e s s  th a t  u t i l iz e s  te tr a h y d ro b io p te r in  (B H 4)- 

re q u ir in g  t r y p to p h a n  h y d ro x y la s e  a n d  a  p y r id o x a l  p h o s p h a te  (P L P ) - re q u ir in g  

d e c a rb o x y la s e  (s e e  f ig u re  a t  r ig h t) .

R Q 4 .A n s w e r  = B . T h e  e x o c r in e  p a n c re a s  s e c re te s  e n z y m e s  re q u ire d  fo r  th e  

d ig e s t io n  o f  d ie ta ry  c a rb o h y d ra te ,  p ro te in ,  a n d  fa t. T h e  e n d o c r in e  p a n c re a s  

s e c re te s  th e  p e p t id e  h o rm o n e s  in s u l in  a n d  g lu c a g o n . D a m a g e  th a t  a f fe c ts  th e  

fu n c t io n s  o f  th e  p a n c re a s  w o u ld  le a d  to  d ia b e te s  (d e c re a s e d  in s u lin )  a n d  

s te a to r rh e a  ( fa tty  s to o l) ,  w ith  th e  la t te r  th e  c o n s e q u e n c e  o f  m a ld ig e s t io n  o f  

d ie ta ry  fa t. A s  w a s  s e e n  w i th  th e  r is e  o f  t ro p o n in s  in  a  m y o c a rd ia l  in f a rc t io n  a n d  

tra n s a m in a s e s  in  l iv e r  d a m a g e , lo s s  o f  c e l lu la r  in te g r i ty  (a s  w o u ld  b e  s e e n  in  

a u to d ig e s t io n  o f  th e  p a n c re a s )  r e s u lts  in  p ro te in s  th a t  n o rm a lly  a re  in t r a c e l lu la r  

b e in g  fo u n d  in  h ig h e r - th a n -n o rm a l  c o n c e n tra t io n s  in  th e  b lo o d . S e c re t in  c a u s e s  

th e  p a n c re a s  to  r e le a s e  b ic a rb o n a te  to  r a is e  th e  p H  o f  th e  c h y m e  c o m in g  to  th e  

in te s t in e  f ro m  th e  s to m a c h . P a n c re a t ic  e n z y m e s  w o r k  b e s t  a t  n e u t r a l  o r  s l ig h t ly  

a lk a lin e  p H . P a n c re a ti t is  is  s e e n  in  in d iv id u a ls  w i th  h y p e r t r ig ly c e r id e m ia  a s  a  

r e s u l t  o f  a  d e f ic ie n c y  in  l ip o p ro te in  l ip a s e  o r  its  c o e n z y m e , a p o l ip o p ro te in  C -II .
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Case 4: Answers to Thought Questions

T Q 1 .A . T h e  r is e  in  c y to s o l ic  N A D H  s e e n  w ith  e th a n o l  m e ta b o l is m  in h ib its  

g ly c o ly s is .  T h e  g ly c e ra ld e h y d e  3 -p h o s p h a te  d e h y d ro g e n a s e  s te p  r e q u ire s  N A D + , 

w h ic h  g e ts  r e d u c e d  as  g ly c e ra ld e h y d e  3 -p h o s p h a te  g e ts  o x id iz e d . W ith  th e  r is e  

in  N A D H , g ly c e ra ld e h y d e  3 -p h o s p h a te  a c c u m u la te s .

B . G ly c e ra ld e h y d e  3 -p h o s p h a te  f ro m  g ly c o ly s is  is  c o n v e r te d  to  g ly c e ro l  3- 

p h o s p h a te ,  th e  in i t ia l  a c c e p to r  o f  F A  in  t r ia c y lg ly c e ro l  (T A G )  s y n th e s is  (s e e  

f ig u re  a t  r ig h t) .  F A  a re  a v a i la b le  b e c a u s e  o f  in c r e a s e d  s y n th e s is  ( f ro m  a c e ty l  

C o A , w h ic h  is  in c r e a s e d  as  a  r e s u l t  o f  b o th  in c r e a s e d  p r o d u c t io n  f ro m  th e  a c e ta te  

p ro d u c t  o f  a c e ta ld e h y d e  o x id a t io n  a n d  d e c re a s e d  u s e  in  th e  T C A  c y c le ) , 

in c re a s e d  a v a i la b i l i ty  f ro m  l ip o ly s is  in  a d ip o s e  t is s u e , a n d  d e c re a s e d  

d e g ra d a tio n . T h e  T A G  p ro d u c e d  in  th e  l iv e r  a c c u m u la te  (d u e , in  p a r t ,  to  

d e c re a s e d  p ro d u c t io n  o f  v e ry - lo w -d e n s i ty  l ip o p ro te in s )  a n d  c a u s e  fa t ty  l iv e r  

( s te a to s is ) .  H e p a tic  s te a to s is  is  a n  e a r ly  ( a n d  re v e r s ib le )  s ta g e  in  a lc o h o l- r e la te d  

l iv e r  d is e a s e . S u b s e q u e n t  s ta g e s  a re  a lc o h o l- r e la te d  h e p a t i t is  ( s o m e tim e s  

re v e r s ib le )  a n d  c i r rh o s is  ( ir re v e rs ib le ) .
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T Q 2 .T h e  r is e  in  N A D H  fa v o rs  th e  r e d u c t io n  o f  p y ru v a te  to  la c ta te  b y  la c ta te  

d e h y d ro g e n a s e . L a c ta te  d e c re a s e s  th e  r e n a l  e x c re t io n  o f  u r ic  a c id , th e re b y  

c a u s in g  h y p e ru r ic e m ia ,  a  n e c e s s a ry  s te p  in  a n  a c u te  g o u ty  a t ta c k . [N o te : T h e  

s h if t  f ro m  p y ru v a te  to  la c ta te  d e c re a s e s  th e  a v a i la b i l i ty  o f  p y ru v a te ,  a  s u b s tra te  

fo r  g lu c o n e o g e n e s is .  T h is  c o n tr ib u te s  to  th e  h y p o g ly c e m ia  s e e n  in  A K .]  

T Q 3 .P ro th ro m b in  t im e  (P T )  m e a s u re s  th e  t im e  i t  ta k e s  fo r  p la s m a  to  c lo t  a f te r  

th e  a d d i t io n  o f  t i s s u e  fa c to r  (F II I) ,  th e re b y  a l lo w in g  e v a lu a t io n  o f  th e  e x tr in s ic  

(a n d  c o m m o n )  p a th w a y s  o f  c o a g u la tio n . In  th e  e x tr in s ic  p a th w a y , F I I I  a c tiv a te s  

F V II  in  a  c a lc iu m  (C a 2+)- a n d  p h o s p h o lip id  (P L ) -d e p e n d e n t  p ro c e s s  (s e e  f ig u re  

a t  b o t to m  r ig h t) .  F V II ,  l ik e  m o s t  o f  th e  p ro te in s  o f  c lo tt in g , is  m a d e  b y  th e  liv e r . 

A lc o h o l - in d u c e d  l iv e r  d a m a g e  c a n  d e c re a s e  its  s y n th e s is .  A d d it io n a l ly ,  F V I I  h a s  

a  s h o r t  h a lf - l if e ,  a n d , a s  a  Y -c a rb o x y g lu ta m a te  (G la ) -c o n ta in in g  p ro te in ,  its  

s y n th e s is  r e q u ire s  v i ta m in  K . P o o r  n u tr i t io n  c a n  r e s u l t  in  d e c re a s e d  a v a i la b i l i ty  

o f  v i ta m in  K  a n d , th e re fo re ,  d e c re a s e d  a b i l i ty  to  c lo t. [N o te : S e v e re  l iv e r  d is e a se  

r e s u lts  in  p ro lo n g e d  P T  a n d  a c t iv a te d  p a r t ia l  th r o m b o p la s t in  t im e , o r  a P P t.]

TF (Fill)
FVH ------- I-----! > -  [FW /a-TF/FIII]

(Gla) Ca2+, PL X

FX------- ------ F X a

(Gla) [

t
Fibrin clot

T Q 4 .A d m in is tr a t io n  o f  fo la te  c a n  m a s k  a  d e f ic ie n c y  in  v i ta m in  B 12 b y  re v e r s in g

th e  h e m a to lo g ic  m a n if e s ta t io n  (m a c ro c y tic  a n e m ia )  o f  th e  d e f ic ie n c y . H o w e v e r ,  

fo la te  h a s  n o  e f fe c t  o n  th e  n e u ro lo g ic  d a m a g e  c a u s e d  b y  B 12 d e f ic ie n c y . O v e r  

tim e , th e n , th e  n e u ro lo g ic  e f fe c ts  c a n  b e c o m e  s e v e re  a n d  ir r e v e r s ib le .  T h u s , 

fo la te  c a n  m a s k  a  d e f ic ie n c y  o f  B 12 a n d  p r e v e n t  t r e a tm e n t  u n t i l  th e  n e u ro p a th y  is  

a p p a re n t.



III. Focused Cases

Case 1: Microcytic Anemia

P a tie n t  P re s e n ta t io n :  M E  is  a  2 4 -y e a r -o ld  m a n  w h o  is  b e in g  e v a lu a te d  a s  a  

fo llo w -u p  to  a  p r e p la c e m e n t  m e d ic a l  e v a lu a t io n  h e  h a d  p r io r  to  s ta r t in g  h is  n e w  

jo b .

F o c u s e d  H is to ry : M E  h a s  n o  s ig n if ic a n t  m e d ic a l  is s u e s .  H is  f a m ily  h is to ry  is  

u n re m a rk a b le ,  b u t  h e  k n o w s  l i t t le  o f  th e  h e a l th  s ta tu s  o f  th o s e  fa m ily  m e m b e rs  

w h o  re m a in  in  G re e c e .

P e r t in e n t  F in d in g s :  T h e  p h y s ic a l  e x a m in a t io n  w a s  n o rm a l.  R o u tin e  a n a ly s is  o f  

h is  b lo o d  in c lu d e d  th e  fo llo w in g  re s u lts :

Red blood cells 
Hemoglobin
Mean corpuscular volume 
Serum iron

Patient

4.8 x 106/m m 3 
9.6 g/dl (L) 
70 Mm3 (L)
150 pg/dl

Reference Range

4.3-5 .9
13.5-7.5 (men) 

80-100 
50-170

B a s e d  o n  th e  d a ta , h e m o g lo b in  (H b )  e le c tro p h o re s is  w a s  p e r fo rm e d . T h e  re s u lts  

a re  as  fo llo w s :

HbA
HbA2
HbF

Patient

90% (L) 
6% (H) 
4% (H)

Reference Range

96-98
<3
<2

H = High; L = Low. [Note: HbA includes HbAic.]

D ia g n o s is :  M E  h a s  P - th a la s s e m ia  t r a i t  (P - th a la s s e m ia  m in o r )  th a t  is  c a u s in g  a  

m ic ro c y t ic  a n e m ia  (s e e  im a g e  a t  r ig h t) .  E th n ic i ty  ( s u c h  a s  b e in g  o f  

M e d ite r r a n e a n  o r ig in )  in f lu e n c e s  th e  r is k  fo r  th a la s s e m ia .



T re a tm e n t:  N o n e  is  r e q u ire d  a t  th is  tim e . P a tie n ts  a re  a d v is e d  th a t  iro n  

s u p p le m e n ts  w i l l  n o t  p r e v e n t  th e ir  a n e m ia .

P ro g n o s is :  P -T h a la s s e m ia  t r a i t  d o e s  n o t  c a u s e  m o r ta l i ty  o r  s ig n if ic a n t  m o rb id ity .  

P a tie n ts  s h o u ld  b e  in fo rm e d  o f  th e  g e n e t ic  n a tu re  o f  th e ir  a u to s o m a l- re c e s s iv e  

c o n d i t io n  fo r  fa m ily  p la n n in g  c o n s id e ra t io n s  b e c a u s e  h o m o z y g o u s  P - th a la s s e m ia  

(C o o le y  a n e m ia )  is  a  s e r io u s  d is o rd e r .

Case-Related Questions: Choose the ONE best 
answer.

)1. M u ta t io n s  to  th e  g e n e  fo r  p g lo b in  th a t  r e s u l t  in  d e c re a s e d  p r o d u c t io n  o f  th e  

p ro te in  a re  th e  c a u s e  o f  p - th a la s s e m ia . T h e  m u ta t io n s  p r im a r i ly  a f f e c t  g e n e  

t r a n s c r ip t io n  o r  p o s t t r a n s c r ip t io n a l  p ro c e s s in g  o f  th e  m e s s e n g e r  R N A  

(m R N A )  p ro d u c t .  W h ic h  o f  th e  fo l lo w in g  s ta te m e n ts  c o n c e rn in g  m R N A  is  

c o r re c t?

A . E u k a ry o t ic  m R N A  is  p o ly c is tro n ic .

B . m R N A  s y n th e s is  in v o lv e s  t r a n s -a c t in g  fa c to rs  b in d in g  to  c is -a c tin g



e le m e n ts .

C . m R N A  s y n th e s is  is  te rm in a te d  a t  th e  D N A  b a s e  s e q u e n c e  th y m in e  

a d e n in e  g u a n in e  (T A G ).

D . P o ly a d e n y la t io n  o f  th e  5 '- e n d  o f  e u k a ry o t ic  m R N A  re q u ire s  a  m e th y l  

d o n o r .

E . S p lic in g  o f  e u k a ry o t ic  m R N A  in v o lv e s  r e m o v a l  o f  e x o n s  a n d  jo in in g  o f  

in t ro n s  b y  th e  p ro te a s o m e .

)2. H b A , a  te tr a m e r  o f  2 a  a n d  2 P g lo b in  c h a in s , d e l iv e rs  O 2 f ro m  th e  lu n g s  to  

th e  t i s s u e s  a n d  p ro to n s  a n d  C O 2 f ro m  th e  t i s s u e s  to  th e  lu n g s . In c re a s e d  

c o n c e n tra t io n  o f  w h ic h  o f  th e  fo llo w in g  w il l  r e s u l t  in  d e c re a s e d  O 2 

d e l iv e ry  b y  H b A ?

A . 2 ,3 -B is p h o s p h o g ly c e ra te

B . C a rb o n  d io x id e

C . C a rb o n  m o n o x id e

D . P ro to n s

)3. W h a t  is  th e  b a s is  fo r  th e  in c re a s e  in  H b A 2 a n d  H b F  ( fe ta l  H b ) in  th e  P- 

th a la s s e m ia s ?

)4. W h y  is  th e  a l le le - s p e c if ic  o l ig o n u c le o t id e  (A S O )  h y b r id iz a t io n  te c h n iq u e  

u s e fu l  in  th e  d ia g n o s is  o f  a l l  c a s e s  o f  s ic k le  c e l l  a n e m ia  b u t  n o t  a l l  c a s e s  o f  

P - th a la s se m ia ?

Case 2: Skin Rash

P a tie n t  P re s e n ta t io n :  K L  is  a  3 4 -y e a r -o ld  w o m a n  w h o  p re s e n ts  w ith  a  re d , 

n o n itc h y  ra s h  o n  h e r  le f t  th ig h  a n d  f lu - l ik e  s y m p to m s .

F o c u s e d  H is to ry : K L  re p o r ts  th a t  th e  r a s h  f i r s t  a p p e a re d  a  l i t t le  o v e r  2 w e e k s  

a g o . I t  s ta r te d  o u t  s m a l l  b u t  h a s  g o t te n  la rg e r .  S h e  a lso  th in k s  sh e  is  g e t t in g  th e  

f lu  b e c a u s e  h e r  m u s c le s  a n d  jo in ts  a c h e  (m y a lg ia  a n d  a r th ra lg ia ,  re s p e c t iv e ly ) ,  

a n d  sh e  h a s  h a d  a  h e a d a c h e  fo r  th e  la s t  f e w  d a y s . U p o n  q u e s tio n in g , K L  re p o r ts  

th a t  sh e  a n d  h e r  h u s b a n d  to o k  a  c a m p in g  tr ip  th ro u g h  N e w  E n g la n d  la s t  m o n th .

P e r t in e n t  F in d in g s :  T h e  p h y s ic a l  e x a m in a t io n  is  r e m a rk a b le  fo r  th e  p r e s e n c e  o f  a  

re d , c irc u la r ,  f la t  le s io n  ~ 1 1  c m  in  s iz e  th a t  r e s e m b le s  a  b u l ls e y e  (e ry th e m a



m ig ra n s )  (s e e  im a g e  a t  r ig h t) .  K L  a lso  h a s  a  lo w -g ra d e  fe v e r .

D ia g n o s is :  K L  h a s  L y m e  d is e a s e  c a u s e d  b y  th e  b a c te r iu m  B o r re l ia  b u r g d o r f e r i , 

w h ic h  is  t r a n s m it te d  b y  th e  b i te  o f  a  t ic k  in  th e  g e n u s  Ix o d e s . In fe c te d  t ic k s  a re  

e n d e m ic  in  th e  N o r th e a s t  r e g io n  o f  th e  U n ite d  S ta te s .

T re a tm e n t:  K L  is  p r e s c r ib e d  d o x y c y c l in e ,  a n  a n t ib io t ic  in  th e  te tr a c y c l in e  fa m ily . 

M o n ito r in g  o f  K L  w il l  c o n t in u e  u n t i l  a l l  s y m p to m s  h a v e  c o m p le te ly  r e s o lv e d . 

B lo o d  is  d ra w n  fo r  c l in ic a l  la b o ra to ry  te s ts .

P ro g n o s is :  P a tie n ts  t r e a te d  w i th  th e  a p p ro p r ia te  a n t ib io t ic  in  th e  e a r ly  s ta g e s  o f  

L y m e  d is e a s e  ty p ic a l ly  re c o v e r  q u ic k ly  a n d  c o m p le te ly .

Case-Related Questions: Choose the ONE best 
answer.

)1. A n tib io t ic s  in  th e  te tr a c y c l in e  c la s s  in h ib i t  p ro te in  s y n th e s is  ( tr a n s la t io n )  a t  

th e  in i t ia t io n  s te p . W h ic h  o f  th e  fo llo w in g  s ta te m e n ts  a b o u t  t r a n s la t io n  is  

c o r re c t?

A . In  e u k a ry o t ic  tr a n s la t io n , th e  in i t ia t in g  a m in o  a c id  is  fo rm y la te d  

m e th io n in e .

B . O n ly  th e  c h a rg e d  in i t ia t in g  t r a n s fe r  R N A  g o e s  d ire c tly  to  th e  r ib o s o m a l 

A  s ite .

C . P e p t id y l t ra n s fe ra s e  is  a  r ib o z y m e  th a t  fo rm s  th e  p e p t id e  b o n d  b e tw e e n  

tw o  a m in o  a c id s .

D . P ro k a ry o tic  t r a n s la t io n  c a n  b e  in h ib i te d  b y  th e  p h o s p h o ry la t io n  o f  

in i t ia t io n  fa c to r  2.

E . T e rm in a t io n  o f  t r a n s la t io n  is  in d e p e n d e n t  o f  g u a n o s in e  tr ip h o s p h a te  

h y d ro ly s is .

F . T h e  S h in e -D a lg a rn o  s e q u e n c e  f a c i l i ta te s  th e  b in d in g  o f  th e  la rg e  

r ib o s o m a l s u b u n it  to  e u k a ry o t ic  m e s s e n g e r  R N A  (m R N A ).

)2. T h e  C e n te r s  fo r  D is e a s e  C o n tro l  a n d  P re v e n t io n  r e c o m m e n d s  a  tw o - tie r  

te s t in g  p ro c e d u re  fo r  L y m e  d is e a s e  th a t  in v o lv e s  a  s c re e n in g  e n z y m e -  

l in k e d  im m u n o s o rb e n t  a s s a y  (E L IS A )  fo l lo w e d  b y  a  c o n f i rm a to ry  w e s te rn  

b lo t  a n a ly s is  o n  a n y  s a m p le  w ith  a  p o s i t iv e  o r  e q u iv o c a l  E L IS A  re su lt .  

W h ic h  o f  th e  fo llo w in g  s ta te m e n ts  a b o u t  th e s e  te s t in g  p ro c e d u re s  is



c o rre c t?

A . B o th  te c h n iq u e s  a re  u s e d  to  d e te c t  s p e c if ic  m R N A .

B . B o th  te c h n iq u e s  in v o lv e  th e  u s e  o f  a n t ib o d ie s .

C . E L IS A  r e q u ire s  th e  u s e  o f  e le c tro p h o re s is .

D . W e s te rn  b lo ts  r e q u i re  u s e  o f  th e  p o ly m e ra s e  c h a in  re a c tio n .

)3. W h y  a re  e u k a ry o t ic  c e lls  u n a f f e c te d  b y  a n t ib io t ic s  in  th e  te tr a c y c l in e  c la s s ?

Case 3: Blood on the Toothbrush

P a tie n t  P re s e n ta t io n :  L T  is  a n  8 4 -y e a r -o ld  m a n  w h o s e  g u m s  h a v e  b e e n  b le e d in g  

fo r  s e v e ra l  m o n th s .

F o c u s e d  H is to ry : L T  is  a  w id o w e r  a n d  l iv e s  a lo n e  in  a  s u b u rb a n  c o m m u n ity  o n  

th e  E a s t  C o a s t.  H e  n o  lo n g e r  d r iv e s . H is  tw o  c h i ld re n  l iv e  o n  th e  W e s t  C o a s t  a n d  

c o m e  e a s t  in f r e q u e n tly .  S in c e  th e  d e a th  o f  h is  w if e  11 m o n th s  a g o , h e  h a s  b e e n  

is o la te d  a n d  f in d s  i t  h a rd  to  g e t  o u t  o f  th e  h o u s e . H is  a p p e t i te  h a s  c h a n g e d , a n d  

h e  is  c o n te n t  w ith  c e re a l,  c o f fe e , a n d  p a c k a g e d  sn a c k s . C h e w in g  is  d if f ic u lt .

P e r t in e n t  F in d in g s :  T h e  p h y s ic a l  e x a m in a t io n  w a s  r e m a rk a b le  fo r  th e  p r e s e n c e  o f  

s w o l le n  d a rk -c o lo re d  g u m s  (s e e  im a g e  a t  r ig h t) .  S e v e ra l  o f  L T ’s te e th  w e re  

lo o s e , in c lu d in g  o n e  th a t  a n c h o rs  h is  d e n ta l  b r id g e . S e v e ra l  b la c k  a n d  b lu e  m a rk s  

( e c c h y m o s e s )  w e re  n o te d  o n  th e  le g s , a n d  a n  u n h e a le d  s o re  w a s  p r e s e n t  o n  th e  

r ig h t  w r is t .  In s p e c t io n  o f  h is  s c a lp  r e v e a le d  t in y  r e d  s p o ts  (p e te c h ia e )  a ro u n d  

s o m e  o f  th e  h a ir  fo ll ic le s .  B lo o d  w a s  d ra w n  fo r  te s t in g .



R e s u lts  o f  te s ts  o n  L T ’s b lo o d :

Red blood cells 
Hemoglobin
Mean corpuscular volume
Serum iron
Serum ferritin
Total iron-binding capacity
Platelets

Patient

4.0 x 106/m m 3 (L) 
1 0  g/dl (L)
78 Mm3 (L)
40 (jg/dl (L)
23 pg/l (L)

375 pg/dl (H) 
250 x 1071

Reference Range

4 .3 -5 .9
13.5-17.5 (men) 

80 -100  
50 -170  

4 0 -1 6 0  (jg/l 
30CK360 pg/dl 
1 5 0 -3 5 0 x 1 0 9

T h e  te s t  fo r  b lo o d  in  h is  s to o l  (o c c u l t  b lo o d  te s t)  w a s  n e g a t iv e .

R e s u lts  o f  fo llo w -u p  te s ts  ( o b ta in e d  s e v e ra l  d a y s  a f te r  th e  a p p o in tm e n t)  in c lu d e d  

th e  fo llo w in g :

Patient Reference Range
Vitam in C (plasm a) 0 .1 6 m g /d l(L )  0 .2 -2

H = High; L = Low.



D ia g n o s is :  L T  h a s  v i ta m in  C  d e f ic ie n c y  w ith  a  m ic ro c y t ic ,  h y p o c h ro m ic  a n e m ia  

s e c o n d a ry  to  th e  d e f ic ie n c y .

T re a tm e n t:  L T  w a s  p r e s c r ib e d  v i ta m in  C  (as  o ra l  a s c o rb ic  a c id )  a n d  i ro n  (a s  o ra l  

f e r ro u s  s u lfa te )  s u p p le m e n ts .  H e  w il l  a lso  b e  r e fe r re d  to  s o c ia l  s e rv ic e s .

P ro g n o s is :  T h e  p ro g n o s is  fo r  r e c o v e ry  is  e x c e lle n t .

Case-Related Questions: Choose the ONE best 
answer.

)1. W h ic h  o f  th e  fo llo w in g  s ta te m e n ts  a b o u t  v i ta m in  C  is  c o r re c t?  V ita m in  C  is:

A . a  c o m p e ti to r  o f  i ro n  a b s o rp t io n  in  th e  in te s t in e .

B . a  f a t - s o lu b le  v i ta m in  w ith  a  3 -m o n th  s u p p ly  ty p ic a l ly  s to re d  in  a d ip o s e  

tis su e .

C . a  c o e n z y m e  in  s e v e ra l  e n z y m ic  r e a c t io n s  s u c h  as  th e  h y d ro x y la t io n  o f  

p ro lin e .

D . r e q u ire d  fo r  th e  c ro s s - l in k in g  o f  c o l la g e n .

)2. In  c o n t r a s t  to  th e  m ic ro c y t ic  a n e m ia  c h a ra c te r is t ic  o f  iro n  d e f ic ie n c y

(c o m m o n  in  o ld e r  a d u lts ) ,  a  m a c ro c y tic  a n e m ia  is  s e e n  w i th  d e f ic ie n c ie s  o f  

v i ta m in  B 12 a n d /o r  fo lic  a c id . T h e s e  v i ta m in  d e f ic ie n c ie s  a re  a lso  c o m m o n  

in  o ld e r  a d u l ts .  W h ic h  o f  th e  fo llo w in g  s ta te m e n ts  c o n c e rn in g  th e se  

v i ta m in s  is  c o r re c t?

A . A n  in a b i l i ty  to  a b s o rb  B 12 re s u lts  in  p e rn ic io u s  a n e m ia .

B . B o th  v i ta m in s  c a u s e  c h a n g e s  in  g e n e  e x p re s s io n .

C . F o lic  a c id  p la y s  a  k e y  ro le  in  e n e rg y  m e ta b o l is m  in  m o s t  c e lls .

D . T re a tm e n t  w ith  m e th o tre x a te  c a n  r e s u l t  in  to x ic  le v e ls  o f  th e  c o e n z y m e  

fo rm  o f  fo lic  a c id .

E . V ita m in  B 12 is  th e  c o e n z y m e  fo r  e n z y m e s  c a ta ly z in g  a m in o  a c id  

d e a m in a t io n s ,  d e c a rb o x y la t io n s ,  a n d  tra n s a m in a t io n s .

)3. H o w  d o  h e m o ly t ic  a n e m ia s  d if fe r  f ro m  n u tr i t io n a l  a n e m ia s ?



Case 4: Rapid Heart Rate, Headache, and 
Sweating

P a tie n t  P re s e n ta t io n :  B E  is  a  4 5 -y e a r -o ld  w o m a n  w h o  p re s e n ts  w ith  c o n c e rn s  

a b o u t  s u d d e n  (p a ro x y s m a l) ,  in te n s e , b r ie f  e p is o d e s  o f  h e a d a c h e , s w e a tin g  

(d ia p h o re s is ) ,  a n d  a  ra c in g  h e a r t  (p a lp ita t io n s ) .

F o c u s e d  H is to ry : B E  re p o r ts  th a t  th e  a t ta c k s  s ta r te d  ~ 3  w e e k s  a g o . T h e y  la s t  

f ro m  2 to  10  m in u te s ,  d u r in g  w h ic h  t im e  sh e  fe e ls  q u ite  a n x io u s . D u r in g  th e  

a t ta c k s , i t  fe e ls  a s  th o u g h  h e r  h e a r t  is  s k ip p in g  b e a ts  ( a r rh y th m ia ) .  A t  f irs t,  sh e  

th o u g h t  th e  a t ta c k s  w e re  re la te d  to  r e c e n t  s tre s s  a t  w o rk  a n d  m a y b e  e v e n  

m e n o p a u s e . T h e  la s t  t im e  i t  h a p p e n e d , sh e  w a s  in  a  p h a rm a c y  a n d  h a d  h e r  b lo o d  

p re s s u re  ta k e n . S h e  w a s  to ld  i t  w a s  1 6 5 /1 1 0  m m  H g . B E  n o te s  th a t  s h e  h a s  lo s t  

w e ig h t  (~ 8  lb s )  in  th is  p e r io d  e v e n  th o u g h  h e r  a p p e t i te  h a s  b e e n  g o o d .

P e r t in e n t  F in d in g s :  T h e  p h y s ic a l  e x a m in a t io n  w a s  r e m a rk a b le  fo r  B E ’s th in , p a le  

a p p e a ra n c e . B lo o d  p re s s u re  w a s  e le v a te d  (1 5 0 /1 0 0  m m  H g ), a s  w a s  th e  h e a r t  r a te  

( 1 1 0 - 1 2 0  b e a ts /m in u te ) .  B a s e d  o n  B E ’s h is to ry , b lo o d  le v e ls  o f  n o rm e ta n e p h r in e  

a n d  m e ta n e p h r in e  w e re  o rd e re d . T h e y  w e re  fo u n d  to  b e  e le v a te d .

D ia g n o s is :  B E  h a s  a  p h e o c h ro m o c y to m a , a  ra re  c a te c h o la m in e - s e c re t in g  tu m o r  

o f  th e  a d re n a l  m e d u lla .

T re a tm e n t:  Im a g in g  s tu d ie s  o f  th e  a b d o m e n  w e re  d o n e  to  lo c a te  th e  tu m o r . 

S u rg ic a l  r e s e c t io n  o f  th e  tu m o r  w a s  p e r fo rm e d . T h e  tu m o r  w a s  fo u n d  to  b e  

n o n m a lig n a n t.  F o l lo w -u p  m e a s u re m e n t  o f  p la s m a  m e ta n e p h r in e s  w a s  p e r fo rm e d  

2 w e e k s  la te r  a n d  w a s  in  th e  n o rm a l  ra n g e .

P ro g n o s is :  T h e  5 -y e a r  s u rv iv a l  ra te  fo r  n o n m a l ig n a n t  p h e o c h ro m o c y to m a s  is  

> 9 5 % .

Case-Related Questions: Choose the ONE best 
answer.

)1. P h e o c h ro m o c y to m a s  s e c re te  n o r e p in e p h r in e  (N E ) a n d  e p in e p h r in e . W h ic h  o f  

th e  fo llo w in g  s ta te m e n ts  c o n c e rn in g  th e  s y n th e s is  a n d  d e g ra d a t io n  o f  th e se  

tw o  b io g e n ic  a m in e s  is  c o r re c t?



A . T h e  s u b s t r a te  fo r  th e ir  s y n th e s is  is  try p to p h a n ,  w h ic h  is  h y d ro x y la te d  to

3 ,4 -d ih y d ro x y p h e n y la la n in e  (D O P A ) b y  te t r a h y d ro b io p te r in - r e q u ir in g  

t ry p to p h a n  h y d ro x y la s e .

B . T h e  c o n v e r s io n  o f  D O P A  to  d o p a m in e  u ti l iz e s  a  p y r id o x a l  p h o s p h a te -  

r e q u ir in g  c a rb o x y la s e .

C . T h e  c o n v e r s io n  o f  N E  to  e p in e p h r in e  r e q u ire s  v i ta m in  C .

D . D e g ra d a t io n  in v o lv e s  m e th y la t io n  b y  c a te c h o l -O -m e th y l tr a n s f e r a s e  a n d  

p ro d u c e s  n o rm e ta n e p h r in e  f ro m  N E  a n d  m e ta n e p h r in e  f ro m  

e p in e p h r in e .

E . N o rm e ta n e p h r in e  a n d  m e ta n e p h r in e  a re  o x id a t iv e ly  d e a m in a te d  to  

h o m o v a n il l ic  a c id  b y  m o n o a m in e  o x id a se .

12. W h ic h  o f  th e  fo llo w in g  s ta te m e n ts  c o n c e rn in g  th e  a c t io n s  o f  e p in e p h r in e

a n d /o r  N E  a re  c o r re c t?

A . N E  fu n c t io n s  a s  a  n e u ro t ra n s m it te r  a n d  a  h o rm o n e .

B . T h e y  a re  in i t ia te d  b y  a u to p h o s p h o ry la t io n  o f  s e le c t  ty ro s in e  re s id u e s  in  

th e ir  re c e p to rs .

C . T h e y  a re  m e d ia te d  b y  b in d in g  to  a d re n e rg ic  r e c e p to rs ,  w h ic h  a re  a  c la s s  

o f  n u c le a r  re c e p to rs .

D . T h e y  r e s u l t  in  th e  a c t iv a t io n  o f  g ly c o g e n  a n d  tr ia c y lg ly c e ro l  s y n th e s is .

3. N E  b o u n d  to  c e r ta in  re c e p to r s  c a u s e s  v a s o c o n s tr ic t io n  a n d  a n  in c re a s e  in

b lo o d  p re s s u re .  W h y  m ig h t  N E  b e  u s e d  c l in ic a lly  in  th e  t r e a tm e n t  o f  s e p tic

s h o c k ?

Case 5: Sun Sensitivity

P a tie n t  P re s e n ta t io n :  A Z  is  a  6 -y e a r -o ld  b o y  w h o  is  b e in g  e v a lu a te d  fo r  f r e c k le 

l ik e  a re a s  o f  h y p e rp ig m e n ta t io n  o n  h is  fa c e , n e c k , fo re a rm s , a n d  lo w e r  le g s .

F o c u s e d  H is to ry : A Z ’s fa th e r  re p o r ts  th a t  th e  b o y  h a s  a lw a y s  b e e n  q u ite  s e n s it iv e  

to  th e  su n . H is  s k in  tu rn s  r e d  ( e ry th e m a )  a n d  h is  e y e s  h u r t  (p h o to p h o b ia )  i f  h e  is  

e x p o s e d  to  th e  s u n  fo r  a n y  p e r io d  o f  tim e .

P e r t in e n t  F in d in g s :  T h e  p h y s ic a l  e x a m in a t io n  w a s  r e m a rk a b le  fo r  th e  p r e s e n c e  o f  

th ic k e n e d , s c a ly  a re a s  (a c t in ic  k e ra to s is )  a n d  h y p e rp ig m e n te d  a re a s  o n  sk in  

e x p o s e d  to  u l t r a v io le t  (U V ) r a d ia t io n  f ro m  th e  su n . S m a ll  d i la te d  b lo o d  v e s s e ls



( te la n g ie c ta s ia )  w e re  a lso  se e n . T is s u e  f ro m  s e v e ra l  s i te s  o n  h is  f a c e  w a s  

b io p s ie d , a n d  tw o  w e re  la te r  d e te rm in e d  to  b e  s q u a m o u s  c e l l  c a rc in o m a s .

D ia g n o s is :  A Z  h a s  x e ro d e rm a  p ig m e n to s u m , a  r a re  d e fe c t  in  n u c le o t id e  e x c is io n  

re p a ir  o f  D N A .

T re a tm e n t:  P ro te c t io n  f ro m  s u n lig h t  th ro u g h  u s e  o f  s u n s c re e n s  s u c h  a s  p ro te c t iv e  

c lo th in g  th a t  r e f le c t  U V  ra d ia t io n  a n d  c h e m ic a ls  th a t  a b s o rb  i t  is  e s s e n tia l .  

F r e q u e n t  s k in  a n d  e y e  e x a m in a t io n s  a re  r e c o m m e n d e d .

P ro g n o s is :  M o s t  p a t ie n ts  w i th  x e ro d e rm a  p ig m e n to s u m  d ie  a t  a n  e a r ly  a g e  f ro m  

s k in  c a n c e rs . H o w e v e r ,  s u rv iv a l  b e y o n d  m id d le  a g e  is  p o s s ib le .

Case-Related Questions: Choose the ONE best 
answer.

)1. W h ic h  o f  th e  fo llo w in g  s ta te m e n ts  a b o u t  D N A  re p a ir  m e c h a n is m s  is  c o r re c t?  

D N A  re p a ir :

A . is  p e r fo rm e d  o n ly  b y  e u k a ry o te s .

B . o f  d o u b le - s t r a n d  b r e a k s  is  e r ro r  f re e .

C . o f  m is m a tc h e d  b a s e s  in v o lv e s  re p a ir  o f  th e  p a re n ta l  s tra n d .

D . o f  U V  r a d ia t io n - in d u c e d  p y r im id in e  d im e rs  in v o lv e s  r e m o v a l  o f  a  

s h o r t  o l ig o n u c le o t id e  c o n ta in in g  th e  d im e r .

E . o f  u r a c i l  p ro d u c e d  b y  th e  d e a m in a t io n  o f  c y to s in e  r e q u ire s  th e  a c t io n s  

o f  e n d o -  a n d  e x o n u c le a s e s  to  r e m o v e  th e  u r a c i l  b a se .

)2. W h ic h  o n e  o f  th e  fo llo w in g  s ta te m e n ts  a b o u t  D N A  s y n th e s is  ( re p lic a t io n )  is  

c o r re c t?  R e p lic a tio n :

A . in  b o th  e u k a ry o te s  a n d  p ro k a ry o te s  r e q u ire s  a n  R N A  p r im e r .

B . in  e u k a ry o te s  r e q u ire s  c o n d e n s a t io n  o f  c h ro m a tin .

C . in  p ro k a ry o te s  is  a c c o m p lis h e d  b y  a  s in g le  D N A  p o ly m e ra s e .

D . is  in i t ia te d  a t  r a n d o m  s ite s  in  th e  g e n o m e .

E . p ro d u c e s  a  p o ly m e r  o f  d e o x y r ib o n u c le o s id e  m o n o p h o s p h a te s  l in k e d  b y  

5 ' 3 '- p h o s p h o d ie s te r  b o n d s .

. W h a t  is  th e  d if f e re n c e  b e tw e e n  D N A  p ro o f re a d in g  a n d  re p a ir?



Case 6: Dark Urine and Yellow Sclerae

P a tie n t  P re s e n ta t io n :  JF  is  a  1 3 -y e a r -o ld  b o y  w h o  p re s e n ts  w ith  fa t ig u e  a n d  

y e l lo w  sc le ra e .

F o c u s e d  H is to ry : JF  b e g a n  t r e a tm e n t  ~ 4  d a y s  a g o  w ith  a  s u lfo n a m id e  a n t ib io t ic  

a n d  a  u r in a ry  a n a lg e s ic  fo r  a  u r in a ry  t r a c t  in fe c tio n . H e  h a d  b e e n  to ld  th a t  h is  

u r in e  w o u ld  c h a n g e  c o lo r  (b e c o m e  re d d is h )  w i th  th e  a n a lg e s ic ,  b u t  h e  re p o r ts  

th a t  i t  h a s  g o tte n  d a rk e r  (m o re  b ro w n is h )  o v e r  th e  la s t  2 d a y s . L a s t  n ig h t , h is  

m o th e r  n o t ic e d  th a t  h is  e y e s  h a d  a  y e l lo w  tin t.  JF  s a y s  h e  fe e ls  as  th o u g h  h e  h a s  

n o  e n e rg y .

P e r t in e n t  F in d in g s :  T h e  p h y s ic a l  e x a m in a t io n  w a s  r e m a rk a b le  fo r  J F ’s p a le  

a p p e a ra n c e , m i ld  s c le ra l  ic te ru s  ( ja u n d ic e ) ,  m i ld  s p le n o m e g a ly ,  a n d  in c re a s e d  

h e a r t  r a te  ( ta c h y c a rd ia ) .  J F ’s u r in e  te s te d  p o s i t iv e  fo r  h e m o g lo b in  

(h e m o g lo b in u r ia ) .  A  p e r ip h e ra l  b lo o d  s m e a r  r e v e a ls  a  lo w e r - th a n -n o rm a l  

n u m b e r  o f  r e d  b lo o d  c e lls  (R B C ) , w i th  s o m e  c o n ta in in g  p r e c ip i ta te d  h e m o g lo b in  

(H e in z  b o d ie s ;  s e e  im a g e  a t  r ig h t) ,  a n d  a  h ig h e r - th a n -n o rm a l  n u m b e r  o f  

r e t ic u lo c y te s  ( im m a tu re  R B C ) . R e s u lts  o f  th e  c o m p le te  b lo o d  c o u n t  (C B C )  a n d  

b lo o d  c h e m is try  te s ts  a re  p e n d in g .



D ia g n o s is :  JF  h a s  glucose 6-phosphate dehydrogenase  (G 6P D ) d e f ic ie n c y , a n  

X - l in k e d  d is o rd e r  th a t  c a u s e s  h e m o ly s is  (R B C  ly s is ) .

T re a tm e n t:  G 6PD  d e f ic ie n c y  c a n  r e s u l t  in  a  h e m o ly t ic  a n e m ia  in  a f fe c te d  

in d iv id u a ls  e x p o s e d  to  o x id a t iv e  a g e n ts . JF  w i l l  b e  s w itc h e d  to  a  d if f e re n t  

a n t ib io t ic .  H e  w il l  b e  a d v is e d  th a t  h e  is  s u s c e p t ib le  to  c e r ta in  d ru g s  ( fo r  e x a m p le , 

s u lf a  d ru g s ) , fo o d s  ( fa v a  o r  b ro a d  b e a n s ) ,  a n d  c e r ta in  c h e m ic a ls  ( fo r  e x a m p le , 

n a p h th a le n e ) ,  a n d  m u s t  a v o id  e x p o s u re  to  th e m .

P ro g n o s is :  In  th e  a b s e n c e  o f  e x p o s u re  to  o x id a t iv e  a g e n ts ,  G6PD  d e f ic ie n c y  d o e s  

n o t  c a u s e  m o r ta l i ty  o r  s ig n if ic a n t  m o rb id ity .

Case-Related Questions: Choose the ONE best 
answer.

11. G 6 P D  c a ta ly z e s  th e  r e g u la te d  s te p  in  th e  p e n to s e  p h o s p h a te  p a th w a y . W h ic h

o f  th e  fo llo w in g  s ta te m e n ts  c o n c e rn in g  G 6 P D  a n d  th e  p e n to s e  p h o s p h a te

p a th w a y  is  c o r re c t?

A . D e f ic ie n c y  o f  G 6 P D  o c c u rs  o n ly  in  R B C .

B . D e f ic ie n c y  o f  G 6 P D  re s u lts  in  a n  in a b i l i ty  to  k e e p  g lu ta th io n e  in  its  

fu n c t io n a l ,  r e d u c e d  fo rm .

C . T h e  p e n to s e  p h o s p h a te  p a th w a y  in c lu d e s  o n e  r e v e r s ib le  re d u c t iv e  

r e a c t io n  fo l lo w e d  b y  a  s e r ie s  o f  p h o s p h o ry la te d  s u g a r  in te rc o n v e r s io n s .

D . T h e  r e d u c e d  n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te  (N A D P H )  

p ro d u c t  o f  th e  p e n to s e  p h o s p h a te  p a th w a y  is  u t i l iz e d  in  p ro c e s s e s  s u c h  

as  fa t ty  a c id  o x id a tio n .

12. T h e  r e s u l ts  o f  J F ’s C B C  w e re  c o n s is te n t  w ith  a  h e m o ly t ic  a n e m ia . B lo o d

c h e m is try  te s ts  r e v e a le d  a n  e le v a t io n  in  th e  b i l i r u b in  le v e l. W h ic h  o f  th e

fo llo w in g  s ta te m e n ts  c o n c e rn in g  b i l i r u b in  is  c o r re c t?

A . H y p e rb i l i r u b in e m ia  c a n  c a u s e  d e p o s i t io n  o f  b i l i r u b in  in  th e  s k in  a n d  

s c le ra e  re s u l t in g  in  ja u n d ic e .

B . T h e  s o lu b il i ty  o f  b i l i r u b in  is  in c re a s e d  b y  c o n ju g a t in g  i t  w ith  tw o  

m o le c u le s  o f  a s c o rb ic  a c id  in  th e  liv e r .

C . T h e  c o n ju g a te d  fo rm  o f  b i l i r u b in  in c re a s e s  in  th e  b lo o d  w ith  a  

h e m o ly t ic  a n e m ia .



D . P h o to th e ra p y  c a n  in c re a s e  th e  s o lu b i l i ty  o f  th e  e x c e s s  b i l i r u b in  

g e n e ra te d  in  th e  p o rp h y r ia s .

)3. W h y  is  u r in a ry  u r o b i l in o g e n  in c r e a s e d  r e la t iv e  to  n o rm a l  in  h e m o ly t ic  

ja u n d ic e  a n d  a b s e n t  in  o b s tru c t iv e  ja u n d ic e ?

Case 7: Joint Pain

P a tie n t  P re s e n ta t io n :  IR  is  a  2 2 -y e a r -o ld  m a le  w h o  p re s e n ts  fo r  f o l lo w -u p  10 

d a y s  a f te r  h a v in g  b e e n  t r e a te d  in  th e  E m e rg e n c y  D e p a r tm e n t  (E D ) fo r  s e v e re  

in f la m m a tio n  a t  th e  b a s e  o f  h is  th u m b .

F o c u s e d  H is to ry : T h is  w a s  I R ’s f i r s t  o c c u r re n c e  o f  s e v e re  jo in t  p a in . In  th e  E D , 

h e  w a s  g iv e n  a n  a n t i- in f la m m a to ry  m e d ic a t io n . F lu id  a s p ir a te d  f ro m  th e  

c a rp o m e ta c a rp a l  jo in t  o f  th e  th u m b  w a s  n e g a t iv e  fo r  o rg a n is m s  b u t  p o s i t iv e  fo r  

n e e d le - s h a p e d  m o n o s o d iu m  u ra te  (M S U ) c ry s ta ls  ( s e e  im a g e  a t  r ig h t) .  T h e  

in f la m m a to ry  s y m p to m s  h a v e  s in c e  r e s o lv e d . IR  re p o r ts  h e  is  in  g o o d  h e a l th  

o th e rw is e ,  w i th  n o  s ig n if ic a n t  p a s t  m e d ic a l  h is to ry . H is  b o d y  m a ss  in d e x  (B M I)  

is  3 1 . N o  to p h i  (d e p o s its  o f  M S U  c ry s ta ls  u n d e r  th e  s k in )  w e re  d e te c te d  in  th e  

p h y s ic a l  e x a m in a t io n .

P e r t in e n t  F in d in g s :  R e s u lts  o n  a  2 4 -h o u r  u r in e  s p e c im e n  a n d  b lo o d  te s ts  

r e q u e s te d  in  a d v a n c e  o f  th is  v is i t  r e v e a l  th a t  IR  is  n o t  a n  u n d e r s e c r e to r  o f  u r ic  

a c id . H is  b lo o d  u ra te  w a s  8 .5  m g /d l  ( r e fe re n c e  = 2 .5 -8 .0 ) .  T h e  u n u s u a l ly  y o u n g  

a g e  o f  p r e s e n ta t io n  is  s u g g e s t iv e  o f  a n  e n z y m o p a th y  o f  p u r in e  m e ta b o l is m , a n d  

a d d i t io n a l  b lo o d  te s ts  a re  o rd e re d .

D ia g n o s is :  IR  h a s  g o u t  (M S U  c ry s ta l  d e p o s i t io n  d is e a se ) ,  a  ty p e  o f  in f la m m a to ry  

a r th r i t is .

T re a tm e n t:  IR  w a s  g iv e n  p re s c r ip t io n s  fo r  a l lo p u r in o l  a n d  c o lc h ic in e . T h e  

t r e a tm e n t  g o a ls  a re  to  r e d u c e  h is  b lo o d  u ra te  le v e ls  to  < 6 .0  m g /d l  a n d  p r e v e n t  

a d d i t io n a l  a t ta c k s .  H e  w a s  a d v is e d  to  lo s e  w e ig h t  b e c a u s e  b e in g  o v e rw e ig h t  o r  

o b e s e  is  a  r is k  fa c to r  fo r  g o u t. H is  B M I  o f  31  p u ts  h im  in  th e  o b e s e  c a te g o ry . H e  

w a s  a lso  g iv e n  w r i t te n  in fo rm a tio n  o n  th e  a s s o c ia t io n  b e tw e e n  d ie t  a n d  g o u t.

P ro g n o s is :  G o u t  in c re a s e s  th e  r is k  o f  d e v e lo p in g  r e n a l  s to n e s . I t  is  a lso  

a s s o c ia te d  w i th  h y p e r te n s io n ,  d ia b e te s ,  a n d  h e a r t  d is e a se .



Case-Related Questions: Choose the ONE best 
answer.

11. A l lo p u r in o l  is  c o n v e r te d  in  th e  b o d y  to  o x y p u r in o l ,  w h ic h  fu n c t io n s  a s  a

n o n c o m p e ti t iv e  in h ib i to r  o f  a n  e n z y m e  in  p u r in e  m e ta b o l is m . W h ic h  o f  th e

fo llo w in g  s ta te m e n ts  c o n c e rn in g  p u r in e  m e ta b o l is m  a n d  its  r e g u la t io n  is

c o r re c t?

A . A s  a  n o n c o m p e ti t iv e  in h ib ito r ,  o x y p u r in o l  in c re a s e s  th e  a p p a re n t  

M ic h a e lis  c o n s ta n t  (K m) o f  th e  ta rg e t  e n z y m e .

B . C o lc h ic in e  in h ib i ts  x a n th in e  o x id a se , a n  e n z y m e  o f  p u r in e  d e g ra d a tio n .

C . G lu ta m a te  p ro v id e s  tw o  o f  th e  n i t r o g e n  a to m s  o f  th e  p u r in e  r in g .

D . In  p u r in e  n u c le o t id e  s y n th e s is ,  th e  r in g  s y s te m  is  f i r s t  c o n s tru c te d  a n d  

th e n  a t ta c h e d  to  r ib o s e  5 -p h o s p h a te .

E . O x y p u r in o l  in h ib its  th e  a m id o tra n s fe ra s e  th a t  in i t ia te s  d e g ra d a t io n  o f  

th e  p u r in e  r in g  sy s te m .

F . P a r t ia l  o r  c o m p le te  e n z y m ic  d e f ic ie n c ie s  in  th e  s a lv a g e  o f  p u r in e  b a s e s  

a re  c h a ra c te r iz e d  b y  h y p e ru r ic e m ia .

12. P u r in e s  a re  o n e  ty p e  o f  n i t ro g e n o u s  b a s e  fo u n d  in  n u c le o tid e s .  P y r im id in e s

a re  th e  o th e r . W h ic h  o f  th e  fo l lo w in g  s ta te m e n ts  is  tru e  o f  th e  p y r im id in e s ?

A . C a rb a m o y l  p h o s p h a te  s y n th e ta s e  I is  th e  r e g u la te d  e n z y m ic  a c t iv i ty  in  

p y r im id in e  r in g  s y n th e s is .

B . M e th o tre x a te  d e c re a s e s  s y n th e s is  o f  th e  p y r im id in e  n u c le o t id e  

th y m id in e  m o n o p h o s p h a te .

C . O ro tic  a c id u r ia  is  a  p a th o lo g y  o f  p y r im id in e  d e g ra d a tio n .

D . P y r im id in e  n u c le o t id e  s y n th e s is  is  in d e p e n d e n t  o f  5 -p h o s p h o r ib o s y l-1 -  

p y ro p h o s p h a te  (P R P P ) .

13. IR  is  s u b s e q u e n tly  s h o w n  to  h a v e  a  fo rm  o f  P R P P  s y n th e ta s e  th a t  s h o w s

in c re a s e d  e n z y m ic  a c t iv i ty .  W h y  d o e s  th is  r e s u l t  in  h y p e ru r ic e m ia ?

Case 8: No Bowel Movement



P a tie n t  P re s e n ta t io n :  D W  is  a  4 8 -h o u r -o ld  fe m a le  w h o  h a s  n o t  y e t  h a d  a  b o w e l  

m o v e m e n t .

F o c u s e d  H is to ry : D W  is  th e  fu l l - te rm  p r o d u c t  o f  a  n o rm a l  p re g n a n c y  a n d  

d e l iv e ry . S h e  a p p e a re d  n o rm a l  a t  b ir th .  D W  is  th e  f i r s t  c h i ld  o f  p a re n ts  o f  

N o r th e rn  E u ro p e a n  e th n ic i ty .  T h e  p a re n ts  a re  b o th  in  g o o d  h e a l th ,  a n d  th e ir  

fa m ily  h is to r ie s  a re  u n re m a rk a b le .

P e r t in e n t  F in d in g s :  D W  h a s  a  d is te n d e d  a b d o m e n . S h e  r e c e n t ly  v o m ite d  s m a ll  

a m o u n ts  o f  b i l io u s  (g re e n -c o lo re d )  m a te r ia l .

D ia g n o s is :  M e c o n iu m  ile u s  (o b s tru c t io n  o f  th e  i le u m  b y  m e c o n iu m , th e  f ir s t  

s to o l  p ro d u c e d  b y  n e w b o rn s )  w a s  c o n f i rm e d  b y  a b d o m in a l  x - ra y s .  A b o u t  9 8 %  o f  

fu l l - te rm  n e w b o rn s  w i th  m e c o n iu m  ile u s  h a v e  c y s tic  f ib ro s is  (C F ). D ia g n o s is  o f  

C F  w a s  s u b s e q u e n tly  c o n f i rm e d  w ith  a  c h lo r id e  s w e a t  te s t.

T re a tm e n t:  T h e  i le u s  w a s  s u c c e s s fu l ly  t r e a te d  n o n s u rg ic a l ly .  F o r  m a n a g e m e n t  o f  

th e  C F , th e  f a m ily  w a s  r e f e r r e d  to  th e  C F  c e n te r  a t  th e  r e g io n a l  c h i ld r e n ’s 

h o s p ita l .

P ro g n o s is :  C F  is  th e  m o s t  c o m m o n  l i f e - l im it in g  a u to s o m a l- re c e s s iv e  d is e a s e  in  

C a u c a s ia n s .

Case-Related Questions: Choose the ONE best 
answer.

)1. C F  is  th e  r e s u l t  o f  m u ta t io n s  to  th e  g e n e  th a t  e n c o d e s  th e  C F  tr a n s m e m b ra n e  

c o n d u c ta n c e  r e g u la to r  (C F T R )  p ro te in  th a t  fu n c t io n s  as  a  c h lo r id e  c h a n n e l 

in  th e  a p ic a l  m e m b ra n e  o f  e p i th e l ia l  c e l ls  o n  a  m u c o s a l  s u r fa c e . W h ic h  o f  

th e  fo llo w in g  s ta te m e n ts  c o n c e rn in g  C F  is  c o r re c t?

A . C lin ic a l  m a n ife s ta t io n s  o f  C F  a re  th e  c o n s e q u e n c e  o f  c h lo r id e  r e te n t io n  

w ith  in c re a s e d  w a te r  r e a b s o rp t io n  th a t  c a u s e s  m u c u s  o n  th e  e p i th e l ia l  

s u r fa c e  to  b e  e x c e s s iv e ly  th ic k  a n d  s tic k y .

B . E x c e s s iv e  p a n c re a t ic  s e c re t io n  o f  in s u l in  in  C F  c o m m o n ly  re s u lts  in  

h y p o g ly c e m ia .

C . G e n e tic  te s t in g  fo r  C F  m a y  in v o lv e  th e  u s e  o f  a  s e t  o f  p ro b e s  fo r  th e  

m o s t  c o m m o n  m u ta tio n s ,  a  te c h n iq u e  k n o w n  a s  r e s tr ic t io n  f r a g m e n t  

le n g th  p o ly m o rp h is m  a n a ly s is .



D . S o m e  m u ta t io n s  r e s u l t  in  p re m a tu re  d e g ra d a t io n  o f  th e  C F T R  p ro te in  

th ro u g h  ta g g in g  w ith  u b iq u in o n e  fo l lo w e d  b y  p ro te a s o m e -m e d ia te d  

p ro te o ly s is .

E . T h e  m o s t  c o m m o n  m u ta tio n ,  A F 5 0 8 , r e s u lts  in  th e  lo s s  o f  a  c o d o n  fo r  

p h e n y la la n in e  (F ) a n d  is  c la s s i f ie d  a s  a  f r a m e s h i f t  m u ta tio n .

12. T h e  C F T R  p ro te in  is  a n  in t r in s ic  p la s m a  m e m b ra n e  g ly c o p ro te in .  T a rg e tin g

o f  p ro te in s  d e s t in e d  to  fu n c t io n  a s  c o m p o n e n ts  o f  m e m b ra n e s :

A . in c lu d e s  t r a n s p o r t  to  a n d  th ro u g h  th e  G o lg i.

B . in v o lv e s  a n  a m in o - te rm in a l  s ig n a l  s e q u e n c e  th a t  is  r e ta in e d  in  th e  

fu n c t io n a l  p ro te in .

C . o c c u rs  a f te r  th e  p ro te in  h a s  b e e n  c o m p le te ly  s y n th e s iz e d  ( th a t  is , 

p o s t t r a n s la t io n a l ly ) .

D . r e q u ire s  th e  p r e s e n c e  o f  m a n n o s e  6 -p h o s p h a te  r e s id u e s  o n  th e  p ro te in .

J3. W h y  m ig h t  s te a to r rh e a  b e  s e e n  w ith  C F ?

Case 9: Elevated Ammonia

P a tie n t  P re s e n ta t io n :  R L  is  a  4 0 -h o u r -o ld  m a le  w i th  s ig n s  o f  c e re b ra l  e d e m a .

F o c u s e d  H is to ry : R L  is  th e  fu l l - te rm  p ro d u c t  o f  a  n o rm a l  p r e g n a n c y  a n d  

d e l iv e ry . H e  a p p e a re d  n o rm a l  a t  b ir th .  A t  a g e  3 6  h o u rs , h e  b e c a m e  ir r i ta b le ,  

le th a rg ic ,  a n d  h y p o th e rm ic .  H e  fe d  o n ly  p o o r ly  a n d  v o m ite d . H e  a lso  d is p la y e d  

ta c h y p n e ic  ( ra p id )  b re a th in g  a n d  n e u ro lo g ic  p o s tu r in g .  A t  a g e  3 8  h o u rs , h e  h a d  a  

s e iz u re .

P e r t in e n t  F in d in g s :  R e s p ira to ry  a lk a lo s is  ( in c re a s e d  p H , d e c re a s e d  C O 2 

[h y p o c a p n ia ] ) ,  in c re a s e d  a m m o n ia , a n d  d e c re a s e d  b lo o d  u re a  n i t r o g e n  w e re  

fo u n d . A n  a m in o  a c id  s c re e n  r e v e a le d  th a t  a rg in in o s u c c in a te  w a s  in c r e a s e d  > 6 0 - 

fo ld  o v e r  b a s e l in e , a n d  c i tru ll in e  w a s  in c re a s e d  4 - fo ld . G lu ta m in e  w a s  e le v a te d , 

a n d  a rg in in e  (A rg )  w a s  d e c re a s e d  r e la t iv e  to  n o rm a l.

D ia g n o s is :  R L  h a s  a  u r e a  c y c le  e n z y m e  d e fe c t  w i th  n e o n a ta l  o n se t.

T re a tm e n t:  H e m o d ia ly s is  w a s  p e r fo rm e d  to  r e m o v e  a m m o n ia . S o d iu m  

p h e n y la c e ta te  a n d  s o d iu m  b e n z o a te  w e re  a d m in is te re d  to  a id  in  e x c re t io n  o f  

w a s te  n it ro g e n , as  w a s  A rg . L o n g - te rm  t r e a tm e n t  w i l l  in c lu d e  l i f e lo n g  l im i ta t io n  

o f  d ie ta ry  p ro te in ;  s u p p le m e n ta t io n  w ith  e s s e n t ia l  a m in o  a c id s ; a n d



a d m in is tr a t io n  o f  A rg , s o d iu m  p h e n y la c e ta te ,  a n d  s o d iu m  p h e n y lb u ty ra te .

P ro g n o s is :  S u rv iv a l  in to  a d u l th o o d  is  p o s s ib le .  T h e  d e g re e  o f  n e u ro lo g ic  

im p a irm e n t  is  r e la te d  to  th e  d e g re e  a n d  e x te n t  o f  th e  h y p e ra m m o n e m ia .

Case-Related Questions: Choose the ONE best 
answer.

11. B a s e d  o n  th e  f in d in g s , w h ic h  e n z y m e  o f  th e  u re a  c y c le  is  m o s t  l ik e ly  to  b e  

d e f ic ie n t  in  th is  p a t ie n t?

A . A rg in a s e

B . A r g in in o s u c c in a te  ly a s e

C . A r g in in o s u c c in a te  s y n th e ta s e

D . C a rb a m o y l  p h o s p h a te  s y n th e ta s e  I

E . O rn ith in e  t r a n s c a rb a m o y la s e

)2. W h y  is  A rg  s u p p le m e n ta t io n  h e lp fu l  in  th is  c a s e ?

)3. In  in d iv id u a ls  w i th  p a r t ia l  (m ild e r )  d e f ic ie n c y  o f  u re a  c y c le  e n z y m e s , th e  

le v e l  o f  w h ic h  o n e  o f  th e  fo llo w in g  w o u ld  b e  e x p e c te d  to  b e  d e c re a s e d  

d u r in g  p e r io d s  o f  p h y s io lo g ic  s tre s s ?

A . A la n in e

B . A m m o n ia

C . G lu ta m in e

D . In s u lin

E . p H

Case 10: Calf Pain

P a tie n t  P re s e n ta t io n :  C R  is  a  1 9 -y e a r -o ld  fe m a le  w h o  is  b e in g  e v a lu a te d  fo r  p a in  

a n d  s w e ll in g  in  h e r  r ig h t  c a lf .

F o c u s e d  H is to ry : T e n  d a y s  a g o , C R  h a d  h e r  s p le e n  r e m o v e d  fo l lo w in g  a  b ic y c le



a c c id e n t  in  w h ic h  sh e  f r a c tu re d  h e r  t ib ia l  e m in e n c e , n e c e s s i ta t in g  im m o b i l iz a t io n  

o f  th e  r ig h t  k n e e . S h e  h a s  h a d  a  g o o d  re c o v e ry  f ro m  th e  s u rg e ry . C R  is  n o  lo n g e r  

ta k in g  p a in  m e d ic a t io n  b u t  h a s  c o n t in u e d  h e r  o ra l  c o n tra c e p t iv e s  (O C P ).

P e r t in e n t  F in d in g s :  C R ’s r ig h t  c a l f  is  r e d d is h  in  c o lo r  (e ry th e m a to u s )  a n d  w a rm  

to  th e  to u c h . I t  is  v is ib ly  s w o lle n . T h e  le f t  c a l f  is  n o rm a l  in  a p p e a ra n c e  a n d  is  

w i th o u t  p a in . A n  u l t r a s o u n d  is  o rd e re d .

D ia g n o s is :  C R  h a s  a  d e e p  v e n o u s  th ro m b o s is  (D V T ) . O C P  a re  a  r is k  fa c to r  fo r  

D V T , as  a re  s u rg e ry  a n d  im m o b iliz a tio n .

T re a tm e n t  ( Im m e d ia te ) :  H e p a r in  a n d  w a r f a r in  a re  a d m in is te re d .

P ro g n o s is :  In  th e  10  y e a r s  fo llo w in g  a  D V T , a b o u t  o n e  th i rd  o f  in d iv id u a ls  h a v e  

a  r e c u r re n c e .

Case-Related Questions: Choose the ONE best 
answer.

11. A  D V T  is  a  b lo o d  c lo t  th a t  o c c lu d e s  th e  lu m e n  o f  a  d e e p  v e in , m o s t

c o m m o n ly  in  th e  le g . W h ic h  o f  th e  fo llo w in g  s ta te m e n ts  a b o u t  th e  c lo tt in g  

c a s c a d e  is  c o r re c t?

A . A  d e f ic ie n c y  in  fa c to r  (F ) IX  o f  th e  in t r in s ic  p a th w a y  re s u lts  in  

h e m o p h il ia  A .

B . F I I I  o f  th e  e x tr in s ic  p a th w a y  is  a  s e r in e  p ro te a se .

C . F o rm a t io n  o f  th e  f ib r in  m e s h w o rk  is  r e f e r r e d  to  a s  p r im a ry  h e m o s ta s is .

D . T h ro m b in  p ro te o ly t ic a l ly  a c t iv a te s  c o m p o n e n ts  o f  th e  e x tr in s ic ,  

in tr in s ic ,  a n d  c o m m o n  p a th w a y s .

E . V ita m in  K  is  r e q u ire d  fo r  th e  a c t iv a t io n  o f  f ib r in o g e n .

12. W h ic h  o n e  o f  th e  fo llo w in g  w o u ld  in c re a s e  th e  r is k  o f  th ro m b o s is ?

A . E x c e s s  p ro d u c t io n  o f  a n t i th ro m b in

B . E x c e s s  p r o d u c t io n  o f  p ro te in  S

C . E x p re s s io n  o f  F V  L e id e n

D . H y p o p ro th ro m b in e m ia

E . v o n  W il le b ra n d  d is e a s e



)3. C o m p a re  a n d  c o n t r a s t  th e  a c t io n s  o f  h e p a r in  a n d  w a r fa r in .

Focused Cases: Answers to Case-Based
Questions

Case 1: Anemia with P-Thalassemia Minor

A n s w e r  = B . T ra n s c r ip t io n  ( s y n th e s is  o f  s in g le - s t r a n d e d  R N A  f ro m  th e  te m p la te  

s t ra n d  o f  d o u b le - s t r a n d e d  D N A ) r e q u ire s  th e  b in d in g  o f  p ro te in s  ( tr a n s -a c tin g  

fa c to rs )  to  s e q u e n c e s  o n  th e  D N A  (c is -a c tin g  e le m e n ts ) .  E u k a ry o t ic  m e s s e n g e r  

R N A  (m R N A )  is  m o n o c is tro n ic  b e c a u s e  i t  c o n ta in s  in fo rm a tio n  f ro m  ju s t  o n e  

g e n e  (c is t ro n ) .  T h e  b a s e  s e q u e n c e  T A G  ( th y m in e  a d e n in e  g u a n in e )  in  th e  c o d in g  

s tra n d  o f  D N A  is  U (u ra c i l )A G  in  th e  m R N A . U A G  is  a  s ig n a l  th a t  te rm in a te s  

t r a n s la t io n  (p ro te in  s y n th e s is ) ,  n o t  tr a n s c r ip tio n .  I t  is  f o rm a t io n  o f  th e  5 '- c a p  o f  

e u k a ry o t ic  m R N A  th a t  r e q u ire s  m e th y la t io n  (u s in g  S -a d e n o s y lm e th io n in e ) ,  n o t  

3 '- e n d  p o ly a d e n y la t io n .  S p lic in g  is  th e  s p l ic e o s o m e -m e d ia te d  p ro c e s s  b y  w h ic h  

in t ro n s  a re  r e m o v e d  f ro m  e u k a ry o t ic  m R N A  a n d  e x o n s  jo in e d .



A n s w e r  = C . C a rb o n  m o n o x id e  (C O )  in c re a s e s  th e  a f f in i ty  o f  h e m o g lo b in  (H b )A  

fo r  O 2, th e re b y  d e c re a s in g  th e  a b i l i ty  o f  H b A  to  o f f lo a d  O 2 in  th e  t is s u e s .  C O  

s ta b i l iz e s  th e  R  ( re la x e d )  o r  o x y g e n a te d  fo rm  a n d  s h if ts  th e  O 2 d is s o c ia t io n  

c u rv e  to  th e  le f t, d e c re a s in g  O 2 d e l iv e ry  (s e e  f ig u re  a t  to p  r ig h t) .  T h e  o th e r  

c h o ic e s  d e c re a s e  th e  a f f in i ty  fo r  O 2, s ta b i l iz e  th e  T  ( te n se )  o r  d e o x y g e n a te d  

fo rm , a n d  c a u s e  a  r ig h t  s h if t  in  th e  c u rv e .

H b A 2 a n d  fe ta l  H b  (H b F )  d o  n o t  c o n ta in  p g lo b in . A s  p g lo b in  p ro d u c t io n  

d e c re a s e s ,  s y n th e s is  o f  H b A 2 ( a 2ô 2) a n d  H b F  ( a 2Y2) in c re a s e s .



S ic k le  c e l l  a n e m ia  is  c a u s e d  b y  a  s in g le  p o in t  m u ta t io n  (A  T )  in  th e  g e n e  fo r  p 

g lo b in  th a t  r e s u lts  in  th e  r e p la c e m e n t  o f  g lu ta m a te  b y  v a l in e  a t  th e  s ix th  a m in o  

a c id  p o s i t io n  in  th e  p ro te in .  M u ta t io n a l  a n a ly s is  u s in g  a l le le - s p e c if ic  

o l ig o n u c le o t id e  (A S O )  p ro b e s  fo r  th a t  m u ta t io n  (p S) a n d  fo r  th e  n o rm a l  s e q u e n c e  

(p A) is  u s e d  in  d ia g n o s is  (s e e  f ig u re  a t  lo w e r  r ig h t) .  p -T h a la s s e m ia , in  c o n tra s t ,  is  

c a u s e d  b y  h u n d re d s  o f  d if f e r e n t  m u ta tio n s .  M u ta t io n a l  a n a ly s is  u s in g  A S O  

p ro b e s  c a n  a s s e s s  c o m m o n  m u ta tio n s ,  in c lu d in g  p o in t  m u ta tio n s ,  in  a t- r is k  

p o p u la t io n s  ( fo r  e x a m p le , th o s e  o f  G re e k  a n c e s try ) .  H o w e v e r ,  le s s  c o m m o n



m u ta t io n s  a re  o f te n  n o t  in c lu d e d  in  th e  p a n e l  a n d  c a n  b e  d e te c te d  o n ly  b y  D N A  

s e q u e n c in g .

Case 2: Skin Rash with Lyme Disease

A n s w e r  = C . P e p t id e -b o n d  fo rm a t io n  b e tw e e n  th e  a m in o  a c id  in  th e  A  s ite  o f  th e  

r ib o s o m e  a n d  th e  a m in o  a c id  la s t  a d d e d  to  th e  g ro w in g  p e p t id e  in  th e  P  s ite  is  

c a ta ly z e d  b y  a n  R N A  o f  th e  la rg e  r ib o s o m a l  s u b u n it .  A n y  R N A  w ith  c a ta ly t ic  

a c t iv i ty  is  r e fe r re d  to  a s  a  r ib o z y m e  (s e e  f ig u re  o n  th e  n e x t  p a g e ) .  F o rm y la te d  

m e th io n in e  is  u s e d  to  in i t ia te  p ro k a ry o tic  tr a n s la t io n . T h e  c h a rg e d  in i t ia t in g  

t r a n s fe r  R N A  ( tR N A j)  is  th e  o n ly  tR N A  th a t  g o e s  d ire c tly  to  th e  P  s ite , le a v in g  

th e  A  s i te  a v a i la b le  fo r  th e  tR N A  c a r ry in g  th e  n e x t  a m in o  a c id  o f  th e  p ro te in  

b e in g  m a d e . E u k a ry o t ic  t r a n s la t io n  is  in h ib i te d  b y  th e  p h o s p h o ry la t io n  o f  

in i t ia t io n  fa c to r  2 (e IF -2 ) . T h e  S h in e -D a lg a rn o  s e q u e n c e  is  fo u n d  in  p ro k a ry o tic  

m e s s e n g e r  R N A  (m R N A )  a n d  fa c i l i ta te s  th e  in te r a c t io n  o f  th e  m R N A  w ith  th e  

s m a l l  r ib o s o m a l s u b u n it .  In  e u k a ry o te s ,  th e  c a p -b in d in g  p ro te in s  p e r fo rm  th a t  

ta sk .

CO
NH

R"-CH
C=0

HN
R'-CH

6=0

mRNA

Ribosome

Peptide chainPeptide chain

Peptidyltransferase (ribozyme)

H20

A n s w e r  = B . T h e  e n z y m e - l in k e d  im m u n o s o rb e n t  a s s a y  (E L IS A )  a n d  w e s te rn



b lo t  a re  u s e d  to  a n a ly z e  p ro te in s .  E a c h  m a k e s  u s e  o f  a n t ib o d ie s  to  d e te c t  a n d  

q u a n tify  th e  p ro te in  o f  in te re s t .  I t  is  w e s te rn  b lo ts  th a t  u t i l iz e  e le c tro p h o re s is .  

T h e  p o ly m e ra s e  c h a in  r e a c t io n  (P C R )  is  u s e d  to  a m p lify  D N A .

A n tib io t ic s  in  th e  te tr a c y c l in e  fa m ily  in h ib i t  p ro te in  s y n th e s is  b y  b in d in g  to  a n d  

b lo c k in g  th e  A  s i te  o f  th e  s m a l l  (3 0 S )  r ib o s o m a l  s u b u n it  in  p ro k a ry o te s .  

T e tr a c y c l in e  s p e c if ic a l ly  in te ra c ts  w i th  th e  16S  r ib o s o m a l  R N A  ( rR N A ) 

c o m p o n e n t  o f  th e  3 0 S  su b u n it ,  in h ib i t in g  t r a n s la t io n  in i t ia t io n . E u k a ry o te s  d o  n o t  

c o n ta in  16S  rR N A . T h e ir  s m a l l  (4 0 S )  s u b u n it  c o n ta in s  18S  rR N A , w h ic h  d o e s  

n o t  b in d  te tra c y c lin e .

Case 3: Blood on the Toothbrush with Vitamin 
C Deficiency

A n s w e r  = C . V ita m in  C  (a s c o rb ic  a c id )  fu n c t io n s  a s  a  c o e n z y m e  in  th e  

h y d ro x y la t io n  o f  p ro l in e  a n d  ly s in e  in  th e  s y n th e s is  o f  c o l la g e n , a  f ib ro u s  p ro te in  

o f  th e  e x tr a c e l lu la r  m a tr ix .  V ita m in  C  is  a lso  th e  c o e n z y m e  fo r  d u o d e n a l  

c y to c h ro m e  b  (D c y tb )  th a t  r e d u c e s  d ie ta ry  iro n  f ro m  th e  fe r r ic  (F e 3+) to  th e  

fe r ro u s  (F e 2+) fo rm  th a t  is  r e q u ire d  fo r  a b s o rp t io n  v ia  th e  d iv a le n t  m e ta l  

t r a n s p o r te r  (D M T ) o f  e n te ro c y te s  ( s e e  f ig u re  b e lo w ) . W ith  a  d e f ic ie n c y  o f  

v i ta m in  C , u p ta k e  o f  d ie ta ry  i ro n  is  im p a ire d  a n d  r e s u lts  in  a  m ic ro c y t ic ,  

h y p o c h ro m ic  a n e m ia . A s  a  w a te r - s o lu b le  v i ta m in ,  v i ta m in  C  is  n o t  s to re d . C ro s s 

l in k in g  o f  c o l la g e n  b y  ly s y l  o x id a s e  r e q u ire s  c o p p e r ,  n o t  v i ta m in  C .
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A n s w e r  = A . A n  in a b il i ty  to  a b s o rb  v i ta m in  B 12 le a d s  to  p e rn ic io u s  a n e m ia  a n d  

is  m o s t  c o m m o n ly  c a u s e d  b y  d e c re a s e d  p r o d u c t io n  o f  in t r in s ic  fa c to r  ( IF )  b y  th e  

p a r ie ta l  c e l ls  o f  th e  s to m a c h  (s e e  f ig u re  a t  r ig h t) .  V ita m in s  D  a n d  A , in  c o m p le x  

w ith  th e ir  r e c e p to rs ,  b in d  to  D N A  a n d  a l te r  g e n e  e x p re s s io n . T h ia m in e  (v ita m in  

B 1) is  a  c o e n z y m e  in  th e  o x id a tiv e  d e c a rb o x y la t io n  o f  p y ru v a te  a n d  a -  

k e to g lu ta ra te  a n d , th e re fo re ,  is  im p o r ta n t  in  e n e rg y  m e ta b o l is m  in  m o s t  c e lls . 

M e th o tre x a te  in h ib its  d ih y d ro fo la te  r e d u c ta s e ,  th e  e n z y m e  th a t  r e d u c e s  

d ih y d ro fo la te  to  te t r a h y d ro fo la te  (T H F ), th e  f u n c t io n a l  c o e n z y m e  fo rm  o f  fo la te . 

T h is  r e s u lts  in  d e c re a s e d  a v a i la b i l i ty  o f  T H F . I t  is  p y r id o x in e  (v ita m in  B 6) as 

p y r id o x a l  p h o s p h a te  th a t  is  th e  c o e n z y m e  fo r  m o s t  r e a c t io n s  in v o lv in g  a m in o  

a c id s . [N o te : T e tr a h y d ro b io p te r in  is  r e q u ire d  b y  a ro m a tic  a m in o  a c id  

h y d ro x y la s e s  a n d  n i t r ic  o x id e  s y n th a s e s .]

N u tr i t io n a l  a n e m ia s  a re  c h a ra c te r iz e d  b y  e i th e r  in c r e a s e d  r e d  b lo o d  c e l l  (R B C ) 

s iz e  ( fo la te  a n d  B 12 d e f ic ie n c ie s )  o r  d e c re a s e d  R B C  s iz e  ( iro n  a n d  v i ta m in  C  

d e f ic ie n c ie s ) .  In  h e m o ly t ic  a n e m ia s ,  s u c h  as  is  s e e n  in  g lu c o s e  6 -p h o s p h a te  

d e h y d ro g e n a s e  a n d  p y ru v a te  k in a s e  d e f ic ie n c ie s  a n d  in  s ic k le  c e l l  a n e m ia , R B C  

s iz e  ty p ic a l ly  is  n o rm a l,  a n d  R B C  n u m b e r  is  d e c re a s e d .

Case 4: Rapid Heart Rate, Headache, and 
Sweating with a Pheochromocytoma

A n s w e r  = D . D e g ra d a t io n  o f  b o th  e p in e p h r in e  a n d  n o r e p in e p h r in e  (N E ) in v o lv e s  

m e th y la t io n  b y  c a te c h o l -O -m e th y l tr a n s f e r a s e  (C O M T )  th a t  p ro d u c e s  

n o rm e ta n e p h r in e  f ro m  N E  a n d  m e ta n e p h r in e  f ro m  e p in e p h r in e  (s e e  f ig u re  a t  

r ig h t) .  B o th  o f  th e s e  p ro d u c ts  a re  d e a m in a te d  to  v a n i l ly lm a n d e l ic  a c id  b y  

m o n o a m in e  o x id a s e  (M A O ). T h e  s u b s t r a te  fo r  th e  s y n th e s is  o f  th e  

c a te c h o la m in e s  is  ty ro s in e , w h ic h  g e ts  h y d ro x y la te d  to  3 ,4 -  

d ih y d ro x y p h e n y la la n in e  (D O P A )  b y  te tr a h y d ro b io p te r in - r e q u ir in g  ty ro s in e  

h y d ro x y la s e .  D O P A  is  c o n v e r te d  to  d o p a m in e  b y  a  p y r id o x a l  p h o s p h a te -  

r e q u ir in g  d e c a rb o x y la s e .  [N o te : M o s t  c a rb o x y la s e s  r e q u i re  b io t in .]  N E  is  

c o n v e r te d  to  e p in e p h r in e  b y  m e th y la tio n ,  a n d  S -a d e n o s y lm e th io n in e  p ro v id e s  

th e  m e th y l  g ro u p .



A n s w e r  = A . N E  r e le a s e d  f ro m  th e  s y m p a th e t ic  n e rv o u s  s y s te m  fu n c t io n s  a s  a  

n e u ro t ra n s m it te r  th a t  a c ts  o n  p o s ts y n a p tic  n e u ro n s  a n d  c a u s e s , fo r  e x a m p le , 

in c re a s e d  h e a r t  ra te . I t  is  a lso  r e le a s e d  f ro m  th e  a d re n a l  m e d u l la  a n d , a lo n g  w ith  

e p in e p h r in e , fu n c t io n s  a s  a  c o u n te r re g u la to ry  h o rm o n e  th a t  re s u lts  in  

m o b i l iz a t io n  o f  s to re d  fu e ls  ( fo r  e x a m p le , g lu c o s e  a n d  t r ia c y lg ly c e ro ls ) .  T h e s e  

a c t io n s  a re  m e d ia te d  b y  th e  b in d in g  o f  N E  to  a d re n e rg ic  re c e p to rs ,  w h ic h  a re  G  

p r o te in - c o u p le d  r e c e p to r s  o f  th e  p la s m a  m e m b ra n e ,  a n d  n o t  to  n u c le a r  r e c e p to rs  

l ik e  th o s e  o f  s te ro id  h o rm o n e s  o r  m e m b ra n e  ty ro s in e  k in a s e  r e c e p to r s  l ik e  th a t  o f  

in s u lin .

S e p tic  s h o c k  is  v a s o d ila to ry  h y p o te n s io n  ( lo w  b lo o d  p re s s u re  c a u s e d  b y  b lo o d  

v e s s e l  d i la t io n )  r e s u l t in g  f ro m  th e  p r o d u c t io n  o f  la rg e  a m o u n ts  o f  n i t r ic  o x id e  b y  

in d u c ib le  n i t r ic  o x id e  s y n th a s e  in  r e s p o n s e  to  in fe c tio n . N E  b o u n d  to  r e c e p to rs  

o n  s m o o th  m u s c le  c e l ls  c a u s e s  v a s o c o n s tr ic t io n  a n d , th u s , r a is e s  b lo o d  p re s s u re .



Case 5: Sun Sensitivity with Xeroderma
Pigmentosum

A n s w e r  = D . P y r im id in e  d im e rs  a re  th e  c h a ra c te r is t ic  D N A  le s io n s  c a u s e d  b y  

u l t r a v io le t  (U V )  r a d ia t io n . T h e ir  r e p a ir  in v o lv e s  th e  e x c is io n  o f  a n  

o l ig o n u c le o t id e  c o n ta in in g  th e  d im e r  a n d  r e p la c e m e n t  o f  th a t  o l ig o n u c le o tid e ,  a  

p ro c e s s  k n o w n  as  n u c le o t id e  e x c is io n  r e p a ir  (N E R ) . (S e e  f ig u re  a t  r ig h t  fo r  a  

r e p re s e n ta t io n  o f  th e  p ro c e s s  in  p ro k a ry o te s .)  D N A  re p a ir  s y s te m s  a re  fo u n d  in  

p ro k a ry o te s  a n d  e u k a ry o te s .  N o th in g  is  e r ro r  f re e , b u t  th e  h o m o lo g o u s  

r e c o m b in a t io n  (H R )  m e th o d  o f  d o u b le - s t r a n d  b r e a k  r e p a ir  is  m u c h  le s s  p ro n e  to  

e r ro r  th a n  is  th e  n o n h o m o lo g o u s  e n d  jo in in g  (N H E J )  m e th o d  b e c a u s e  a n y  D N A  

th a t  w a s  lo s t  is  r e p la c e d . M is m a tc h e d -b a s e  re p a ir  (M M R ) in v o lv e s  id e n t if ic a t io n  

a n d  r e p a ir  o f  th e  n e w ly  s y n th e s iz e d  (d a u g h te r )  s tra n d . In  p ro k a ry o te s ,  th e  e x te n t  

o f  s t ra n d  m e th y la t io n  is  u s e d  to  d is c r im in a te  b e tw e e n  th e  s tra n d s . B a s e  e x c is io n  

re p a ir  (B E R ) , th e  m e c h a n is m  b y  w h ic h  u r a c i l  is  r e m o v e d  f ro m  D N A , u ti l iz e s  a  

g ly c o s y la s e  to  re m o v e  th e  b a s e , c re a tin g  a n  a p y r im id in ic  o r  a p u r in ic  (A P )  s ite . 

T h e  s u g a r -p h o s p h a te  is  th e n  r e m o v e d  b y  th e  a c t io n s  o f  a n  e n d o -  a n d  

e x o n u c le a s e .
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A n s w e r  = A . A l l  r e p l ic a t io n  r e q u ire s  a n  R N A  p r im e r  b e c a u s e  D N A  p o ly m e ra s e s  

(p o l)  c a n n o t  in i t ia te  D N A  s y n th e s is .  T h e  c h ro m a tin  o f  e u k a ry o te s  g e ts  

d e c o n d e n s e d  ( re la x e d )  fo r  r e p l ic a t io n . R e la x a t io n  c a n  b e  a c c o m p lis h e d , fo r  

e x a m p le , b y  a c e ty la t io n  v ia  h is to n e  a c e ty l t r a n s fe ra s e s .  P ro k a ry o te s  h a v e  m o re  

th a n  o n e  D N A  p o l. F o r  e x a m p le , p o l  I I I  e x te n d s  th e  R N A  p r im e r  w ith  D N A , a n d  

p o l  I r e m o v e s  th e  p r im e r  a n d  re p la c e s  i t  w i th  D N A . R e p l ic a t io n  is  in i t ia te d  a t  

s p e c if ic  lo c a t io n s  (o n e  in  p ro k a ry o te s ,  m a n y  in  e u k a ry o te s )  th a t  a re  re c o g n iz e d  

b y  p ro te in s  ( fo r  e x a m p le , D n a A  in  p ro k a ry o te s ) .  D e o x y n u c le o s id e  

m o n o p h o s p h a te s  (d N M P )  a re  jo in e d  b y  a  p h o s p h o d ie s te r  b o n d  th a t  l in k s  th e  3 '-  

h y d ro x y l  g ro u p  o f  th e  la s t  d N M P  a d d e d  w ith  th e  5 '-p h o s p h a te  g ro u p  o f  th e  

in c o m in g  n u c le o tid e ,  th e re b y  fo rm in g  a  3 ' ^  5 '- p h o s p h o d ie s te r  b o n d  as  

p y ro p h o s p h a te  is  r e le a s e d .

P ro o f re a d in g  o c c u rs  d u r in g  r e p l ic a t io n  in  th e  S ( s y n th e s is  o f  D N A ) p h a s e  o f  th e  

c e l l  c y c le  a n d  in v o lv e s  th e  3 ' 5 ' e x o n u c le a s e  a c t iv i ty  p o s s e s s e d  b y  s o m e  D N A

p o l (s e e  f ig u re  b e lo w ) . B e c a u s e  r e p a ir  c a n  o c c u r  in d e p e n d e n tly  o f  r e p l ic a t io n ,  it  

c a n  b e  p e r fo rm e d  o u ts id e  o f  th e  S p h a s e .

Case 6: Dark Urine and Yellow Sclerae with



Glucose 6-Phosphate Dehydrogenase 
Deficiency

A n s w e r  = B . G lu ta th io n e  in  its  r e d u c e d  fo rm  (G -S H )  is  a n  im p o r ta n t  a n t io x id a n t.  

T h e  s e le n iu m -c o n ta in in g  e n z y m e  g lu ta th io n e  p e ro x id a s e  r e d u c e s  h y d ro g e n  

p e ro x id e  (H 2O 2, a  r e a c t iv e  o x y g e n  s p e c ie s )  to  w a te r  a s  g lu ta th io n in e  is  o x id iz e d  

(G -S -S -G ) . R e d u c e d  n ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te  (N A D P H )-  

re q u ir in g  g lu ta th io n in e  re d u c ta s e  re g e n e ra te s  G -S H  f ro m  G -S -S -G  (s e e  F ig u re  

A ) . T h e  N A D P H  is  s u p p lie d  b y  th e  o x id a t iv e  r e a c t io n s  o f  th e  p e n to s e  p h o s p h a te  

p a th w a y  (s e e  F ig u re  B ), w h ic h  is  r e g u la te d  b y  th e  a v a i la b i l i ty  o f  N A D P H  a t  th e  

g lu c o s e  6 -p h o s p h a te  d e h y d ro g e n a s e  (G 6 P D )-c a ta ly z e d  s te p  ( th e  f i r s t  s te p ) . 

D e f ic ie n c y  o f  G 6 P D  o c c u rs  in  a l l  c e lls , b u t  th e  e f fe c ts  a re  s e e n  in  r e d  b lo o d  c e lls  

w h e re  th e  p e n to s e  p h o s p h a te  p a th w a y  is  th e  o n ly  s o u rc e  o f  N A D P H . T h e  

p a th w a y  in v o lv e s  tw o  ir r e v e r s ib le  o x id a t iv e  r e a c tio n s ,  e a c h  o f  w h ic h  g e n e ra te s  

N A D P H . T h e  N A D P H  is  u s e d  in  r e d u c t iv e  p ro c e s s e s  s u c h  a s  fa t ty  a c id  s y n th e s is  

(n o t  o x id a tio n )  as  w e l l  a s  s te ro id  h o rm o n e  a n d  c h o le s te ro l  s y n th e s is .

NADPH + H \ 2 H20

G lu ta th io n e
r e d u c ta s e

Glutathione
peroxidase

S \  7 VNADP+ 2 G-SH H20 2
(reduced)

B. Glucose 6-phosphate

NADP+

NADPH +
6-Phosphogluconolactone

H 2k.

NADPH + H

p* dh +
phoglu

pO-'vJ
H+

sphoi

+ ^|^D eh’

Hydrolase

6-Phosphogluconate
NADP+ Dehydrogenase

co2
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A n s w e r  = A . J a u n d ic e  ( ic te ru s )  r e fe r s  to  th e  y e l lo w  c o lo r  o f  th e  sk in , n a i l  b e d s , 

a n d  s c le ra e  th a t  r e s u l ts  f ro m  b i l i r u b in  d e p o s i t io n  w h e n  th e  b i l i r u b in  le v e l  in  th e  

b lo o d  is  e le v a te d  (h y p e rb il iru b in e m ia ;  s e e  Im a g e  C ). B il i ru b in  h a s  lo w  s o lu b il i ty  

in  a q u e o u s  s o lu tio n s ,  a n d  its  s o lu b i l i ty  is  in c re a s e d  b y  c o n ju g a t io n  w i th  u r id in e  

d ip h o s p h a te - g lu c u r o n ic  a c id  in  th e  l iv e r , fo rm in g  b i l i r u b in  d ig lu c u ro n id e  o r  

c o n ju g a te d  b i l i r u b in  (C B ). In  h e m o ly t ic  c o n d it io n s ,  s u c h  as  G 6 P D  d e f ic ie n c y , 

b o th  C B  a n d  u n c o n ju g a te d  b i l i r u b in  (U C B )  a re  in c re a s e d ,  b u t  i t  is  U C B  th a t  is  

fo u n d  in  th e  b lo o d . C B  is  s e n t  in to  th e  in te s t in e . P h o to th e ra p y  is  u s e d  to  t r e a t  

u n c o n ju g a te d  h y p e rb i l i r u b in e m ia  b e c a u s e  i t  c o n v e r ts  b i l i r u b in  to  is o m e r ic  fo rm s  

th a t  a re  m o re  w a te r  so lu b le .  B il i ru b in  is  th e  p ro d u c t  o f  h e m e  d e g ra d a t io n  in  c e lls



o f  th e  m o n o n u c le a r  p h a g o c y te  s y s te m , p a r t ic u la r ly  in  th e  l iv e r  a n d  th e  s p le e n . 

T h e  p o rp h y r ia s  a re  p a th o lo g ie s  o f  h e m e  s y n th e s is  a n d , th e re fo re ,  a re  n o t  

c h a ra c te r iz e d  b y  h y p e rb i l i ru b in e m ia .
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W ith  h e m o ly s is ,  m o re  b i l i r u b in  is  p ro d u c e d  a n d  c o n ju g a te d . C B  is  s e n t  to  th e  

in te s t in e  w h e re  i t  is  c o n v e r te d  to  u ro b il in o g e n ,  s o m e  o f  w h ic h  is  r e a b s o rb e d ,  

e n te rs  th e  p o r ta l  b lo o d , a n d  t ra v e ls  to  th e  k id n e y . B e c a u s e  th e  s o u rc e  o f  u r in a ry  

u r o b i l in o g e n  is  in te s t in a l  u ro b il in o g e n ,  u r in a ry  u r o b i l in o g e n  w il l  b e  lo w  in  

o b s tru c t iv e  ja u n d ic e  b e c a u s e  in te s t in a l  u r o b i l in o g e n  w il l  b e  lo w  a s  a  r e s u l t  o f  th e



o b s tru c t io n  o f  th e  c o m m o n  b i le  d u c t  ( s e e  F ig u re  D ).

Case 7: Joint Pain with Gout

A n s w e r  = F . S a lv a g e  o f  th e  p u r in e  b a s e s  h y p o x a n th in e  a n d  g u a n in e  to  th e  p u r in e  

n u c le o t id e s  in o s in e  m o n o p h o s p h a te  ( IM P )  a n d  g u a n o s in e  m o n o p h o s p h a te  

(G M P )  b y  h y p o x a n th in e -g u a n in e  p h o s p h o r ib o s y l tr a n s f e r a s e  (H G P R T )  r e q u ire s  

5 -p h o s p h o r ib o s y l-1 -p y ro p h o s p h a te  (P R P P )  a s  th e  s o u rc e  o f  th e  r ib o s e  1- 

p h o s p h a te .  S a lv a g e  d e c re a s e s  th e  a m o u n t  o f  s u b s t r a te  a v a i la b le  fo r  d e g ra d a t io n  

to  u r ic  a c id . T h e re fo re ,  a  d e f ic ie n c y  in  s a lv a g e  r e s u l ts  in  h y p e ru r ic e m ia  (se e  

f ig u re  a t  r ig h t) .  N o n c o m p e t i t iv e  in h ib ito rs  s u c h  as  o x y p u r in o l  h a v e  n o  e f f e c t  o n  

th e  M ic h a e lis  c o n s ta n t  (K m) b u t  d e c re a s e  th e  a p p a re n t  m a x im a l  v e lo c i ty  (V max). 

C o lc h ic in e  is  a n  a n t i - in f la m m a to ry  d ru g . I t  h a s  n o  e f fe c t  o n  th e  e n z y m e s  o f  

p u r in e  s y n th e s is  o r  d e g ra d a tio n . G lu ta m in e  (n o t  g lu ta m a te )  is  a  n i t r o g e n  s o u rc e  

fo r  p u r in e  r in g  s y n th e s is .  In  p u r in e  n u c le o t id e  s y n th e s is ,  th e  p u r in e  r in g  s y s te m  

is  c o n s tru c te d  o n  th e  r ib o s e  5 -p h o s p h a te  p ro v id e d  b y  P R P P . A l lo p u r in o l  a n d  its  

m e ta b o l i te ,  o x y p u r in o l ,  in h ib i t  x a n th in e  o x id a s e  o f  p u r in e  d e g ra d a tio n . T h e  

a m id o tra n s fe ra s e  is  th e  r e g u la te d  e n z y m e  o f  p u r in e  s y n th e s is .  I ts  a c t iv i ty  is  

d e c re a s e d  b y  p u r in e  n u c le o t id e s  a n d  in c r e a s e d  b y  P R P P .

(Purine bases) 
Hypoxanthine, guanine

\  *

PRPP PPi

HGPRT

(Nucleotides) 
>> IMP, GMP

Xanthine
^Xanfh/ne oxidase 

Uric acid

A n s w e r  = B . M e th o tre x a te  in h ib its  d ih y d ro fo la te  r e d u c ta s e ,  d e c re a s in g  th e  

a v a i la b i l i ty  o f  N 5,N 10-m e th y le n e  te t r a h y d ro fo la te  n e e d e d  fo r  s y n th e s is  o f  

d e o x y th y m id in e  m o n o p h o s p h a te  (d T M P )  f ro m  d e o x y u r id in e  m o n o p h o s p h a te  

(d U M P )  b y  th y m id y la te  s y n th a s e  ( s e e  f ig u re  a t  r ig h t) .  C a rb a m o y l  p h o s p h a te



s y n th e ta s e  (C P S )  II  is  th e  r e g u la te d  e n z y m ic  a c t iv i ty  o f  p y r im id in e  b io s y n th e s is  

in  h u m a n s . C P S  I is  a n  e n z y m e  o f  th e  u r e a  c y c le . O ro tic  a c id u r ia  is  a  ra re  

p a th o lo g y  o f  p y r im id in e  s y n th e s is  c a u s e d  b y  a  d e f ic ie n c y  in  o n e  o r  b o th  e n z y m ic  

a c t iv i t ie s  o f  b ifu n c t io n a l  u r id in e  m o n o p h o s p h a te  s y n th a s e . P y r im id in e  n u c le o t id e  

s y n th e s is ,  l ik e  p u r in e  s y n th e s is  a n d  s a lv a g e , r e q u ire s  P R P P .



dCDP

i *
dCM P

NH

i

N5,N 10-M ethylene-
tetrahydrofo late

dUDP

> d U M P

5-Fluorouracil

^  5-FdU M P O

Dihydrofolate J
NADPH + H+

M etho- ^  
trexate  w

Dihydrofolate 
reductase

Si
NADP+

Y
Tetrahydrofo late

Thymidylate
synthase

Y
dTM P



In c re a s e d  a c t iv i ty  o f  P R P P  s y n th e ta s e  re s u lts  in  in c r e a s e d  s y n th e s is  o f  P R P P . 

T h is  r e s u lts  in  a n  in c re a s e  in  p u r in e  n u c le o t id e  s y n th e s is  b e y o n d  n e e d . T h e  

e x c e s s  p u r in e  n u c le o t id e s  g e t  d e g ra d e d  to  u r ic  a c id , th e re b y  c a u s in g  

h y p e ru r ic e m ia .

Case 8: No Bowel Movement with Cystic 
Fibrosis

A n s w e r  = A . T h e  c l in ic a l  m a n ife s ta t io n s  o f  c y s tic  f ib ro s is  (C F )  a re  th e  

c o n s e q u e n c e  o f  c h lo r id e  r e te n t io n  w ith  in c r e a s e d  w a te r  a b s o rp t io n  th a t  c a u s e s  

m u c u s  o n  a n  e p i th e l ia l  s u r fa c e  to  b e  e x c e s s iv e ly  th ic k  a n d  s tic k y . T h e  r e s u l t  is  

p u lm o n a ry  a n d  g a s tro in te s t in a l  p ro b le m s  s u c h  a s  re s p ir a to ry  in fe c t io n  a n d  

im p a ire d  e x o c r in e  a n d  e n d o c r in e  p a n c re a t ic  fu n c t io n s  (p a n c re a tic  in s u f f ic ie n c y ) .  

Im p a ire d  e n d o c r in e  p a n c re a t ic  fu n c t io n  c a n  r e s u l t  in  d ia b e te s  w i th  a s s o c ia te d  

h y p e rg ly c e m ia .  T h e  g e n e t ic  te s t in g  te c h n iq u e  d e s c r ib e d , a n d  o n e  u s e d  in  th e  

d ia g n o s is  o f  C F , is  th e  u s e  o f  a l le le - s p e c if ic  o l ig o n u c le o t id e s  (A S O ) . S o m e  

m u ta t io n s  d o  r e s u l t  in  in c re a s e d  d e g ra d a t io n  o f  th e  C F  tr a n s m e m b ra n e  

c o n d u c ta n c e  r e g u la to r  (C F T R )  p ro te in ,  b u t  d e g ra d a t io n  is  in i t ia te d  b y  ta g g in g  

th e  p ro te in  w i th  u b iq u i t in .  F r a m e s h i f t  m u ta t io n s  a l te r  th e  r e a d in g  f ra m e  th ro u g h  

th e  a d d i t io n  o r  d e le t io n  o f  n u c le o t id e s  b y  a  n u m b e r  n o t  d iv is ib le  b y  th re e . 

B e c a u s e  th e  A F 5 0 9  m u ta t io n  is  c a u s e d  b y  th e  lo s s  o f  th re e  n u c le o t id e s  th a t  c o d e  

fo r  p h e n y la la n in e  (F ) a t  p o s i t io n  5 0 9  in  th e  C F T R  p ro te in ,  i t  is  n o t  a  f r a m e s h if t  

m u ta tio n .

A n s w e r  = A . T a rg e t in g  o f  p ro te in s  d e s t in e d  to  fu n c t io n  as  c o m p o n e n ts  o f  th e  

p la s m a  m e m b ra n e  is  a n  e x a m p le  o f  c o tr a n s la t io n a l  ta rg e tin g . I t  in v o lv e s  th e  

in i t ia t io n  o f  t r a n s la t io n  o n  c y to s o l ic  r ib o s o m e s ;  r e c o g n i t io n  o f  th e  a m in o  (N )-  

te rm in a l  s ig n a l  s e q u e n c e  in  th e  p ro te in  b y  th e  s ig n a l  r e c o g n i t io n  p a r t ic le ;  

m o v e m e n t  o f  th e  p r o te in - s y n th e s iz in g  c o m p le x  to  th e  o u te r  fa c e  o f  th e  

m e m b ra n e  o f  th e  e n d o p la s m ic  r e t ic u lu m  (E R ); a n d  c o n t in u a t io n  o f  p ro te in  

s y n th e s is ,  s u c h  th a t  th e  p ro te in  is  th r e a d e d  in to  th e  lu m e n  o f  th e  E R  a n d  

p a c k a g e d  in to  v e s ic le s  th a t  t r a v e l  to  a n d  th ro u g h  th e  G o lg i  a n d  e v e n tu a l ly  fu se  

w ith  th e  p la s m a  m e m b ra n e .  T h e  N - te rm in a l  s ig n a l  s e q u e n c e  is  r e m o v e d  b y  a  

p e p t id a s e  in  th e  lu m e n  o f  th e  E R . M a n n o s e  6 -p h o s p h a te  is  th e  s ig n a l  th a t  

c o tr a n s la t io n a l ly  ta rg e ts  p ro te in s  to  th e  m a tr ix  o f  th e  ly s o s o m e  w h e re  th e y  

fu n c t io n  a s  a c id  h y d ro la s e s .



T h e  p a n c re a t ic  in s u f f ic ie n c y  s e e n  in  s o m e  p a t ie n ts  w i th  C F  re s u lts  in  a  d e c re a s e d  

a b i l i ty  to  d ig e s t  fo o d , a n d  d ig e s t io n  is  r e q u ire d  fo r  a b s o rp tio n . D ie ta ry  fa ts  m o v e  

th ro u g h  th e  in te s t in e  a n d  a re  e x c re te d  in  th e  s to o l  (s e e  f ig u re  a t  r ig h t) ,  w h ic h  is  

f o u l- s m e ll in g  a n d  b u lk y  a n d  m a y  f lo a t. P a tie n ts  a re  a t  r i s k  fo r  m a ln u tr i t io n  a n d  

d e f ic ie n c ie s  in  fa t - s o lu b le  v i ta m in s .  O ra l  s u p p le m e n ta t io n  o f  p a n c re a t ic  e n z y m e s  

is  th e  tre a tm e n t.



SMALL
INTESTINE

STEATORRHEA
(excess lipid in feces)

INTESTINAL
MUCOSAL

CELLS



Case 9: Hyperammonemia with a Urea Cycle 
Defect

A n s w e r  = B . A rg in in o s u c c in a te  ly a s e  (A S L )  c le a v e s  a rg in in o s u c c in a te  to  

a rg in in e  (A rg )  a n d  fu m a ra te .  T h e  in c re a s e  in  a rg in in o s u c c in a te  a n d  c i t ru l l in e  a n d  

th e  d e c re a s e  in  A rg  s e e n  in  R L  in d ic a te  a  d e f ic ie n c y  in  A S L  (s e e  f ig u re  b e lo w ) . 

W ith  a rg in a s e  d e f ic ie n c y , A rg  w o u ld  b e  in c re a s e d , n o t  d e c re a s e d . A d d it io n a l ly ,  

w ith  a rg in a s e  d e f ic ie n c y , th e  h y p e ra m m o n e m ia  w o u ld  b e  le s s  s e v e re  b e c a u s e  

tw o  n i t ro g e n s  a re  e x c re te d . D e f ic ie n c y  o f  a rg in in o s u c c in a te  s y n th e ta s e  (A S S )  

w o u ld  a lso  c a u s e  a n  in c re a s e  in  c i tru ll in e ,  b u t  a rg in in o s u c c in a te  w o u ld  b e  lo w  to  

a b s e n t. D e f ic ie n c y  o f  c a rb a m o y l  p h o s p h a te  s y n th e ta s e  (C P S )  I is  c h a ra c te r iz e d  

b y  lo w  le v e ls  o f  A rg  a n d  c i tru ll in e .  D e f ic ie n c y  o f  o rn ith in e  t r a n s c a rb a m o y la s e  

(O T C ), th e  o n ly  X - l in k e d  e n z y m e  o f  th e  u r e a  c y c le , w o u ld  r e s u l t  in  lo w  le v e ls  o f  

A rg  a n d  c i t ru l l in e  a n d  e le v a te d  le v e ls  o f  u r in a ry  o ro tic  a c id . [N o te : T h e  o ro tic  

a c id  is  e le v a te d  b e c a u s e  th e  c a rb a m o y l  p h o s p h a te  (C P ) s u b s t r a te  o f  O T C  is  b e in g  

u s e d  in  th e  c y to s o l  as  a  s u b s t r a te  fo r  p y r im id in e  s y n th e s is .]



in OTC deficiency

MITOCHONDRION
NHo + HCO

2 ATP

2 CPSI
2 ADP + P

Ornithine + Carbamoyl Carbamoyl
phosphate phosphate

OTC

Citrulline
Orotic acid
(pyrimidine)

CYTOSOL
Aspartate

Citrulline /
ATP

ASS AMP + PP;

ArgininosuccinateOrnithine

ASL/\  AraiArginase
Urea

Fumarate
Arginine

A rg  s u p p le m e n ta t io n  is  h e lp fu l  b e c a u s e  th e  A rg  w il l  b e  h y d ro ly z e d  to  u r e a  + 

o rn i th in e  b y  a rg in a se . T h e  o rn i th in e  w i l l  b e  c o m b in e d  w ith  C P  to  fo rm  c i tru ll in e  

( s e e  f ig u re  a b o v e ) . W ith  A S L  (a n d  A S S )  d e f ic ie n c y , c i t ru l l in e  a c c u m u la te s  a n d  

is  e x c re te d , th e re b y  c a r ry in g  w a s te  n i t r o g e n  o u t  o f  th e  b o d y .

A n s w e r  = D . In  in d iv id u a ls  w i th  m i ld e r  (p a r t ia l)  d e f ic ie n c ie s  in  th e  e n z y m e s  o f  

th e  u re a  c y c le , h y p e ra m m o n e m ia  m a y  b e  tr ig g e re d  b y  p h y s io lo g ic  s tre s s  ( fo r  

e x a m p le , a n  i l ln e s s  o r  p ro lo n g e d  fa s t in g )  th a t  d e c re a s e s  th e  

in s u l in /c o u n te r r e g u la to ry  h o rm o n e  ra t io . [N o te : T h e  d e g re e  o f  th e

h y p e ra m m o n e m ia  is  u s u a lly  le s s  s e v e re  th a n  th a t  s e e n  in  th e  n e o n a ta l  o n s e t  

fo rm s .]  T h e  s h if t  in  th e  r a t io  re s u lts ,  in  p a r t ,  in  s k e le ta l  m u s c le  p ro te o ly s is ,  a n d  

th e  a m in o  a c id s  th a t  a re  re le a s e d  g e t  d e g ra d e d . D e g ra d a t io n  in v o lv e s  

t r a n s a m in a t io n  b y  p y r id o x a l  p h o s p h a te - r e q u i r in g  a m in o tra n s fe ra s e s  th a t  

g e n e ra te  th e  a - k e to  a c id  d e r iv a t iv e  o f  th e  a m in o  a c id  + g lu ta m a te .  T h e  g lu ta m a te  

u n d e rg o e s  o x id a tiv e  d e a m in a t io n  to  a - k e to g lu ta r a te  a n d  a m m o n ia  (N H 3) b y  

g lu ta m a te  d e h y d ro g e n a s e  (G D H ; s e e  f ig u re  a t  r ig h t) .  [N o te : G D H  is  u n u s u a l  in



th a t  i t  u s e s  b o th  n ic o t in a m id e  a d e n in e  d in u c le o t id e  (N A D ) a n d  n ic o t in a m id e  

a d e n in e  d in u c le o t id e  p h o s p h a te  (N A D P )  a s  c o e n z y m e s .]
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T h e  N H 3, w h ic h  is  to x ic , c a n  b e  t r a n s p o r te d  to  th e  l iv e r  a s  g lu ta m in e  (G ln )  a n d  

a la n in e  (A la ) . T h e  G ln  is  g e n e ra te d  b y  th e  a m in a t io n  o f  g lu ta m a te  b y  A T P -  

re q u ir in g  g lu ta m in e  s y n th e ta s e .  In  th e  l iv e r , th e  e n z y m e  g lu ta m in a s e  r e m o v e s  th e  

N H 3, w h ic h  c a n  b e  c o n v e r te d  to  u re a  b y  th e  u re a  c y c le  o r  e x c re te d  a s  a m m o n iu m

(N H 4+) (s e e  f ig u re  a t  r ig h t) .  G ln , th e n , is  a  n o n to x ic  v e h ic le  o f  N H 3 tr a n s p o r t  in  

th e  b lo o d . A la  is  g e n e ra te d  in  s k e le ta l  m u s c le  f ro m  th e  c a ta b o lis m  o f  th e  

b r a n c h e d -c h a in  a m in o  a c id s  (B C A A ) . In  th e  l iv e r , A la  is  t r a n s a m in a te d  b y  

a la n in e  t r a n s a m in a s e  (A L T )  to  p y ru v a te  (u s e d  in  g lu c o n e o g e n e s is )  a n d  

g lu ta m a te .  T h u s , A la  c a r r ie s  n i t r o g e n  to  th e  l iv e r  fo r  c o n v e r s io n  to  u r e a  (s e e  

f ig u re  b e lo w ) .  T h e re fo re ,  d e fe c ts  in  th e  u r e a  c y c le  w o u ld  r e s u l t  in  a n  e le v a t io n  in  

N H 3, G ln , a n d  A la . T h e  e le v a te d  N H 3 d r iv e s  re s p ira t io n , a n d  th e  

h y p e rv e n t i la t io n  c a u s e s  a  r is e  in  p H  ( re s p ir a to ry  a lk a lo s is ) .  [N o te : 

H y p e ra m m o n e m ia  is  to x ic  to  th e  n e rv o u s  sy s te m . A l th o u g h  th e  e x a c t  

m e c h a n is m s  a re  n o t  c o m p le te ly  u n d e r s to o d ,  i t  is  k n o w n  th a t  th e  m e ta b o l is m  o f  

la rg e  a m o u n ts  o f  N H 3 to  G ln  ( in  th e  a s tro c y te s  o f  th e  b ra in )  r e s u lts  in  o s m o tic  

e f fe c ts  th a t  c a u s e  th e  b r a in  to  sw e ll.  A d d it io n a l ly ,  th e  r is e  in  G ln  d e c re a s e s  th e  

a v a i la b i l i ty  o f  g lu ta m a te ,  a n  e x c i ta to ry  n e u ro tra n s m it te r .]

Case 10: Swollen, Painful Calf with Deep 
Venous Thrombosis

A n s w e r  = D . T h ro m b in ,  a  s e r in e  p ro te a s e , is  a c t iv a te d  b y  th e  p ro th ro m b in a s e  

c o m p le x  o f  fa c to r  (F )X a  + F V a . O n c e  fo rm e d , a c t iv a te d  th ro m b in  (F IIa )  

p ro te o ly t ic a l ly  a c t iv a te s  c o m p o n e n ts  o f  th e  e x tr in s ic  (F V II )  a n d  in t r in s ic  (F X I, 

F V II I )  p a th w a y s ,  g e n e ra t in g  F X a . T h ro m b in  c a n  a lso  a c t iv a te  F V , F I , a n d  F X II I  

o f  th e  c o m m o n  p a th w a y  (s e e  f ig u re  b e lo w ) .  H e m o p h i l ia  A  is  c a u s e d  b y  a  

d e f ic ie n c y  in  F V II I . F IX  d e f ic ie n c y  r e s u lts  in  h e m o p h il ia  B . F II I ,  a lso  k n o w n  as  

t i s s u e  fa c to r  (T F ), is  a  t r a n s m e m b ra n e  g ly c o p ro te in  o f  th e  v a s c u la r  e n d o th e liu m . 

I t  fu n c t io n s  a s  a n  a c c e s s o ry  p ro te in  a n d  n o t  a  p ro te a s e . F o rm a t io n  o f  th e  p la te le t  

p lu g  is  p r im a ry  h e m o s ta s is ,  a n d  fo rm a t io n  o f  th e  f ib r in  m e s h w o rk  is  s e c o n d a ry  

h e m o s ta s is .  V ita m in  K  is  r e q u ire d  fo r  th e  a c t iv a t io n  (Y -c a rb o x y la tio n )  o f  F II , 

F V II , F IX , a n d  F X  (p ro te a s e s  th a t  r e q u ire  c a lc iu m  [C a 2+] a n d  p h o s p h o lip id s  

[P L ])  b u t  n o t  fo r  F I  ( f ib r in o g e n ) .



A n s w e r  = C . F V  L e id e n  is  a  m u ta n t  fo rm  o f  F V  th a t  is  r e s is ta n t  to  p ro te o ly s is  b y  

th e  a c t iv a te d  p ro te in  C  c o m p le x . D e c re a s e d  a b i l i ty  to  d e g ra d e  F V  a llo w s  

c o n t in u e d  p ro d u c t io n  o f  a c t iv a te d  th ro m b in  a n d  le a d s  to  a n  in c re a s e d  r is k  o f  c lo t  

f o rm a t io n  o r  th ro m b o p h il ia .  A n ti th ro m b in  I II  (A T II I )  a n d  p ro te in  S a re  p ro te in s  

o f  a n t ic o a g u la tio n .  In c re a s e d , n o t  d e c re a s e d , p r o d u c t io n  o f  p ro th ro m b in  w o u ld  

r e s u l t  in  th ro m b o p h il ia .  D e f ic ie n c y  o f  v o n  W il le b ra n d  fa c to r  c a u s e s  a  

c o a g u lo p a th y  o r  a  d e f ic ie n c y  in  c lo tt in g  th ro u g h  e f fe c ts  o n  F V II I  a n d  p la te le ts .  

H e p a r in  a n d  w a r f a r in  a re  a n t ic o a g u la n ts .  H e p a r in ,  a  g ly c o s a m in o g ly c a n ,  

in c re a s e s  th e  a f f in i ty  o f  A T I I I  fo r  th ro m b in . B in d in g  o f  A T I I I  r e m o v e s  th ro m b in  

f ro m  th e  b lo o d  a n d  p re v e n ts  i t  f ro m  c o n v e r t in g  f ib r in o g e n  to  f ib r in . W a r fa r in ,  a  

s y n th e t ic  a n a lo g  o f  v i ta m in  K , in h ib its  v i ta m in  K  e p o x id e  re d u c ta s e  a n d  p re v e n ts  

th e  r e g e n e ra t io n  o f  th e  fu n c t io n a l  h y d r o q u in o n e  fo rm  o f  th e  v i ta m in  th a t  is  

r e q u ire d  fo r  th e  Y -c a rb o x y la tio n  o f  g lu ta m a te  r e s id u e s  to  Y -c a rb o x y g lu ta m a te  

(G la )  r e s id u e s  in  F II , F V II , F IX , a n d  F X  (s e e  f ig u re s  b e lo w ) .

ATIII, heparin
Flla ---------------------- -----------Fil—ATI 11—heparin----------------------- FII-ATIII + heparin
(in blood) (to liver)



Warfarine
Vitamin K epoxide reductase

(hydroquinone form) 

Polypeptide 

\

R group

Vitamin K
(reduced)

Vitamin K

y-Glutamyl carboxylase

(oxidized)

(epoxide form)

Gla ■
I

CH2

y carbon
I

CH

c o c r  COO'

+ 2 H20



Index

A___________________________________________
A B C A 1  tr a n s p o r t  p ro te in  

A B C G 5 /8

A b e ta l ip o p ro te in e m ia  

A B O  b lo o d  g ro u p  

A b s o rp t iv e  s ta te

c o n c e p t  m a p  fo r  

in te r t is s u e  r e la t io n s h ip s  in  

r e g u la to ry  m e c h a n is m s

ACAT. See A cyl CoA :cholesterol acyltransferase (ACAT) 

ACC. See A cetyl CoA carboxylase  (A C C )

A c c e p ta b le  M a c ro n u tr ie n t  D is tr ib u t io n  R a n g e s  (A M D R s )  

ACE. See A ngiotensin-converting enzym e (ACE)

A c e tic  a c id

H e n d e r s o n -H a s s e lb a lc h  e q u a t io n  

t i t r a t io n  c u rv e  o f  

A c e to a c e ta te

in  a m in o  a c id  m e ta b o l is m  

fo rm a t io n  o f  

u s e  in  p e r ip h e ra l  t i s s u e s  

A c e to a c e ty l  c o e n z y m e  A  (C o A )  

in  a m in o  a c id  m e ta b o l is m  

fo rm a t io n  o f  

A c e to n e

p ro d u c t io n  o f  

in  D K A

A cetyl CoA carboxylase  (A C C )

A C C 2

a c t iv a t io n  b y  c i tra te

c o v a le n t  r e g u la t io n  (p h o s p h o ry la t io n )  o f  

in  F A  s y n th e s is  

r e g u la t io n  o f



lo n g - te rm

s h o r t- te rm

A cetyl C oA -A C P  transacylase

A cetyl C oA :a-glucosam inide acetyltransferase

A c e ty l  c o e n z y m e  A  (C o A ) 

in  a m in o  a c id  m e ta b o l is m  

c a rb o x y la tio n , to  m a lo n y l  C o A  

in  c h o le s te ro l  s y n th e s is  

in  c i tr a te  s y n th e s is  

c y to s o l ic

p ro d u c t io n  o f  

s o u rc e s  o f  

a n d  f a t  m e ta b o l is m  

in  F A  s y n th e s is  

f o rm a t io n  o f  

a n d  g lu c o n e o g e n e s is  

in  k e to g e n e s is

m ito c h o n d r ia l ,  p r o d u c t io n  o f  

o x id a t io n  o f

a n d  P D H  com plex  a c t iv i ty  

A cetyl coenzym e A  (CoA) carboxylase (ACC) 

in s u l in  a n d  

r e g u la t io n  o f

A c e ty lc h o lin e ,  s y n th e s is  o f  

N -A c e ty lg a la c to s a m in e

in  c o m p le x  o l ig o s a c c h a r id e s  

N -A c e ty lg lu c o s a m in e

in  c o m p le x  o l ig o s a c c h a r id e s  

N -A cetylglucosam ine-6-sulfatase, d e f ic ie n c y  o f  

N -A cetylglucosam inidase , d e f ic ie n c y  o f  

N -A c e ty lg lu ta m a te  

d e g ra d a t io n  o f  

f o rm a t io n  o f

re q u i re m e n t  fo r , in  CPS I  a c t iv i ty  

N -A cetylglu tam ate synthetase

N -A c e ty ln e u ra m in ic  a c id  (N A N A )



A c h lo rh y d r ia

A c id (s )

d e f in i t io n  o f  

w e a k

A c id  d is s o c ia t io n  c o n s ta n t  (K a)

A cid  hydrolase(s)

d e f ic ie n c y  o f

in  g ly c o s a m in o g ly c a n  d e g ra d a t io n

N -g ly c o s y la te d

ly s o s o m a l

in  g ly c o p ro te in  d e g ra d a t io n  

A cid  lipase(s)

A cid  m altase. See a(1& 4)-G lucosidase

A c id ic  s u g a r ( s ) ,  o f  g ly c o s a m in o g ly c a n s  

s y n th e s is  o f  

A c n e

re t in o id s  fo r  

t r e t in o in  fo r  

A conitase

in h ib i t io n  o f

A conitate hydratase. See A conitase

A C P . See  A c y l  c a r r ie r  p ro te in  (A C P )

A c ro d e rm a ti t is  e n te ro p a th ic a

A C T H . See  A d re n o c o r t ic o tro p ic  h o rm o n e  (A C T H )

A c tin o m y c in  D . See  D a c t in o m y c in

A c tiv a t io n  e n e rg y  (E a)

A c u te  in te rm i t te n t  p o rp h y r ia  (A IP )

A c u te  r e s p ir a to ry  d is tre s s  s y n d ro m e  (A R D S )  

A c y c lo v ir

A c y l  c a r r ie r  p ro te in  (A C P )

A cyl CoA dehydrogenase  

A cyl CoA oxidase

A cyl C oA :cholesterol acyltransferase (ACAT) 

A cyl C oA :diacylglycerol acyltransferase  

A cyl C oA :m onoacylglycerol acyltransferase



Acyltransferase(s)

AD A. See A denosine deam inase (ADA)

A d d is o n  d is e a se

A d e n in e  (A )

A d e n in e  a ra b in o s id e . See  V id a ra b in e

A denine phosphoribosyltransferase (APRT)

A d e n o s in e

s a lv a g e  p a th w a y  fo r

A denosine deam inase  (A D A )

d e f ic ie n c y  o f

g e n e  th e ra p y  fo r  

in  u r ic  a c id  fo rm a t io n

A d e n o s in e  d ip h o s p h a te  (A D P ) 

in  a n a b o l is m

a n d  glu tam ate dehydrogenase  

a n d  P D H  com plex  a c t iv i ty  

p h o s p h o ry la t io n  o f, to  A T P

A denosine kinase

A d e n o s in e  m o n o p h o s p h a te  (A M P )  

a n d  g lu c o n e o g e n e s is  

g ly c o g e n o ly s is  a c t iv a t io n  

in  m u s c le

a n d  r e g u la t io n  o f  PFK-1

s y n th e s is  o f

in  u r ic  a c id  fo rm a t io n

A denosine m onophosphate-activa ted  protein  kinase (AM PK)

A d e n o s in e  t r ip h o s p h a te  (A T P )

a n d  am inoacyl-tR N A synthetase  a c t iv i ty  

in  c a ta b o lis m  

in  c h o le s te ro l  s y n th e s is  

c o n s u m p tio n , a e ro b ic  g ly c o ly s is  

in  c re a tin e  s y n th e s is  

as  e n e rg y  c a r r ie r  

in  F A  s y n th e s is  

a n d  g lu c o n e o g e n e s is  

in  g ly c o g e n e s is



in  g ly c o ly t ic  p a th w a y  

a n d  P D H  com plex  a c t iv i ty  

in  p ro te in  s y n th e s is  

in  p ro te o ly s is

in  p u r in e  n u c le o t id e  s y n th e s is  

a n d  r e g u la t io n  o f  PFK-1  

s ta n d a rd  f re e  e n e rg y  c h a n g e  (A G 0) o f  

s y n th e s is  o f

in  a e ro b ic  g ly c o ly s is  

in  a n a e ro b ic  g ly c o ly s is  

c h e m io s m o tic  h y p o th e s is  

in  g ly c o ly s is  

in  T C A  c y c le

A denosine triphosphate (ATP) synthase

a rs e n ic  p o is o n in g  a n d  

g e n e , m u ta t io n s  o f

A denylate cyclase. See A denylyl cyclase (AC) 

A denylate kinase  

A denylyl cyclase (AC) 

a c t iv a t io n  o f

g lu c a g o n  a n d  

a c t iv i ty  o f

c e ll  m e m b ra n e  r e c e p to r  a c t iv a t io n  a n d  

G T P - d e p e n d e n t  r e g u la to ry  p ro te in s  a n d  

in h ib i t io n  o f

a n d  la c to s e  o p e ro n  o f  E . c o li  

s t im u la t io n  o f  

A d e q u a te  in ta k e  (A I)

A d ip o c y te ( s )

a b d o m in a l  s u b c u ta n e o u s  

b ro w n , T A G s  in  

h y p e rp la s ia  o f  

h y p e r t ro p h y  o f  

l i f e  s p a n  o f  

v is c e ra l

w h ite ,  l ip id  d ro p le ts  in



A d ip o k in e

A d ip o n e c t in

in  m e ta b o l ic  s y n d ro m e

A d ip o s e  t is s u e . See also  B o d y  fa tA d ip o s e  t i s s u e  (C o n tin u e d  ) 

a n d  c a rb o h y d ra te  m e ta b o l is m  

in  e n e rg y  m e ta b o l is m  

as  e n e rg y  s to ra g e  d e p o t  

in  fa s t in g  s ta te  

a n d  f a t  m e ta b o l is m  

F A  s y n th e s is  in

g ly c e ro l  3 -p h o s p h a te  s y n th e s is  in

in s u l in  a n d

a n d  in s u l in  r e s is ta n c e

m e ta b o l ic  p a th w a y s  in , in  a b s o rp t iv e  s ta te

p e n to s e  p h o s p h a te  p a th w a y  a n d

w h ite

e n d o c r in e  fu n c t io n  o f  

F A  s to ra g e  in  

T A G  s to ra g e  in

A dipose triglyceride lipase (ATGL)

A D P . See  A d e n o s in e  d ip h o s p h a te  (A D P )

A d re n a l  c o r te x

h o rm o n e  p ro d u c t io n  

p e n to s e  p h o s p h a te  p a th w a y  a n d  

A d re n o c o r t ic o tro p ic  h o rm o n e  (A C T H ) 

in  h y p o g ly c e m ia  

A d re n o le u k o d y s tro p h y , X - l in k e d  

A d u l t  h y p o la c ta s ia

A d v a n c e d  g ly c a t io n  e n d  p ro d u c ts  (A G E s )

A g e - r e la te d  m a c u la r  d e g e n e ra t io n  (A M D ), n e o v a s c u la r  

p a th o p h y s io lo g y  o f  

R N A - in te r f e r e n c e -b a s e d  th e ra p y  fo r  

A G E s . See  A d v a n c e d  g ly c a t io n  e n d  p ro d u c ts  (A G E s )  

A g g re c a n  fa m ily  o f  p ro te o g ly c a n s  

A g in g , te lo m e re s  in  

A I . See  A d e q u a te  in ta k e  (A I)



A kt (protein kinase  B )

ALAD. See S-A m inolevulinic acid  dehydratase (ALAD)

A la n in e

a m in o  g ro u p  o f, d is s o c ia t io n  o f  

c a rb o x y l  g ro u p  o f, d is s o c ia t io n  o f  

f o rm a t io n  o f

io n ic  fo rm s  o f, a t  a c id ic , n e u tra l ,  a n d  b a s ic  p H  

is o e le c t r ic  fo rm  o f  

p K s  o f

in  p y ru v a te  fo rm a t io n  

s y n th e s is  o f  

in  m u s c le  

t i t r a t io n  c u rv e  o f  

t r a n s a m in a t io n  o f  

A lanine am inotransferase (ALT) 

p la s m a

as d ia g n o s t ic  to o l

in  h e p a to c e l lu la r  (h e p a t ic )  ja u n d ic e  

in  l iv e r  d is e a s e

A la rm o n e

ALAS. See S-A m inolevulin ic acid  synthase  (A L A S )

A lb in is m

o c u lo c u ta n e o u s

A lb u m in

in  b i le  s a l t  t r a n s p o r t  

in  b i l i r u b in  t r a n s p o r t  

in  F A  tr a n s p o r t  

s e ru m  

A lc o h o l

a b u se , a n d  th ia m in e  d e f ic ie n c y  

c o n s u m p tio n , c a rd io p ro te c t iv e  e f f e c t  

e n e rg y  c o n te n t  o f  

a n d  h y p e ra m m o n e m ia  

h y p o g ly c e m ia  c a u s e d  b y  

m e ta b o l is m  o f  

A lcohol dehydrogenase



A lc o h o l ic  fa t ty  l iv e r  

A lc o h o l ic  k e to a c id o s is

A lc o h o l is m , a n d  W e rn ic k e -K o r s a k o f f  s y n d ro m e  

A ldehyde dehydrogenase (ALDH )

ALD H . See A ldehyde dehydrogenase (ALDH )

A ldolase  

A ldolase A  

A ldolase B

d e f ic ie n c y  o f  

A ldolase C  

A ld o s e ( s )

A ldose reductase  

A ld o s te ro n e  

a c t io n s  o f  

s e c re t io n  o f  

A lkaline phosphatase  

G P I a n c h o r  fo r  

p H  o p tim u m  o f  

A lk a p to n u r ia  

A llo la c to s e  

A l lo p u r in o l  

A lly s in e

ALT. See A lan ine am inotransferase (ALT)

A lte rn a t iv e  p o ly a d e n y la t io n  (A P A )

A lte rn a t iv e  s p lic in g

A lv e o lu s  (p l., a lv e o li) ,  lu n g , d e s tru c t io n  b y  n e u t ro p h il  elastase

A lz h e im e r  d is e a se

A m a n i ta  p h a l lo id e s . l iv e r  to x in  f ro m

a -A m a n i t in

A M D R s . See  A c c e p ta b le  M a c ro n u tr ie n t  D is tr ib u t io n  R a n g e s  (A M D R s )  

A m id a tio n ,  a m in o  a c id  s y n th e s is  b y  

d -A m in o  a c id (s )

A m in o  a c id (s )

a b b re v ia tio n s  fo r  

a b s o rp t io n  o f  

a c id ic  p ro p e r t ie s  o f



w ith  a c id ic  s id e  c h a in s  

in  a n a b o l is m  

a t ta c h m e n t  to  tR N A  

b a s ic  p ro p e r t ie s  o f  

w ith  b a s ic  s id e  c h a in s  

b r a n c h e d -c h a in  (B C A A ) 

c a ta b o lis m  

d e g ra d a t io n

e n d  p ro d u c ts  o f  

d e h y d ro g e n a t io n  o f  

o x id a tiv e  d e c a rb o x y la t io n  o f  

t r a n s a m in a t io n  o f  

as  b u f fe r s

c a rb o n  s k e le to n s  c a ta b o lis m  

c a ta b o lis m  o f

c o n c e p t  m a p  fo r  

in te rm e d ia te  p ro d u c ts  o f  

c h ira l

c la s s i f ic a t io n  o f  

c o d o n s  fo r  

c o n c e p t  m a p  fo r  

d a n d  l fo rm s  o f

d e g ra d a t io n  o f, in  a b s o rp t iv e  s ta te

d is p o s a l  o f

e n d e rg o n ic

e s s e n tia l

d ie ta ry  s o u rc e s  o f  

e x e rg o n ic  

g lu c o g e n ic

h y d ro p h o b ic  in te ra c t io n s  o f

is o m e rs

k e to g e n ic

m e ta b o l is m

c o n c e p t  m a p  fo r  

d is o rd e rs

c o n c e p t  m a p  fo r



in h e r i te d  d is e a s e s  o f

n e w b o rn  s c re e n in g  fo r  

m e ta b o l is m  o f

a n d  g lu c a g o n  s e c re t io n  

l iv e r  a n d

re s t in g  s k e le ta l  m u s c le  a n d  

n e t  c h a rg e  o f, a t  n e u t r a l  p H  

n it ro g e n  r e m o v a l  f ro m  

n o n e s s e n t ia l

b io s y n th e s is  o f  

w ith  n o n p o la r  s id e  c h a in s  

lo c a t io n  in  p ro te in s  

n o n s ta n d a rd

p la sm a , a n d  in s u l in  s e c re t io n  

w ith  p o la r  s id e  c h a in

s id e  c h a in s  a s  s i te  o f  a t ta c h m e n t  fo r  o th e r  c o m p o u n d s  

in  p o ly p e p tid e

d e te rm in a t io n  o f  

n o m e n c la tu re  fo r  

p o s t t r a n s la t io n a l  m o d if ic a t io n  o f  

as  p re c u r s o r s  o f  n i t r o g e n -c o n ta in in g  c o m p o u n d s  

in  p ro te in  s y n th e s is  

r e s id u e s

s e q u e n c e  in  p ro te in s  See also  (P ro te in ( s ) ,  s t ru c tu re  o f)

s id e  c h a in s  a s  s i te  o f  a t ta c h m e n t  fo r  o th e r  c o m p o u n d s

s o u rc e s  o f

s ta n d a rd

s tru c tu re  o f

s y m b o ls  fo r

s y n th e s is  o f

b y  a m id a t io n  

c o n c e p t  m a p  fo r  

t i t r a t io n  o f

w ith  u n c h a rg e d  p o la r  s id e  c h a in s  

u p ta k e , in  re s t in g  s k e le ta l  m u s c le  

u p ta k e  o f, g lu c a g o n  a n d



A m in o  a c id  a n a ly z e r  

d-Amino acid  oxidase (DAO)

l-Am ino acid  oxidase

A m in o  a c id  p o o l 

c o n c e p t  m a p  fo r  

in p u t  

o u tp u t

s te a d y  s ta te  o f  

A m in o  g ro u p

A m in o  s u g a r ( s ) ,  o f  g ly c o s a m in o g ly c a n s  

N -a c e ty la te d  

s y n th e s is  o f

A m in o a c y l- tR N A , in  p ro te in  s y n th e s is  

A m inoacyl-tR N A  synthetase

p ro o f re a d in g  (e d i t in g )  a c t iv i ty  o f  

in  p ro te in  s y n th e s is

d-A m inolevulin ic acid  dehydratase (ALAD)

d e f ic ie n c y  o f  

in h ib i t io n  b y  le a d  

5 -A m in o le v u lin ic  a c id  fo rm a t io n  

d ru g s  e f fe c ts  

h e m e  (h e m in )  e f fe c ts  

d-A m inolevulin ic acid  synthase (ALAS)

ALAS1

A L A S2

d e f ic ie n c y  o f

lo s s -o f - fu n c t io n  m u ta t io n s  o f  

in c re a s e d  a c t iv i ty  o f, in  p o rp h y r ia s  

Am inopeptidase(s)

A m inotransferase(s). See also A lan ine am inotransferase; A sparta te  
am inotransferase

a c t iv i ty  o f

m e c h a n is m

p la s m a

d ia g n o s t ic  v a lu e  o f  

m  l iv e r  d is e a s e



in  n o n h e p a t ic  d is e a s e  

s u b s t r a te  s p e c if ic i ty  

A m m o n ia

in to x ic a t io n  

m e ta b o l is m  o f  

n e u ro to x ic i ty  o f  

p ro d u c t io n  o f  

a m in e s  

g lu ta m in e  

in te s t in a l  b a c te r ia  

b y  o x id a tiv e  d e a m in a t io n  

p u r in e s  

p y r im id in e s  

re n a l , in  fa s tin g  

s o u rc e s  o f  

t r a n s p o r t  

to  l iv e r  

A m m o n iu m

re n a l  e x c re t io n  o f, in  fa s t in g l  

A m n io t ic  f lu id , f e ta l  c e l ls  f ro m , s a m p lin g  

A m o x ic il l in ,  m e c h a n is m  o f  a c t io n  o f  

A M P . See  A d e n o s in e  m o n o p h o s p h a te  (A M P )

A m p h ip a th ic  

A m p h o ly te s  

A m p h o te r ic  s u b s ta n c e s

AM PK. See A denosine m on ophosphate-activa ted  protein  kinase (AM PK) 

a-Am ylase

p a n c re a tic

s a liv a ry

A m ylo-a(1Æ 4)Æ a(1Æ 6)-transglycosylase

A m ylo-a(1Æ 6)-glucosidase

A m y lo id  d is e a s e s  

A m y lo id  p la q u e s

A m y lo p e c t in ,  d ie ta ry , d ig e s t io n  o f  

A m y lo s e

d ie ta ry , d ig e s t io n  o f



A n a b o lis m  

A n a p le ro t ic  re a c tio n s  

A n d e r s e n  d is e a s e  

A n d ro g e n (s )

a d re n a l, s e c re t io n  o f  

A n d ro s te n e d io n e

A n e m ia . See also  P e rn ic io u s  a n e m ia  

fo lic  a c id  d e f ic ie n c y  a n d  

h e m o ly t ic  See  (H e m o ly tic  a n e m ia )  

a n d  le v e ls  o f  2 ,3 -B P G  in  R B C s  

m a c ro c y tic  

m e g a lo b la s t ic  

th e ra p y  fo r  

m ic ro c y t ic  

n o rm o c y tic  

n u tr i t io n a l

c la s s i f ic a t io n  o f, b y  c e l l  s iz e  

A n e n c e p h a ly  

A n g io te n s in  I (A n g -I )

A n g io te n s in  II  (A n g -I I )  

A ngiotensin-converting enzym e (ACE) 

in h ib ito rs  o f  

A n g io te n s in o g e n  

A n im a l( s ) ,  t r a n s g e n ic  

A n io n -e x c h a n g e  c h ro m a to g ra p h y  

A n o m e rs ,  o f  s u g a rs  

m u ta ro ta t io n  o f  

A n o re x ig e n ic

A n tib io t ic ( s ) .  See also specific an tibiotic  

a n d  G 6PD  d e f ic ie n c y  

in h ib i t io n  o f  m ic ro b ia l  p ro te in  s y n th e s is  

in h ib i t io n  o f  m ic ro b ia l  R N A  s y n th e s is  

a n d  v i ta m in  K

A n tib io t ic  r e s is ta n c e , p la s m id s  a n d  

A n tib o d y ( ie s ) ,  in  D N A  p ro b e s  

A n tic a n c e r  d ru g s . See also specific drugs



a d v e rs e  e f fe c ts  a n d  s id e  e f fe c ts  o f  

A n tic o d o n (s ) ,  in  tR N A

a n t ip a ra l le l  b in d in g  to  m R N A  c o d o n  

A n tim a la r ia ls ,  a n d  G6PD  d e f ic ie n c y  

A n t io x id a n t  c h e m ic a l( s )  

in  w in e  a n d  g ra p e  ju ic e  

A n t io x id a n t  e n z y m e (s ) ,  a c t iv i ty  o f  

A n tip o r te r

A n tip y re t ic s ,  a n d  G 6PD  d e f ic ie n c y  

A n ti th ro m b in ,  p r o d u c t io n  b y  t r a n s g e n ic  g o a ts  

a r A n ti t r y p s in  (A A T )

d e f ic ie n c y , e m p h y s e m a  c a u s e d  b y  

a n d  e la s t in  d e g ra d a t io n  

ro le  in  lu n g s

A P  s ite s , in  b a s e  e x c is io n  re p a ir  

A p o e n z y m e (s )

A p o lip o p ro te in ( s )  (a p o )  

a p o (a )  

a p o  B -4 8

in  c h y lo m ic ro n s  

s y n th e s is  o f  

a p o  B -1 0 0

s y n th e s is  o f

a p o  B , R N A  e d it in g  a n d  

a p o  C -II

d e f ic ie n c y  o f  

a p o  C - I I I a p o  E  

is o fo rm s  o f

a p o  E -4 , a n d  A lz h e im e r  d is e a se  

c la s s i f ic a t io n  o f  

in  p la s m a  l ip o p ro te in s  

s y n th e s is  o f

A p o p to s is ,  m i to c h o n d r ia  a n d  

A p p e ti te ,  r e g u la t io n  o f

APRT. See A den ine phosphoribosyltransferase (APRT)



A pyrim idin ic (AP)-endonuclease(s), in  b a s e  e x c is io n  re p a ir  

a ra A . See  V id a ra b in e  

a ra C . See  C y ta ra b in e  

A ra c h id o n ic  a c id  

c y c l iz a t io n  o f  

o x id a t io n  o f

in  p ro s ta g la n d in  s y n th e s is  

A rginase

d e f ic ie n c y  o f  

A rginase-I  

A rginase-II  

A rg in in e

c le a v a g e  o f

in  a - k e to g lu ta r a te  fo rm a t io n  

s y n th e s is  o f  

A r g in in o s u c c in a te  

c le a v a g e  o f  

s y n th e s is  o f

A rgininosuccinate synthetase  

Argonaute/A go/S licer  

A rom atase

in h ib ito rs  o f  

A rs e n a te

A rs e n ic  p o is o n in g

A rs e n ic  to x ic i ty ,  m e c h a n is m  o f

A rs e n i te

A r th r i t is

in  a lk a p to n u r ia

g o u ty , in  L e s c h -N y h a n  s y n d ro m e  

A rylsu lfatase A  

A rylsu lfatase B

A s c o rb a te .  See also  A s c o rb ic  a c id  (v ita m in  C ) 

as  a n t io x id a n t  

d e f ic ie n c y

A s c o rb ic  a c id  (v ita m in  C ) 

a n d  c o l la g e n  s y n th e s is



d e f ic ie n c y  o f  

fu n c t io n s  o f  

s tru c tu re  o f  

s y n th e s is  o f  

-ase  s u f f ix  

A sparaginase  

a c t iv i ty  o f  

in  c a n c e r  t r e a tm e n t  

A s p a ra g in e

m e ta b o l is m  o f

s id e  c h a in s  a s  s i te  o f  a t ta c h m e n t  fo r  o th e r  c o m p o u n d s  

s y n th e s is ,  b y  a m id a t io n  

A sparagine synthetase  

A s p a r ta te

m e ta b o l is m  o f  

f ro m  o x a lo a c e ta te  

in  p u r in e  s y n th e s is  

in  p y r im id in e  s y n th e s is  

s y n th e s is  o f

b y  t r a n s a m in a t io n  

A spartate am inotransferase (AST) 

p la s m a

in  h e p a to c e l lu la r  (h e p a t ic )  ja u n d ic e  

in  l iv e r  d is e a s e

A spartate transcarbam oylase

A s p a r t ic  a c id  

A s p ir in

a n t i th ro m b o g e n ic  e f f e c t  o f  

a s th m a  c a u s e d  b y  

lo w -d o s e

m e c h a n is m  o f  a c t io n  o f  

a n d  p ro s ta g la n d in  s y n th e s is  

a n d  re s p ir a to ry  d is e a s e  

to x ic i ty  o f

AST. See A sparta te am inotransferase (AST)

A s th m a , a s p ir in - e x a c e rb a te d  re s p ir a to ry  d is e a s e



ATG L. See A dipose triglyceride lipase (ATGL)

A th e ro s c le ro s is

A th e ro s c le ro t ic  p la q u e , f o rm a t io n  o f  

A to rv a s ta t in  (L ip ito r ) ,  m e c h a n is m  o f  a c t io n  o f  

A T P . See  A d e n o s in e  t r ip h o s p h a te  (A T P )

ATPase, e n d o s o m a l

ATPase, sodium  (Na+)-potassium(K+)

A TP7A fA TP7B

A T P -b in d in g  c a s s e t te  (A B C )  p ro te in  

A T P  citrate lyase

A tte n u a t io n ,  o f  t r y p to p h a n  o p e ro n

A tte n u a to r

A u s t in  d is e a se

A u to p h a g y

A v id in

A z id o th y m id in e  (A Z T )

B_______________________________________
B A C s . See  B a c te r ia l  a r t i f ic ia l  c h ro m o s o m e s  (B A C s)  

B a c te r ia .  See also  E s c h e r ic h ia  c o l i  (E . c o l i ) 

d e s tru c t io n  o f, b y  w h ite  b lo o d  c e lls  

in te s t in a l

a n d  a m m o n ia  p ro d u c t io n

a n d  b i le  s a lts

urease

v ita m in  K  s y n th e s is

B a c te r ia l  a r t i f ic ia l  c h ro m o s o m e s  (B A C s)

B a c te r io p h a g e ,  a s  c lo n in g  v e c to r

B a r ia tr ic  s u rg e ry , a n d  ty p e  2 d ia b e te s  r e m is s io n

B a r th  s y n d ro m e

B a s a l  m e ta b o l ic  r a te  (B M R )

B a s e (s )

d e f in i t io n  o f  

m o d if ic a t io n s  o f

n u c le o t id e  See also  (G e n e tic  c o d e )



c o m p le m e n ta ry ,  in  D N A  

in  tR N A  

u n u s u a l  

w e a k

B a s e  e x c is io n  r e p a ir  (B E R )

B a s e  p a irs

a n t ip a ra l le l  c o m p le m e n ta ry ,  b e tw e e n  D N A  a n d  R N A  

a n d  c o d o n -a n t ic o d o n  b in d in g  

in  D N A  

in  tR N A

B a s e m e n t  m e m b ra n e ( s )

BCKD. See Branched-chain  a-keto acid  dehydrogenase (BCKD)

B -D N A

p -B e n d s

B E R . See  B a s e  e x c is io n  r e p a ir  (B E R )

B e r ib e r i

d ry

w e t

B H 2. See  D ih y d ro b io p te r in  

B H 4. See  T e tr a h y d ro b io p te r in  

B ic a rb o n a te  

as  b u f fe r

B ic a rb o n a te  (H C O 3- )

B if id o b a c te r iu m  in fa n tis  

B ile

B ile  a c id (s )  

p r im a ry  

s tru c tu re  o f  

s y n th e s is  o f  

B ile  a c id  s e q u e s tr a n ts  

B ile  p ig m e n ts  

B ile  s a l t  e x p o r t  p u m p  

B ile  s a lts

a b s o rp t io n  o f  

c o n ju g a te d



s y n th e s is  o f  

d e f ic ie n c y  o f

e n te ro h e p a t ic  c i r c u la t io n  o f  

in te s t in a l  m ic ro b io ta  

in  l ip id  e m u ls if ic a t io n  

s e c o n d a ry  

B il iru b in

b lo o d  le v e ls  

in  ja u n d ic e  

n o rm a l  

C B

m e a s u re m e n t  o f  

d ir e c t  r e a c tin g  

fo rm a t io n  o f  

fu n c t io n s  o f  

in d ir e c t - r e a c t in g  

in  ja u n d ic e  

s e c re t io n , in to  b i le  

U C B

m e a s u re m e n t  o f  

u p ta k e , b y  l iv e r  

u r in a ry

B il iru b in  d ig lu c u ro n id e ,  f o rm a t io n  o f

Bilirubin uridine diphosphate-glucuronosyltransferase

B il iv e rd in

Biliverdin reductase

B io a v a ila b il i ty  

B io e n e rg e tic s ,  d e f in i t io n  o f  

B io g e n ic  a m in e s  

B io in fo rm a t ic s  

B io t in

as  c o e n z y m e  

in  D N A  p ro b e s  

e n z y m e s  r e q u ir in g  

s tru c tu re  o f

1 ,3 -B is p h o s p h o g ly c e ra te ,  s y n th e s is  o f



2 ,3 -B is p h o s p h o g ly c e ra te  (2 ,3 -B P G )  

a l lo s te r ic  e f f e c t  o f  

b in d in g  s i te  o f  

b in d in g  to  d e o x y h e m o g lo b in  

b in d in g  to  H b F  

le v e ls  in  R B C s  

a n e m ia  a n d  

h y p o x ia  a n d  

s y n th e s is  o f  

in  R B C

in  tr a n s fu s e d  b lo o d  

B isphosphoglycerate m utase

B lo o d  c o a g u la tio n , v i ta m in  K  in  

B lo o d  g ro u p s  A B O  

B lo o d  p re s s u re  (B P )

B lo o d  tr a n s fu s io n ,3 -B is p h o s p h o g ly c e ra te  in  

B lo o d - b r a in  b a r r ie r  (B B B )

B lu e  s c le ra

B M I. See  B o d y  m a s s  in d e x  (B M I)

B M R . See  B a s a l  m e ta b o l ic  ra te  (B M R )

B o d y  fa t. See also  A d ip o s e  t is s u e ; B ro w n  fa t; O b e s ity  

a b d o m in a l ,  s u b c u ta n e o u s  

a n a to m ic  d is tr ib u t io n  o f, a n d  h e a l th  r is k s  

c e n tra l

e n d o c r in e  fu n c t io n  o f  

re g io n a l  d e p o ts

b io c h e m ic a l  d if f e re n c e s  in  

v is c e ra l

B o d y  m a ss  in d e x  (B M I)  

a n d  b lo o d  l ip id s  

a n d  m o r ta l i ty  r is k  

B o d y  w e ig h t .  See a lso  O b e s ity  

g e n e t ic s  a n d  

r e d u c t io n  ( lo s s )

p h a rm a c o lo g ic  t r e a tm e n t  

s u rg ic a l  t r e a tm e n t



re g u la t io n

lo n g - te rm  s ig n a ls  a n d  

s h o r t- te rm  s ig n a ls  a n d  

s e t  p o in t  fo r  

B o h r  e f fe c t

B o n e , c a lc iu m  in , v i ta m in  D  a n d  

B o n e  m a ss

B o v in e  s p o n g ifo rm  e n c e p h a lo p a th y  

B ra in

a n d  e n e rg y  m e ta b o l is m  

g lu c o s e  m e ta b o l is m  in  

m e ta b o l ic  fu e l  s o u rc e s  in  

m e ta b o l ic  p a th w a y s  in  

in  a b s o rp t iv e  s ta te  

in  fa s tin g

O 2 c o n s u m p tio n  in

B ranched-chain a-keto  acid  dehydrogenase (BCKD)

a rs e n ic  p o is o n in g  a n d  

c o e n z y m e s  fo r

d e f ic ie n c y  o f  See also  (M a p le  s y ru p  u r in e  d is e a se )  

T P P  a n d

B ranched-chain am ino acid  am inotransferase

B ra n c h e d -c h a in  a m in o  a c id s  (B C A A )

B ra n c h in g  e n z y m e , d e fe c ts

B R C A 1  a n d  B R C A 2  m u ta tio n s ,  a n d  b r e a s t  c a n c e r

B ro a d  b e ta  d is e a s e

B ro n z e  d ia b e te s

B ro w n  fa t

h e a t  p ro d u c t io n  in  

t r ia c y lg ly c e ro ls  in  

B u ffe r (s )

B u p ro p r io n  

B u ty r ic  a c id

C



C A A T  b o x

C a c h e x ia

C A D  p o ly p e p tid e

C A H . See  C o n g e n i ta l  a d re n a l  h y p e rp la s ia  (C A H )

C a lb in d in  

C a lc id io l  

C a lc ito n in  

C a lc it r io l  

C a lc iu m  (C a 2+)

a c t iv a t io n  o f  g ly c o g e n  d e g ra d a t io n  

a c t iv a t io n  o f  g ly c o g e n o ly s is  

a c t iv a t io n  o f  liver phosphorylase kinase  

a c t iv a t io n  o f  m uscle phosphorylase kinase

in  b o n e , v i ta m in  D  a n d

c a lc i t r io l  e f fe c t

c a lm o d u l in  b in d in g

a n d  in s u l in  s e c re t io n

in te s t in a l  a b s o rp t io n  o f, v i ta m in  D  a n d

in  m u s c le

p a ra th y ro id  h o rm o n e  e f fe c t  

a n d  P D H  com plex  a c t iv i ty  

p la s m a  See  (H y p o c a lc e m ia )  

s e ru m  See also  (H y p o c a lc e m ia )  

lo w , r e s p o n s e  to  

r e g u la t io n  o f  

v i ta m in  D  a n d  

C a lc iu m  to  p h o s p h o ru s  ra t io  

C a lm o d u lin  (C a M ) 

c a lc iu m  b in d in g  to  

fu n c t io n s  o f  

C a lo r ie ( s )

e n e rg y  See  (E n e rg y ; K ilo c a lo r ie s )  

r e s tr ic t io n , a n d  w e ig h t  c o n tro l  

C a M . See  C a lm o d u lin  (C a M ) 

c A M P . See  C y c l ic  a d e n o s in e  m o n o p h o s p h a te  (c A M P ) 

c A M P  re s p o n s e  e le m e n t  (C R E ), a n d  t r a n s c r ip t io n a l  r e g u la t io n



c A M P  re s p o n s e  e le m e n t-b in d in g  p ro te in  (C R E B P )  

a n d  tr a n s c r ip t io n a l  r e g u la t io n  

cA M P -dependent protein  kinase

C a m p to th e c in s

C a n c e r

d o u b le - s t r a n d  b r e a k s  in  D N A  a n d  

n u tr i t io n  a n d  

te lo m e re s  in  

C a p r ic  a c id

C a rb a m in o h e m o g lo b in  

C a rb a m o y l  p h o s p h a te ,  s y n th e s is  o f  

C arbam oyl ph osphate synthetase (CPS)

CPS I  

CPS II

C a rb o h y d ra te ( s )  

a n o m e rs  o f  

c la s s i f ic a t io n  o f  

d ie ta ry

a c c e p ta b le  in ta k e , fo r  a d u lts  

a n d  b lo o d  g lu c o s e  

e n e rg y  c o n te n t  o f  

g ly c e m ic  r e s p o n s e  

a n d  o b e s ity

p ro te in - s p a r in g  e f f e c t  o f  

r e q u ire m e n ts  

d ig e s t io n  o f

c o n c e p t  m a p  fo r  

e n e rg y  c o n te n t  o f  

e p im e rs  

fu n c t io n s  o f  

in ta k e , a n d  h e a l th  

is o m e rs

l in k a g e  to  n o n c a rb o h y d ra te s  

m e ta b o l is m  o f

a d ip o s e  t i s s u e  a n d  

g lu c a g o n  a n d



in s u l in  a n d  

in te rm e d ia te s  

l iv e r  a n d

re s t in g  s k e le ta l  m u s c le  a n d

C a rb o h y d ra te  r e s p o n s e  e le m e n t - b in d in g  p ro te in  (C h R E B P )  

C a rb o n  d io x id e  (C O 2) 

p ro d u c t io n  o f

in  p e n to s e  p h o s p h a te  p a th w a y  

in  T C A  c y c le  

in  p u r in e  s y n th e s is  

in  p y r im id in e  s y n th e s is  

t r a n s p o r t ,  b y  h e m o g lo b in  

C a rb o n  m o n o x id e  (C O ) 

b in d in g  to  h e m o g lo b in  

p ro d u c t io n  o f, in  h e m e  d e g ra d a t io n  

to x ic i ty  

C a rb o n ic  a c id  

Carbonic anhydrase  

Y -C a rb o x y g lu ta m a te  fo rm a t io n  

C a rb o x y h e m o g lo b in  

C a rb o x y l  g ro u p  

Carboxylase(s)

b io t in - re q u ir in g  

d e f ic ie n c y  o f  

C a rb o x y la te  io n  

C a rb o x y la t io n

b io t in -d e p e n d e n t  

v i ta m in  K -d e p e n d e n t

C a rb o x y la t io n -d e c a rb o x y la t io n ,  in  g lu c o n e o g e n e s is  

C arboxypeptidase(s) 

p a n c re a tic  

C a rd io l ip in

fu n c t io n s  o f  

s tru c tu re  o f  

s y n th e s is  o f



C a rd io v a s c u la r  d is e a se

C H D  See  (C o ro n a ry  h e a r t  d is e a s e  (C H D ))  

p la s m a  h o m o c y s te in e  a n d  

C a rn i t in e

d e f ic ie n c y  o f

a n d  L C F A  tr a n s p o r t  in to  m ito c h o n d r ia  

s o u rc e s  o f  

s y n th e s is  o f

C arnitine acyltransferase I  (CAT-I). See C arnitine palm itoyltransferase-I  
(CPT-I)

C arnitine acyltransferase II  (CAT-II). See C arnitine palm itoyltransferase-II  
(CPT-II)

C arnitine palm itoyltransferase-I (CPT-I)

d e f ic ie n c y  o f

C arnitine palm itoyltransferase-II (CPT-II)

d e f ic ie n c y  o f  

C a rn i t in e  s h u tt le  

in h ib i to r  o f  

p -C a ro te n e

as  a n t io x id a n t

in g e s t io n , in  p o rp h y r ia  t r e a tm e n t  

v i ta m in  A  a c t iv i ty  o f  

C a ro te n e s ,  d ie ta ry  s o u rc e s  o f  

C aspase (s )

C a ta b o lis m . See also  A m in o  a c id (s ) ,  c a ta b o lis m  

s ta g e s  o f

C a ta b o li te  a c t iv a to r  p ro te in  (C A P ), a n d  la c to s e  o p e ro n  o f  E . c o li  

C a ta b o li te  r e p re s s io n ,  a n d  la c to s e  o p e ro n  o f  E . c o li  

C a ta b o li te  a c t iv a to r  p ro te in  (C A P )  s ite , o f  la c  o p e ro n  

Catalase

h e m e  g ro u p  o f  

C a ta ra c t( s )

c la s s ic  g a la c to s e m ia  a n d  

g a la c t i to l  a n d

galactokinase  d e f ic ie n c y  a n d  

C a te c h o la m in e ( s )



d e g ra d a t io n  o f  

a n d  e n e rg y  m e ta b o l is m  

fu n c t io n s  o f  

a n d  g lu c a g o n  re le a s e  

in  h y p o g ly c e m ia  

a n d  in s u l in  s e c re t io n  

m e ta b o l is m  o f  

as  n e u ro tra n s m it te r s  

s y n th e s is  o f

C atechol-O -m ethyltransferase (COM T)

C a tio n -e x c h a n g e  c h ro m a to g ra p h y  

C C K . See  C h o le c y s to k in in  (C C K )

Cdks. See C yclin-dependent kinase(s) (Cdks)

c D N A . See  C o m p le m e n ta ry  D N A  (c D N A )

C D P . See  C y tid in e  d ip h o s p h a te  (C D P )

C e le c o x ib  

C e lia c  d is e a se  

C e ll  c y c le

c h e c k p o in ts  

e u k a ry o t ic  

p h a s e s  o f  

C e ll( s ) ,  s e n e s c e n t

C e l l - c e l l  c o m m u n ic a tio n ,  in  m e ta b o l ic  re g u la t io n  

p C e lls

d e s tru c t io n  o f, in  T 1 D  

d y s fu n c tio n , in  T 2 D  

a n d  in s u l in  p ro d u c t io n  

a  C e lls , a n d  g lu c a g o n  re le a s e  

C e llu lo s e

in d ig e s t ib le  

s y n th e s is  o f  

u n b ra n c h e d

C e n tra l  d o g m a , o f  m o le c u la r  b io lo g y

Ceram idase

C e ra m id e (s )

C e ra m id e  o l ig o s a c c h a r id e s



C e re b ro s id e ( s )

Ceruloplasm in

C E T P . See  C h o le s te ry l  e s te r  t r a n s f e r  p ro te in  (C E T P )

C F T R . See  C y s tic  f ib ro s is  t r a n s m e m b ra n e  c o n d u c ta n c e  r e g u la to r  (C F T R )  

c G M P . See  C y c l ic  g u a n o s in e  m o n o p h o s p h a te  (c G M P )

C h a p e ro n e  p ro te in ( s )

C h a p e ro n e s  

C h a p e ro n in s  

C h a rg a f f  ru le

C H D . See  C o ro n a ry  h e a r t  d is e a s e  (C H D )

C h e ilo s is

C h e la to r

C h e m ic a l  r e a c tio n ( s )

w ith  c o m m o n  in te rm e d ia te s  

c o u p le d

C h e m io s m o tic  h y p o th e s is  

C h e n o d e o x y c h o lic  a c id  

s y n th e s is  o f

C h lo ra m p h e n ic o l ,  m e c h a n is m  o f  a c t io n  o f  

C h lo r id e  (C l)

C h o le c a lc if e ro l  (v ita m in  D 3)

m e ta b o l is m  o f  

C h o le c y s to k in in  (C C K ) 

a c t io n s  o f  

a n d  l ip id  d ig e s t io n  

C h o le li th ia s is  

C h o le ra  

C h o le s ta n o l  

C h o le s ta s is

e x tr a h e p a t ic

in t r a h e p a t ic

C h o le s te ro l

a b s o rp t io n  o f, in  in te s t in e  

b lo o d  le v e ls

m e a s u re m e n t  o f



o b e s ity  a n d  

to ta l

d e g ra d a t io n  o f  

d ie ta ry  s o u rc e s  o f  

d ig e s t io n  o f

e n d o c y to s e d , a n d  c e l lu la r  c h o le s te ro l  h o m e o s ta s is

e s te r i f ic a t io n  o f

fu n c t io n s  o f

h o m e o s ta s is

in ta k e , r e c o m m e n d e d

in  l ip o p ro te in s

l iv e r

e f f lu x  f ro m  l iv e r  

s o u rc e s  o f

n o n e s te r i f ie d  c h o le s te ro l  u p ta k e  

p la s m a  lip id s  

a n d  C H D

d ie ta ry  c h o le s te ro l  a n d  

d ie ta ry  f ib e r  a n d  

lo w e r in g , b e n e f i ts  o f  

s a tu ra te d  fa ts  a n d  

s o u rc e s  o f  

r e v e r s e  t r a n s p o r t  o f  

as  s te ro id  h o rm o n e  p re c u r s o r  

s te ro id  n u c le u s  o f  

s tru c tu re  o f  

s tru c tu re  o f  

s y n th e s is  o f

c o n c e p t  m a p  fo r  

r e g u la t io n  o f  

t r a n s p o r t  o f  

C holesterol esterase  

C holesterol side-chain cleavage enzym e  

C h o le s te ry l  e s te r ( s )  

in  c h y lo m ic ro n s

d e g ra d a t io n  b y  p a n c re a t ic  e n z y m e s



d ig e s t io n  o f

in t ra c e l lu la r ,  s y n th e s is  o f  

in  l ip o p ro te in s

r e s y n th e s is  o f, in  in te s t in a l  m u c o s a l  c e lls  

s tru c tu re  o f  

t r a n s p o r t  o f

C holesteryl ester hydrolase. See C holesterol esterase

C h o le s te ry l  e s te r  t r a n s fe r  p ro te in  (C E T P )

C h o le s ty ra m in e

C h o lic  a c id

s y n th e s is  o f  

C h o lin e

a d e q u a te  in ta k e  o f  

in  p h o s p h o lip id  s y n th e s is  

C h o n d ro d y s tro p h y ( ie s )

C h o n d ro i t in  s u lfa te  

s y n th e s is  o f  

C h o n d ro i t in  4 - s u lf a te  

d is tr ib u t io n  in  b o d y  

s tru c tu re  o f  

C h o n d ro i t in  6 - s u lfa te  

d is tr ib u t io n  in  b o d y  

s tru c tu re  o f

C h o r io n ic  v i l lu s  s a m p lin g  

C h ro m a tin

re m o d e lin g

s tru c tu re  o f, a n d  g e n e  e x p re s s io n  

C h ro m iu m  (C r)

C h ro m o s o m e (s )

tra c in g , f ro m  p a re n t  to  o f f s p r in g  

C h ro m o s o m e  n u m b e r  

C h ro n ic  g r a n u lo m a to u s  d is e a s e  (C G D )

C h y le

C h y lo m ic ro n (s )  

a s s e m b ly  o f  

c o m p o n e n ts  o f



m e ta b o l ic  fa te  o f  

c o n c e p t  m a p  fo r  

m e ta b o l is m  o f  

n a s c e n t ,  m o d if ic a t io n  o f  

p la s m a

in  d ia b e te s  

in  T 2 D

s e c re t io n  o f, b y  in te s t in a l  m u c o s a l  c e lls  

s y n th e s is  o f

in  a b s o rp t iv e  s ta te  

R N A  e d i t in g  a n d  

C h y lo m ic ro n  re m n a n ts  

f o rm a t io n  o f  

C h y m e

C h y m o try p s in

m e c h a n is m  o f  a c t io n  o f  

p a n c re a tic  

C ir rh o s is

a lc o h o lic

a n d  h y p e ra m m o n e m ia  

C itra te

c y to s o l ic  

a n d  F A  s y n th e s is  

a n d  r e g u la t io n  o f  PFK-1  

s y n th e s is  o f  

Citrate synthase

C itr ic  a c id  c y c le . See  T r ic a rb o x y lic  a c id  (T C A ) c y c le

C itru ll in e ,  f o rm a t io n  o f

C lo n in g

v e c to r s  fo r

C lo t t in g  fa c to r  fo rm a tio n , v i ta m in  K  a n d

C lu s te re d  r e g u la r ly  in te r s p a c e d  s h o r t  p a l in d ro m ic  re p e a ts  (C R IS P R )  

C M P . See  C y tid in e  m o n o p h o s p h a te  (C M P )

C O . See  C a rb o n  m o n o x id e  (C O )

C O 2. See  C a rb o n  d io x id e  (C O 2)



C o a c tiv a to rs ,  a n d  t r a n s c r ip t io n  

C o b a la m in . See  V ita m in  B 12 

C o b a l t  (C o )

C o d o n (s )  

b a s e s  in  

d e f in i t io n  o f  

in i t ia t io n  (s ta r t)  

in  m i to c h o n d r ia l  D N A  

n o n s e n s e

re c o g n i t io n  b y  tR N A  

te rm in a t io n  (s to p )

C o d o n -a n t ic o d o n  p a ir in g  

C o e n z y m e (s )

in  c a ta b o lic  p a th w a y s  

C o e n z y m e  A

in  a-ketoglutarate dehydrogenase  c o m p le x  

s tru c tu re  o f  

C o e n z y m e  Q  

C o fa c to r ( s )

C o lc h ic in e , fo r  g o u t

Colipase

C o lla g e n

a m in o  a c id  s e q u e n c e  

c o n c e p t  m a p  fo r  

c ro s s - l in k s ,  f o rm a t io n  o f  

d e g ra d a t io n  o f  

f ib r i l - a s s o c ia te d  

f ib r i ls ,  f o rm a t io n  o f  

n e tw o rk - fo rm in g  

p r o - a  c h a in s , f o rm a t io n  o f  

s tru c tu re  o f  

s y n th e s is  o f

t r ip le -h e l ic a l  s tru c tu re  o f  

ty p e  I 

ty p e  II



ty p e  III  

ty p e  IV  

ty p e  IX  

ty p e  V III  

ty p e  X II  

Collagenase(s)

C o lla g e n o p a th y ( ie s )

C o m m it te d  s te p  

C o m p le m e n ta ry  D N A  (c D N A ) 

l ib ra r ie s  

s y n th e s is  o f

COM T. See Catechol-O -m ethyltransferase (COM T)

C o n c e p t  m a p s

c o n s tru c t io n  o f  

c ro s s - l in k s  in  

l in k s  in

s y m b o ls  u s e d  in  

C o n d e n s in g  e n z y m e  

C o n g e n i ta l  a d re n a l  h y p e rp la s ia  (C A H )

C o n ju g a te d  b i l i r u b in  (C B ) 

b i l i ru b in

m e a s u re m e n t  o f  

C o n ju g a t io n  

C o n s e n s u s  s e q u e n c e (s )

P r ib n o w  b o x  

- 3 5  s e q u e n c e  

C o o p e ra t iv i ty  

C o p p e r  (C u )

e n z y m e s , b o d y  fu n c t io n s  

e n z y m e s  c o n ta in in g  

h o m e o s ta s is  

K a is e r -F le is c h e r  r in g s  

M e n k e s  s y n d ro m e  

W ils o n  d is e a se

C o p ro p o rp h y r in ,  s id e  c h a in s  o f  

C o p ro p o rp h y r in o g e n  III



Coproporphyrinogen III  oxidase

C o p ro s ta n o l

C o re  p ro te in ( s ) ,  o f  g ly c o s a m in o g ly c a n s  

s y n th e s is  

C o r i  c y c le  

C o r i  d is e a s e

C o ro n a ry  h e a r t  d is e a s e  (C H D ) 

d ie ta ry  fa c to rs  a f fe c tin g  

n u tr i t io n  a n d  

p la s m a  l ip id s  a n d  

C o r r in  r in g , in  c o b a la m in  

C o r tic o s te ro id ( s )  

s e c re t io n  o f

C o r t ic o s te ro id -b in d in g  g lo b u l in  

C o r t ic o tro p in - re le a s in g  h o rm o n e  (C R H )

C o r tis o l

a c t io n s  o f

as  c o u n te r re g u la to ry  h o rm o n e  

in  h y p o g ly c e m ia  

a n d  p ro s ta g la n d in  s y n th e s is  

s e c re t io n  o f  

C o s m id (s )

C o s u b s tra te ( s )

C o u n te r re g u la to ry  h o rm o n e s  

COX. See C yclooxygenase (COX)

C o x ib s  

C -p e p tid e  

C p G  is la n d s

CPS. See C arbam oyl phosphate synthetase (CPS) 

CPT-I. See C arnitine palm itoyltransferase-I (CPT-I) 

CPT-II. See C arnitine palm itoyltransferase-II (CPT-II)

C R E . See  c A M P  re s p o n s e  e le m e n t  (C R E )

C re a t in e

d e g ra d a t io n  o f  

s y n th e s is  o f  

Creatine kinase (CK)



in  d ia g n o s is  o f  m y o c a rd ia l  in fa rc t io n  

is o e n z y m e s  o f

in  d ia g n o s is  o f  m y o c a rd ia l  in fa rc t io n  

C re a t in e  p h o s p h a te  

fo rm a t io n  o f  

C re a t in in e

b lo o d  le v e l  

u r in a ry

C R E B . See  c A M P  re s p o n s e  e le m e n t-b in d in g  (C R E B )  p ro te in  

C re t in is m

C re u tz fe ld t - J a k o b  d is e a s e  

C r ig le r -N a jja r  s y n d ro m e  

ty p e  I 

ty p e  II

C r is ta e , o f  m i to c h o n d r ia l  in n e r  m e m b ra n e  

C T P . See  C y tid in e  t r ip h o s p h a te  (C T P )

C u b il in

C y a n o c o b a la m in ,  s tru c tu re  o f  

C y a n o s is ,  c h o c o la te  

C y c le ( s ) ,  d e f in i t io n  o f  

C y c l ic  a d e n o s in e  m o n o p h o s p h a te  (c A M P ) 

a n d  g lu c o n e o g e n e s is  

h y d ro ly s is  o f

a n d  la c to s e  o p e ro n  o f  E . c o li  

p ro d u c t io n  o f  

as  s e c o n d  m e s s e n g e r  

s y n th e s is  o f

Cyclic adenosine m onophosphate (cAM P) phosphodiesterase

C y c l ic  g u a n o s in e  m o n o p h o s p h a te  (c G M P ) 

fo rm a t io n  o f  

as  s e c o n d  m e s s e n g e r  

C y c l in ( s )

C yclin-dependent kinase(s) (Cdks)

Cyclooxygenase (COX)

COX-1

a c e ty la t io n , b y  a s p ir in



in h ib ito rs  o f  

CO X-2

a c e ty la t io n , b y  a s p ir in  

in h ib ito rs  o f

C ystathionase  d e f ic ie n c y  

C y s ta th io n in e  

C ystathionine b-synthase

d e f ic ie n c y  o f

C ystathionine syn thase , d e f ic ie n c y  o f  

C y s ta th io n in u r ia

d e s u lfu r iz a t io n  o f  

in  p y ru v a te  fo rm a t io n  

s y n th e s is  o f  

C y s te in e

d e s u lfu r iz a t io n  

in  p y ru v a te  fo rm a t io n  

s y n th e s is  o f  

C y s tic  f ib ro s is  (C F )

c a r r ie rs , d e te c t io n  o f  

e p id e m io lo g y  o f  

g e n e t ic  te s t in g  fo r , u s in g  P C R  

g e n e t ic s  o f

l ip id  m a la b s o rp t io n  in  

m o le c u la r  g e n e t ic s  o f  

p a n c re a t ic  in s u f f ic ie n c y  in  

p a th o p h y s io lo g y  o f  

p re n a ta l  d ia g n o s is  o f

C y s tic  f ib ro s is  t r a n s m e m b ra n e  c o n d u c ta n c e  r e g u la to r  (C F T R )  

fu n c t io n s  o f

g e n e  m u ta tio n s ,  d e te c t io n  o f  

lo s s  o f, in  c y s tic  f ib ro s is  

p ro te a s o m a l d e g ra d a t io n  o f  

C y s tin e

fo rm a t io n  o f  

C y s t in u r ia  

C y ta ra b in e



C y tid in e

C y tid in e  d ip h o s p h a te  (C D P )

C y tid in e  d ip h o s p h a te -d ia c y lg ly c e ro l ,  in  p h o s p h o lip id  s y n th e s is

C y tid in e  m o n o p h o s p h a te  (C M P ) , in  p h o s p h o lip id  s y n th e s is

Cytidine m onophosphate-N -acetylneuram inic acid  (N A N A )  synthetase

C y tid in e  t r ip h o s p h a te  (C T P )  

s y n th e s is  o f

in  s y n th e s is  o f  a m in o  s u g a rs  

Cytidine triphosphate synthetase

C y to c h ro m e (s )

o f  e le c tro n  t r a n s p o r t  c h a in  

h e m e  g ro u p  o f  

C y to c h ro m e  a  + a 3 

C y to c h ro m e  c 

Cytochrom e c oxidase

Cytochrom e P 450 (CYP) m onooxygenase  s y s te m  

C Y P 1 7  

C Y P 1 9  

C Y P 1 1 A  

C Y P 1 1 B 1  

C Y P 1 1 B 2  

h e m e  g ro u p  o f  

m ic ro s o m a l 

m ito c h o n d r ia l  

C y to k in e (s )

d e f in i t io n  o f  

re le a s e  o f, a n d  o b e s ity  

C y to s in e  (C )

m e th y la tio n ,  in  e u k a ry o t ic  D N A  

C y to s in e  a ra b in o s id e  (C y ta ra b in e /a ra C ) .  See also  C y ta ra b in e

D______________________________________________________
D a b ig a tr a n

D a c tin o m y c in , m e c h a n is m  o f  a c t io n  o f  

D A G . See  D ia c y lg ly c e ro l  (D A G )



DAO. See d-Amino acid  oxidase (DAO)

d d l.  See  D id a n o s in e  (d d l)

D e a m in a tio n

D e b ra n c h in g  e n z y m e (s ) ,  d e fe c ts  

D e c o d in g

7 -D e h y d ro c h o le s te ro l  (7 -D H C )

7-D ehydrocholesterol-3-reductase, d e f ic ie n c y  o f  

D e h y d ro e p ia n d ro s te ro n e  

D ehydrogenase(s) 

m ito c h o n d r ia l  

D eiodinases

D e n a tu ra tio n , o f  p ro te in s  

D e n tin o g e n e s is  im p e r fe c ta  

D e o x y a d e n o s in e  

D e o x y a d e n o s y lc o b a la m in  

5 '-D e o x y a d e n o s y lc o b a la m in ,  s tru c tu re  o f  

D e o x y c h o lic  a c id  

D e o x y h e m o g lo b in  

B o h r  e f f e c t  a n d  

2 ,3 -B P G  b in d in g  to  

s tru c tu re  o f  (T , ta u t  s tru c tu re )

D eoxyribonuclease(s)

p a n c re a tic

D e o x y r ib o n u c le ic  a c id  (D N A ). See also  C o m p le m e n ta ry  D N A  (c D N A ); 

M ito c h o n d r ia l  D N A  (m tD N A )

A  fo rm

a c c e s s  to , a n d  r e g u la t io n  o f  g e n e  e x p re s s io n  

a m o u n t  o f  ( c o p y  n u m b e r ) ,  a n d  r e g u la t io n  o f  g e n e  e x p re s s io n  

a m p lif ic a t io n  o f  See also  (P o ly m e ra s e  c h a in  r e a c t io n  (P C R ))  

a n a ly s is  o f

a r r a n g e m e n t  o f, a n d  r e g u la t io n  o f  g e n e  x p re s s io n  

B  fo rm

b a s e  e x c is io n  re p a ir  

b a s e -p a ir in g  in  

in  c h lo ro p la s ts  

c h ro m o s o m a l



c irc u la r

c la m p

c lo n e d  f ra g m e n ts ,  s e q u e n c in g  o f  

c lo n in g  o f

v e c to r s  fo r  

d a m a g e  to  

d e n a tu ra t io n  o f  

in  P C R

d ie ta ry , d e g ra d a t io n  o f, in  s m a l l  in te s t in e  

d o u b le  h e l ix  o f

m a jo r  g ro o v e  o f  

m in o r  g ro o v e  o f  

s e p a ra t io n  o f  s tra n d s  in  

s t ru c tu ra l  fo rm s  o f  

d o u b le - s t r a n d  b r e a k s  in

h o m o lo g o u s  r e c o m b in a t io n  o f  

n o n h o m o lo g o u s  e n d  jo in in g  o f  

re p a ir  

d s D N A

p a l in d ro m e s  in  

e u k a ry o t ic

o rg a n iz a t io n  o f  

r e p l ic a t io n  o f

fe ta l, m o le c u la r  a n a ly s is  o f  

f la n k in g  s e q u e n c e s  

fo re n s ic  a n a ly s is  o f, b y  P C R  

l in e a r  

l in k e r

m e th y la t io n

a n d  m is m a tc h  re p a ir  

m o b i le  e le m e n ts  o f  

a n d  r e g u la t io n  o f  g e n e  e x p re s s io n  

a n d  r e g u la t io n  o f  g e n e  e x p re s s io n  

n u c le o t id e  e x c is io n  re p a ir  

n u c le o t id e  s e q u e n c e  o f  

o r ig in  o f  re p l ic a t io n



3 ' 5 '- p h o s p h o d ie s te r  b o n d s  o f  

p la s m id

p r im a ry  s tru c tu re  o f  

in  p ro k a ry o te s  

re p l ic a t io n  

p ro o f re a d in g  o f  

p ro te in  b in d in g  to  

r e c o m b in a n t

fo rm a t io n  o f

f ro m  r e s tr ic t io n  f r a g m e n ts  w i th  s tic k y  e n d s  

r e g u la to ry  s e q u e n c e s  o f  

r e n a tu ra t io n  ( re a n n e a lin g )  o f  

re p a ir

c o n c e p t  m a p  fo r  

g a p  f i l l in g  in  

r e p l ic a t io n  fo rk s  

r e p l ic a t io n  o f

c h a in  e lo n g a t io n  in  

c o n c e p t  m a p  fo r  

d ir e c t io n  o f  

e r ro rs  in  

in  e u k a ry o te s

in h ib i t io n  b y  n u c le o s id e  a n a lo g s  

la g g in g  s tra n d  in  

le a d in g  s tr a n d  in  

a n d  n u c le o s o m e s  

in  p ro k a ry o te s  

s e m ic o n s e rv a t iv e  

te rm in a t io n  o f  

R N A  p r im e r  fo r  

s c re e n in g  o f  

s e c o n d a ry  s tru c tu re  o f  

s e q u e n c in g

fo r  d e te rm in a t io n  o f  p r o te in ’s p r im a ry  s tru c tu re  

n e x t  g e n e ra t io n /h ig h - th ro u g h p u t  

S a n g e r  d id e o x y  m e th o d  fo r



s s D N A

g e n e ra tio n , b y  helicases 

s tra n d  s e p a ra t io n  

s tru c tu re  o f

c o n c e p t  m a p  fo r  

s u p e rc o i l in g  o f

in  s t r a n d  s e p a ra t io n  

s y n th e s is  o f

d is c o n t in u o u s  

R N A  p r im e r  fo r  

re m o v a l  o f  

r e p la c e m e n t  b y  D N A

te lo m e r ic  

te m p la te  

T m o f

u n w in d in g  o f, in  t r a n s c r ip t io n  in t ia t io n  

Z fo rm

D e o x y r ib o n u c le o s id e

s y n th e s is

r e g u la t io n  o f

D e o x y r ib o n u c le o s id e  p h o s p h a te s

2 -D e o x y r ib o s e , in  n u c le ic  a c id s

D eoxyribose phosphate lyase, in  b a s e  e x c is io n  re p a ir

D e o x y th y m id in e

D e o x y th y m id in e  m o n o p h o s p h a te ,  s y n th e s is  o f  

D e rm a ta n  s u lfa te

d is tr ib u t io n  in  b o d y  

ly s o s o m a l d e g ra d a t io n  o f  

s tru c tu re  o f  

D esaturase(s)

D esm olase

D e s m o s in e  c ro s s - l in k s ,  in  e la s t in

D e x tr in (s ) ,  d ig e s t io n  o f

D H A . See  D o c o s a h e x a e n o ic  a c id  (D H A )

D H A P . See  D ih y d ro x y a c e to n e  p h o s p h a te  (D H A P )



D ia b e te s  m e ll i tu s  (D M ) 

c h ro n ic  e f fe c ts  o f  

c o m p lic a t io n s  o f  

c o n c e p t  m a p  fo r  

g ly c e m ic  c o n tro l  in , t ig h t  

H b A 1 c  le v e ls  in  

k e to g e n e s is  in  

o b e s ity  a n d  

s o rb i to l  m e ta b o l is m  in  

ty p e  1

a g e  o f  o n s e t  

c o n c e p t  m a p  fo r  

d ia g n o s is  o f  

g e n e t ic s  o f  

h y p o g ly c e m ia  in  

in s u l in  th e ra p y  fo r  

m e ta b o l ic  c h a n g e s  in  

p a th o p h y s io lo g y  o f  

p re v a le n c e  o f  

s ig n s  a n d  s y m p to m s  o f  

t r e a tm e n t  o f  

ty p e  2

c o n c e p t  m a p  fo r  

e p id e m io lo g y  o f  

g e n e t ic s  o f  

m e ta b o l ic  c h a n g e s  in  

o b e s ity  a n d  

p re v a le n c e  o f  

p re v e n t io n  o f  

p ro g re s s io n  o f

re m is s io n , b a r ia tr ic  s u rg e ry  a n d  

r is k  fa c to rs  fo r  

t r e a tm e n t  o f

D ia b e t ic  k e to a c id o s is  (D K A )

D ia b e t ic  n e p h ro p a th y  

D ia b e t ic  n e u ro p a th y



D ia b e t ic  r e t in o p a th y  

D ia c y lg ly c é ro l  (D A G )

in  in t r a c e l lu la r  s ig n a l in g  

in  p h o s p h o lip id  s y n th e s is  

p ro d u c t io n  o f  

D ia r rh e a , o s m o tic  

D ia s te re o m e rs  

D icer 

D id a n o s in e

2 ',3 '-D id e o x y in o s in e .  See  D id a n o s in e

2,4-D ienoyl CoA reductase

D ie t

a n d  F A  s y n th e s is  

a n d  g o u t

lo w  p h e n y la la n in e  

D ie ta ry  p ro te in  d ig e s t io n

a b s o rp t io n  a b n o rm a li t ie s

a m in o  a c id  a n d  s m a l l  p e p t id e  in te s t in a l  a b s o rp tio n  

b y  g a s tr ic  s e c re t io n  

b y  p a n c re a t ic  e n z y m e s  

b y  s m a l l  in te s t in e  e n z y m e s  

D ie ta ry  r e f e r e n c e  in ta k e s  (D R I)  

fa t  s o lu b le  

fu n c t io n s  o f  

fo r  m in e ra ls  

fo r  v i ta m in s  

w a te r  s o lu b le

D ie tin g , a n d  w e ig h t  c o n tro l  

D ih y d ro b io p te r in  (B H 2)

D ih y d ro fo la te  (D H F )

D ihydrofolate reductase (DH FR)

in h ib ito rs

D ihydrolipoyl dehydrogenase  

D ihydrolipoyl transacetylase

a rs e n ic  p o is o n in g  a n d



D ihydroorotase  

D ihydroorotate dehydrogenase  

D ihydropteridine reductase

d e f ic ie n c y  o f  

D ih y d ro u ra c i l  

in  tR N A

D ih y d ro x y a c e to n e

D ih y d ro x y a c e to n e  p h o s p h a te  (D H A P )  

fo rm a t io n  o f  

i s o m e r iz a t io n  o f  

m e ta b o l is m  o f

1 .2 5 -  D ih y d ro x y c h o le c a lc if e ro l  (2 5 -O H -D 3). See  C a lc i t r io l

D ih y d ro x y p h e n y la la n in e  (D O P A ). See also  L e v o d o p a  ( l-D O P A ) 

fo rm a t io n  o f  

D iio d o ty ro s in e  (D IT )

D im e th y l  s u lfa te

3 .3 -  D im e th y la l ly l  p y ro p h o s p h a te  (D P P )

2 .4 -  D in i t ro p h e n o l  (2 ,4 -D N P )

1 .2 5 -  d iO H -D 3. See  C a lc i t r io l

D ip a lm ito y l  le c ith in .  See  D ip a lm ito y lp h o s p h a t id y lc h o l in e  

D ip a lm ito y lp h o s p h a t id y lc h o l in e  (D P P C )

D ip h th e r ia  to x in , m e c h a n is m  o f  a c t io n  o f  

D ip lo id  c e ll( s )

D isaccharidase (s )

in te s t in a l

d e f ic ie n c y  o f

D is a c c h a r id e ( s ) .  See also  L a c to s e  

a b n o rm a l 

d ig e s t io n  o f  

a b n o rm a l 

fo rm a t io n  o f  

in  fo o d

m e ta b o l is m  o f  

D is u lf id e  b o n d (s )

in  d e o x y r ib o n u c le o t id e  s y n th e s is



D is u lf i r a m

D iv a le n t  m e ta l  io n  tr a n s p o r te r -1  (D M T -1 )  

D K A . See  D ia b e t ic  k e to a c id o s is  (D K A ) 

D NA adenine m ethylase (DAM )

D N A  f in g e rp r in tin g  

D NA gyrase  

D NA helicase(s)

D N A  lib ra ry ( ie s )  

c o m p le m e n ta ry  

g e n o m ic  

D NA ligase

in  b a s e  e x c is io n  re p a ir  

in  D N A  r e c o m b in a t io n  

in  m is m a tc h  re p a ir  

in  n u c le o t id e  e x c is io n  re p a ir  

D N A  m ic ro a r ra y s  

D NA polym erase(s)

in  b a s e  e x c is io n  re p a ir  

D NA p o l I

in  m is m a tc h  re p a ir  

D NA p o l III

exonuclease  a c t iv i ty  o f  

polym erase  fu n c t io n  

p ro o f re a d in g  fu n c t io n  

e u k a ry o t ic

3 ' 5 ' exonuclease  a c t iv i ty

5 ' 3 ' polym erase  a c t iv i ty

prim ase  a c t iv i ty  

exonuclease  a c t iv i ty  o f  

3 ' 5 ' exonuclease  a c t iv i ty  o f

5 ' 3 ' exonuclease  a c t iv i ty  o f

5 ' 3 ' polym erase  a c t iv i ty  o f

in  m is m a tc h  re p a ir  

in  n u c le o t id e  e x c is io n  re p a ir  

p o l a f  

p o l b f



p o l d f  

p o l e f

p °  g f
in  p o ly m e ra s e  c h a in  r e a c t io n  

Taq

v ira l ,  in h ib i to rs  

D N A  p ro b e s

a n t ib o d y - la b e le d

b io t in y la te d

h y b r id iz a t io n  (a n n e a lin g )  o f, to  D N A  f ra g m e n ts  

D NA topoisom erase(s)

a c t iv i ty  o f  

ty p e  I 

ty p e  II

D N A  u n w in d in g  e le m e n t  

D naA  b o x e s  

D naA  p ro te in  

D naB  p ro te in

D N A -b in d in g  p ro te in s ,  t r a n s -a c tin g ,  a n d  c o n tro l  o f  t r a n s c r ip t io n

D naC  p ro te in

D naG

D o c o s a h e x a e n o ic  a c id  (D H A )

D o lic h o l  p y ro p h o s p h a te

in  o l ig o s a c c h a r id e  s y n th e s is  

D o m in a n t-n e g a t iv e  e f fe c t

D O P A . See  D ih y d ro x y p h e n y la la n in e  (D O P A ); L e v o d o p a  ( l-D O P A ) 

D o p a m in e

s y n th e s is  o f

D opam ine b-hydroxylase  

D opam ine hydroxylase

D o w n s tre a m  p ro m o te r  e le m e n t  (D P E )

D o x o ru b ic in

D P E . See  D o w n s tr e a m  p ro m o te r  e le m e n t  (D P E )

D P P . See  3 ,3 -D im e th y la l ly l  p y ro p h o s p h a te  (D P P )

D P P C . See  D ip a lm ito y lp h o s p h a t id y lc h o l in e  (D P P C )

D R I. See  D ie ta ry  R e fe re n c e  In ta k e s  (D R I)



D rosha

D ru g (s )

a b s o rp t io n  o f

m e ta b o l is m  o f, h e p a t ic ,  cytochrom e P 450 m onooxygenase  s y s te m  a n d  

o x id a n t,  a n d  G 6PD  d e f ic ie n c y

d s D N A . See  D e o x y r ib o n u c le ic  a c id  (D N A ); D o u b le - s tr a n d e d  D N A  (d s D N A )  

d T M P . See  D e o x y th y m id in e  m o n o p h o s p h a te  (d T M P )

D u b in - J o h n s o n  s y n d ro m e  

D u c h e n n e  m u s c u la r  d y s tro p h y  

D uodenal cytochrom e b (Dcytb)

D y s b e ta l ip o p ro te in e m ia ,  f a m il ia l  

D y s g e u s ia  

D y s l ip id e m ia  

a n d  C H D  

in  o b e s ity  

in  T 2 D

E_____________________________________
E A R . See  E s t im a te d  A v e ra g e  R e q u i r e m e n t  (E A R ) 

E c c h y m o s e s

E C M . See  E x tra c e l lu la r  m a tr ix  (E C M )

E c to p ia  le n tis ,  in  h o m o c y s t in u r ia  

E d m a n  d e g ra d a t io n  

E d m a n  re a g e n t

E E R . See  E s t im a te d  E n e rg y  R e q u i r e m e n t  (E E R ) 

E F A . See  F a t ty  a c id (s ) , e s s e n t ia l  

E h le r s -D a n lo s  s y n d ro m e  (E D S )

E ic o s a n o id s  

a c t io n s  o f  

fu n c t io n s  o f

E ic o s a p e n ta e n o ic  a c id  (E P A )

e IF . See  I n i t ia t io n  fa c to r ( s ) ,  e u k a ry o t ic

Elastase

n e u tro p h il ,  A A T  a n d  

p a n c re a tic



E la s tin

c o n c e p t  m a p  fo r  

c o n fo rm a tio n  o f  

re la x e d  

s tre tc h e d

d e g ra d a t io n  o f, A A T  a n d  

s tru c tu re  o f  

E le c t ro ly te s

E le c tro n  t r a n s p o r t  c h a in  (E T C )

C o m p le x  V  

C o m p le x e s  I - I V  

i ro n - s u lfu r  c e n te r s  in  

o rg a n iz a t io n  o f  

a n d  p ro to n  p u m p  

re a c t io n s  o f

s i te - s p e c if ic  in h ib i to r s  o f  

E le c t ro p h o re s is

E le c t ro s ta t ic  in te ra c t io n s .  See  Io n ic  b o n d s  

E L IS A . See  E n z y m e - l in k e d  im m u n o s o rb e n t  a s s a y  (E L IS A )  

E lo n g a t io n  fa c to r ( s )  

in  p ro te in  s y n th e s is  

E lo n g a tio n , in  p ro te in  s y n th e s is  

E m p h y s e m a , in  ^ - a n t i t r y p s i n  d e f ic ie n c y  

E m u ls if ic ia t io n ,  o f  d ie ta ry  l ip id s  

E n a n tio m e rs  (d, l)

E n d o c y to s is ,  r e c e p to r -m e d ia te d  

Endoglycosidase(s) 

d e f ic ie n c y  o f

in  g ly c o s a m in o g ly c a n  d e g ra d a t io n  

Endonuclease. See also R estriction endonuclease  

in  m is m a tc h  re p a ir  

Endopeptidase(s)

p a n c re a tic

E n d o p la s m ic  r e t ic u lu m  (E R ) -a s s o c ia te d  d e g ra d a t io n  (E R A D ) 

Endoprotease(s)



E n d o th e liu m , n i t r ic  o x id e  a n d

E n d o th e l iu m -d e r iv e d  re la x in g  fa c to r . See  N itr ic  o x id e  (N O ) 

E n e rg y

in  a n a b o l is m

c h a n g e s  d u r in g  e n z y m a tic  r e a c t io n  

d ie ta ry  s o u rc e s  o f  

f ro m  fo o d

u s e  o f, in  b o d y  

in  g ly c o ly t ic  p a th w a y  

in ta k e

re q u ire m e n t ,  in  h u m a n s  

a n d  w e ig h t  c o n tro l

in t r a c e l lu la r  le v e ls ,  a n d  r e g u la t io n  o f  g lu c o n e o g e n e s is  

m e ta b o l is m  o f

c a te c h o la m in e s  a n d  

in te g ra t io n  o f  

m a jo r  t is s u e s  in  

p ro d u c t io n  o f

in  c a ta b o lis m  

in  T C A  c y c le  

in  p ro te in  s y n th e s is  

s o u rc e s  o f, in  fa s t in g  s ta te  

E n e rg y  c o u p lin g  

E n h a n c e r ( s )

in  e u k a ry o t ic  g e n e  e x p re s s io n  

in  e u k a ry o t ic  g e n e  re g u la t io n  

E nolase

in h ib i t io n  b y  f lu o r id e

eNOS. See N itric oxide synthase (NOS), e n d o th e l ia l

E noyl CoA hydratase

3,2-E noyl CoA isom erase

E noyl-A C P reductase

E n te ro c y te s ,  a b s o rp t io n  o f  l ip id s

E n te ro h e p a t ic  c i r c u la t io n

Enterokinase. See also Enteropeptidase

Enteropeptidase



E n th a lp y  (H )

c h a n g e  in  (A H )

E n tro p y  (S )

c h a n g e  in  (A S )

E n z y m e (s ) .  See also specific enzym e

a c t iv e  s ite  o f

c h e m is try  o f  

io n iz a t io n  o f, p H  a n d  

a l lo s te r ic

h e te ro tro p ic  e f fe c to rs  

h o m o tro p ic  e f fe c to rs  

n e g a t iv e  e f fe c to rs  

p o s i t iv e  e f fe c to rs  

r e g u la t io n  o f

s u b s tr a te  b in d in g , c o o p e ra t iv i ty  o f  

a l lo s te r ic  e f f e c to r s  o f, in  m e ta b o l ic  re g u la t io n  

b io t in y la te d  

c a ta ly t ic  g ro u p s  

c la s s e s  o f

c la s s i f ic a t io n  n u m b e rs  o f  

c o n c e p t  m a p  fo r  

c o p p e r -c o n ta in in g  

c o v a le n t  m o d if ic a t io n  o f  

in  m e ta b o l ic  re g u la t io n  

d e n a tu ra tio n  

p H  a n d

te m p e ra tu u re  a n d  

d e p h o s p h o ry la t io n  o f

a n d  m e ta b o l ic  re g u la t io n  

d ig e s t iv e , d e f ic ie n c ie s  o f  

e f f ic ie n c y  

fu n c t io n s  o f  

in h ib ito rs  o f  

c o m p e ti t iv e  

d e f in i t io n  o f  

i r r e v e r s ib le



n o n c o m p e ti t iv e

re v e r s ib le

s u ic id e

tr a n s i t io n  s ta te  a n a lo g s  as  

lo c a t io n  w ith in  c e l l  

m e c h a n is m  o f  a c t io n  

n o m e n c la tu re  fo r  

p H  o p tim u m  o f  

p h o s p h o ry la t io n  o f

a n d  m e ta b o l ic  re g u la t io n  

p la s m a  le v e ls  o f

as  d ia g n o s t ic  to o ls  

in  d is e a s e  

p ro p e r t ie s  o f  

r e c o m m e n d e d  n a m e s  o f  

r e g u la t io n  o f

r e s tr ic t io n  See (Restriction endonuclease(s))

s p e c if ic i ty  o f  

s u b s t r a te  b in d in g  b y  

s u b s t ra te s  fo r  

s y n th e s is  o f

d e c re a s e d  ( r e p re s s io n  o f) , in  m e ta b o l ic  r e g u la t io n  

in c re a s e d  ( in d u c t io n  o f) , in  m e ta b o l ic  r e g u la t io n  

in d u c t io n  o f  

r e p re s s io n  o f  

s y s te m a tic  n a m e s  o f  

te m p e ra tu re  o p t im u m  o f  

a n d  t r a n s i t io n - s ta te  s ta b i l iz a t io n  

E n z y m e  re a c tio n ( s )

a c t iv a t io n  e n e rg y  (E a) 

a l te rn a te  p a th w a y s  fo r  

e n e rg y  c h a n g e s  d u r in g  

f ir s t -o rd e r

k in e tic s  c u rv e , s h a p e  o f  See also  (M ic h a e l is -M e n te n  k in e tic s )  

m a x im a l  v e lo c i ty  o f



M ic h a e l is -M e n te n  m o d e l  fo r  

r a te /v e lo c i ty  o f

e n z y m e  c o n c e n tr a t io n  a n d  

fa c to rs  a f fe c tin g  

in i t ia l  (v o)

s u b s tr a te  c o n c e n tra t io n  a n d  

te m p e ra tu re  a n d  

te m p e ra tu re  a n d  

t r a n s i t io n  s ta te  

z e ro  o rd e r

E n z y m e  r e p la c e m e n t  th e ra p y  (E R T ) 

E n z y m e - l in k e d  im m u n o s o rb e n t  a s s a y  (E L IS A )  

in  H IV  te s t in g

E n z y m e - p r o d u c t  (E P )  c o m p le x  

E n z y m e - s u b s t r a te  (E S )  c o m p le x  

s te a d y -s ta te  a s s u m p tio n  fo r  

E P A . See  E ic o s a p e n ta e n o ic  a c id  (E P A ) 

E p ig e n e t ic s

a n d  r e g u la t io n  o f  g e n e  e x p re s s io n  

E p im e r (s )

E p in e p h r in e  

a c t io n s  o f

as  c o u n te r re g u la to ry  h o rm o n e

fu n c t io n s  o f

a n d  g lu c a g o n  re le a s e

a n d  g ly c o g e n  m e ta b o l is m

in  h y p o g ly c e m ia

a n d  in s u l in  s e c re t io n

s y n th e s is  o f

E p i th e l ia l  t is s u e , v i ta m in  A  a n d  

E q u i l ib r iu m  c o n s ta n t  (K eq)

E rg o c a lc i f e ro l  (v ita m in  D 2)

E ry th ro id  c e lls ,  h e m e  b io s y n th e s is  in  

E ry th ro m y c in ,  m e c h a n is m  o f  a c t io n  o f  

E s c h e r ic h ia  c o l i  (E . c o l i )



D N A  re p l ic a t io n  in  

g e n e  e x p re s s io n  in , r e g u la t io n  o f  

la c  o p e ro n  See  (L a c to s e  o p e ro n )  

m is m a tc h  r e p a ir  in  

S h in e -D a lg a rn o  s e q u e n c e  in  

tr a n s c r ip t io n  in  

E s s e n t ia l  f ru c to s u r ia  

E s s e n t ia l  p e n to s u r ia  

E s t im a te d  A v e ra g e  R e q u i r e m e n t  (E A R ) 

E s t im a te d  E n e rg y  R e q u i r e m e n t  (E E R )  

E s tra d io l  

E s tro g e n (s )  

a c t io n s  o f  

s y n th e s is  o f  

E th a n o l

e n e rg y  c o n te n t  o f  

as  s o u rc e  o f  c a lo r ie s  

s y n th e s is  o f

E th a n o la m in e ,  in  p h o s p h o lip id  s y n th e s is

E th e r  g ly c e ro p h o s p h o l ip id s

E to p o s id e

E u c h ro m a tin

E x e rc is e

a n d  p re v e n t io n  o f  T 2 D  

a n d  w e ig h t  c o n tro l  

Exoglycosidase(s)

d e f ic ie n c y  o f

in  g ly c o s a m in o g ly c a n  d e g ra d a t io n  

E x o m e

E x o n (s ) ,  d e f in i t io n  o f  

E x o n  s k ip p in g

Exonuclease. See also D NA polym erase(s)

in  m is m a tc h  re p a ir  

Exopeptidase(s)

in te s t in a l

p a n c re a tic



E x o p h th a lm o s  

E x tra c e l lu la r  m a tr ix  (E C M )

E z e tim ib e

F_____________________________________
F c e lls

F a b ry  d is e a se

F A D (H 2). See  F la v in  a d e n in e  d in u c le o t id e  (F A D ) 

F a m il ia l  c h y lo m ic ro n e m ia  

F a m il ia l  d y s b e ta l ip o p ro te in e m ia  

F a m il ia l  h y p e rc h o le s te ro le m ia  

F a rb e r  d is e a s e

F a rn e s y l  p y r o p h o s p h a te  (F P P )

FAS. See F atty  acid  synthase  (F A S )

F a s te d  s ta te  ( fa s tin g )  

a d ip o s e  t i s s u e  in  

c o n c e p t  m a p  fo r  

e n z y m a tic  c h a n g e s  in  

h y p o g ly c e m ia  in  

in te r t is s u e  r e la t io n s h ip s  in  

k id n e y s  in  

l iv e r  in

m e ta b o l ic  fu e l  s to re s  a n d  

F a s tin g  b lo o d  g lu c o s e  (F B G ) 

a n d  c e re b ra l  fu n c t io n  

in  d ia g n o s is  o f  ty p e  1 d ia b e te s  

e le v a tio n , in  d ia b e te s  

im p a ire d  

r e g u la t io n  o f  

F a t(s )

b o d y  See  (A d ip o s e  t is s u e ; B o d y  fa t)  

d ie ta ry

a c c e p ta b le  in ta k e , fo r  a d u lts  

a n d  C H D  

e n e rg y  c o n te n t  o f



a n d  p la s m a  l ip id s  

l iv e r  a n d  

m a la b s o rp t io n  o f  

m e ta b o l is m  o f

a d ip o s e  t i s s u e  a n d  

l iv e r  a n d

re s t in g  s k e le ta l  m u s c le  a n d  

m o n o u n s a tu r a te d  

p o ly u n s a tu ra te d  

s a tu ra te d

d ie ta ry  s o u rc e s  o f  

u n s a tu ra te d  

F a tty  a c id (s )  (F A )

a b s o rp t io n  in  in te s t in e

a c c u m u la t io n  in  v i ta m in  B 12 d e f ic ie n c y

a m p h ip a th ic  n a tu re  o f

b lo o d  le v e ls ,  in  fa s tin g

c a rb o n  a to m s  in , n u m b e r in g  o f

c a ta b o lis m

a n d  g lu c o n e o g e n e s is  

c h a in  e lo n g a tio n  

c h a in  le n g th s  o f  

c is

d e s a tu ra t io n  o f  

d o u b le  b o n d s  in  

p o s it io n s  o f  

as  e n e rg y  s o u rc e  

e s s e n t ia l  (E F A ) 

d e f ic ie n c y  o f

e s te r i f ie d  See also  (T r ia c y lg ly c e ro l( s )  (T A G s ))

fa te  o f

fu n c t io n s  o f

h y d ro p h il ic  p o r t io n

h y d ro p h o b ic  p o r t io n

lo n g -c h a in



d e g ra d a t io n  o f  

d e s a tu ra t io n  o f  

m e ta b o l is m , in  e n te ro c y te s  

s y n th e s is  o f

tr a n s p o r t  in to  m ito c h o n d r ia  

m e d iu m -c h a in

e n try  in to  m ito c h o n d r ia  

in te s t in a l  u p ta k e  o f  

m e ta b o l is m

c o n c e p t  m a p  fo r

in  re s t in g  s k e le ta l  m u s c le ,  in  fa s tin g  

m o n o u n s a tu r a te d  

a n d  d is e a s e  r is k  

m e ta b o l ic  e f fe c ts  o f  

n o n e s te r i f ie d  

a c t iv a t io n  o f  

p la s m a  

a n d  o b e s ity

w ith  o d d  n u m b e r  o f  c a rb o n s , o x id a t io n  o f  

o m e g a -3

a n d  d is e a s e  r is k  

m e ta b o l ic  e f fe c ts  o f  

o m e g a -6

a c c e p ta b le  in ta k e , fo r  a d u lts  

a n d  d is e a s e  r is k  

m e ta b o l ic  e f fe c ts  o f  

o x id a t io n  o f

d is o rd e rs  o f  

in  fa s tin g  

g lu c a g o n  a n d  

a n d  g lu c o n e o g e n e s is  

p -o x id a t io n  o f

e n e rg y  y ie ld  f ro m  

e n z y m e s  in v o lv e d  in  

in  p e ro x is o m e  

re a c t io n s  o f



r e g u la t io n  o f  

w -o x id a t io n  o f  

p e ro x is o m a l  a - o x id a t io n  

in  p h o s p h o lip id  s y n th e s is  

p la s m a F a tty  a c id (s )  (F A ) ( C o n t in u e d )  

a n d  in s u l in  s e c re t io n  

t r a n s p o r t  

p o ly u n s a tu ra te d  

a n d  d is e a s e  r is k  

m e ta b o l ic  e f fe c ts  o f  

p ro d u c t io n  o f  

re le a s e

in  fa s tin g  

f ro m  fa t  

s a tu ra te d

a n d  d is e a s e  r is k  

m e ta b o l ic  e f fe c ts  o f  

s h o r t- c h a in

e n try  in to  m ito c h o n d r ia  

in te s t in a l  u p ta k e  o f

s to ra g e , as  c o m p o n e n ts  o f  t r ia c y lg ly c e ro l  

s tru c tu re  o f  

s y n th e s is  o f

N A D P H -d e p e n d e n t  

r e d u c ta n t  fo r , s o u rc e s  o f

tra n s

a n d  d is e a s e  r is k  

m e ta b o l ic  e f fe c ts  o f  

t r a n s p o r t  o f  

u n e s te r i f ie d  ( fre e )  

d ig e s t io n  o f

p ro d u c t io n  o f, in  d ia b e te s  

u s e  o f, b y  t is s u e s  

u n s a tu ra te d

o x id a t io n  o f  

v e ry - lo n g -c h a in



o x id a t io n  o f  

p ro d u c t io n  o f, in  b ra in  

F a tty  a c id  e s te r (s )

F atty acid  synthase (FAS) 

e u k a ry o t ic  

in s u l in  a n d  

r e g u la t io n  o f

F atty acyl CoA dehydrogenase(s)

F a tty  a c y l  C o A , in  t r ia c y lg ly c e ro l  s y n th e s is

F atty acyl CoA transferase

F atty acyl coenzym e A  (CoA) synthetase

F a v is m

F B G . See  F a s tin g  b lo o d  g lu c o s e  (F B G )

F e b u x o s ta t  

F e e d b a c k  in h ib i t io n

F e e d - f a s t  c y c le . See also  A b s o rp t iv e  s ta te ; F a s te d  s ta te  ( fa s tin g )  

c o n c e p t  m a p  fo r

FEN1. See F lap endonuclease-1 (FEN1)

F errireductase

F e r r i t in

g e n e  e x p re s s io n , r e g u la t io n  o f  

Ferrochelatase  

F e r ro p o r t in  

F erroxidases

F e ta l  lu n g  m a tu r i ty  

F e to s c o p y

F F A . See  F a tty  a c id (s ) ,  u n e s te r i f ie d  (fre e )

F1/F o-A TPase

F ib e r

d ie ta ry

h e a l th  e f fe c ts  o f  

in s o lu b le  

s o lu b le  

fu n c t io n a l  

F ib r i l l in

F ig h t -o r - f l ig h t  r e a c t io n



F IG lu . See  N -F o rm im in o g lu ta m a te  (F IG lu )

F IS H . See  F lu o re s c e n c e  in  s i tu  h y b r id iz a t io n  (F IS H ) 

F is h  o il  in ta k e , h e a l th  b e n e f i ts  o f  

Flap endonuclease-1 (FEN1)

F la v in  a d e n in e  d in u c le o t id e  (F A D ) 

in  c a ta b o lic  p a th w a y s  

a n d  f a t  m e ta b o l is m

in  a-ketoglutarate dehydrogenase com plex  

in  P D H  com plex

p ro d u c t io n  o f

in  B C A A  d e g ra d a t io n  

in  T C A  c y c le

F la v in  m o n o n u c le o t id e  (F M N )

Flippase(s)

F loppase (s )

F lu o re s c e n c e  in  s itu  h y b r id iz a t io n  (F IS H )

F lu o r id e

F lu o r id e , in  p r e v e n t io n  o f  d e n ta l  c a r ie s  

F lu o r in e  (F )

d e n ta l  c a r ie s  (c a v i tie s )

F lu o ro a c e ta te ,  in h ib i t io n  o f  aconitase

F lu o ro a p a t i te

F lu o ro c i t r a te

F lu o ro q u in o lo n e s

5 -F lu o ro u ra c i l

F M N . See  F la v in  m o n o n u c le o t id e  (F M N )

F o a m  c e lls  

F o la te . See  F o l ic  a c id

F o la te  tr a p  h y p o th e s is ,  o f  v i ta m in  B 12 d e f ic ie n c y  

F o lic  a c id

a n d  a m in o  a c id  m e ta b o l is m  

d e f ic ie n c y  o f

F IG lu  e x c re t io n  te s t  fo r  

a n d  o n e -c a rb o n  m e ta b o l is m  

a n d  p la s m a  h o m o c y s te in e



a n d  p re v e n t io n  o f  n e u ra l  tu b e  d e fe c ts  

s u p p le m e n ta t io n

in  h o m o c y s t in u r ia  

p e r ic o n c e p tu a l  

in  p re g n a n c y

F o ll ic le - s t im u la t in g  h o rm o n e  (F S H )

F o o d

e n e rg y  c o n te n t  o f  

e n e rg y , u s e  o f, in  b o d y  

g ly c e m ic  in d e x  fo r  

g ly c e m ic  lo a d  o f  

g ly c e m ic  r e s p o n s e  to  

th e rm ic  e f f e c t  o f  

F o rm ic  a c id

N -F o rm im in o g lu ta m a te  (F IG lu ) , f o rm a t io n  o f  

N -F o rm im in o g lu ta m a te  (F IG lu )  te s t  fo r  

d ie ta ry  s o u rc e s  o f  

a n d  p re v e n t io n  o f  N T D s  

s u p p le m e n ta t io n

a n d  m a s k in g  o f  v i ta m in  B 12 d e f ic ie n c y  

in  p re g n a n c y  

F o rm y lg ly c in e

N 10-F o rm y lte tr a h y d ro fo la te  ( N 10-fo rm y l-T H F )  

in  p u r in e  n u c le o t id e  s y n th e s is  

F P P . See  F a rn e s y l  p y ro p h o s p h a te  (F P P )

F ra g i le  X  s y n d ro m e , m o le c u la r  g e n e t ic s  o f  

F re e  e n e rg y  (G ) 

c h a n g e  in  (A G )

in  b io c h e m ic a l  p a th w a y s

a n d  c o n c e n tr a t io n  o f  r e a c ta n ts  a n d  p ro d u c ts

o f  fo rw a rd  a n d  b a c k  re a c tio n s

n e g a t iv e

p o s it iv e

s ig n  o f, a n d  d ir e c t io n  o f  r e a c t io n  

a t  z e ro  ( e q u il ib r iu m )



re le a s e , d u r in g  e le c tro n  t r a n s p o r t  

s ta n d a rd  c h a n g e  in  (A G °) 

o f  A T P

a n d  d ir e c t io n  o f  r e a c t io n  

a n d  K eq

re la t io n s h ip  to  A E o

o f  tw o  c o n s e c u t iv e  re a c tio n s

F re e  fa t ty  a c id s  (F F A ). See  F a tty  a c id (s ) , n o n e s te r i f ie d  (fre e )  

Fructokinase  

d e f ic ie n c y  o f  

F ru c to s e

d ie ta ry  s o u rc e s  o f  

d ig e s t io n  o f

in  fo o d  See also  (H ig h - f ru c to s e  c o rn  s y ru p  (H F C S ))  

g lu c o s e  c o n v e r s io n  to , v ia  s o rb i to l  

in te s t in a l  a b s o rp t io n  o f  

m e ta b o l is m  o f

c o n c e p t  m a p  fo r  

d is o rd e rs  o f  

k in e tic s  o f  

p h o s p h o ry la t io n  o f  

re d u c in g  s u g a r  

t r a n s p o r t  o f, G L U T -5  a n d  

F ructose 1,6-bisphosphatase  

a l lo s te r ic  in h ib i to r  o f  

in h ib i t io n  o f  

r e g u la t io n  o f

b y  e n e rg y  le v e ls  in  c e ll  

b y  f ru c to s e  2 ,6 -b is p h o s p h a te  

F ru c to s e  1 ,6 -b is p h o s p h a te  

c le a v a g e  o f  

d e p h o s p h o ry la t io n  o f  

f o rm a t io n  o f, in  g lu c o n e o g e n e s is  

F ru c to s e  2 ,6 -b is p h o s p h a te  

a n d  g lu c o n e o g e n e s is



in  fa s t in g  s ta te

a n d  g ly c o ly s is ,  in  w e l l - f e d  s ta te  

r e g u la t io n  o f  phosphofructokinase-1

F ru c to s e  1 -p h o s p h a te  

c le a v a g e  o f  

p ro d u c t io n  o f  

F ru c to s e  6 -p h o s p h a te  

fo rm a t io n  o f

in h ib i t io n  o f  glucokinase  

p h o s p h o ry la t io n  o f  

in  s y n th e s is  o f  a m in o  s u g a rs  

F ructose 1-phosphate aldolase. See A ldolase B

F S H . See  F o l l ic le - s t im u la t in g  h o rm o n e  (F S H ) 

l-F u c o se

in  c o m p le x  o l ig o s a c c h a r id e s  

F um arase

F u m a ra te

in  a m in o  a c id  m e ta b o l is m  

fo rm a t io n  o f  

h y d ra t io n  o f  

s u c c in a te  o x id a t io n  to  

F um arate hydratase. See F um arase  

F u s io n  p ro te in ( s )

G________________________________
1:6 G lucosidase, d e f ic ie n c y  o f  

a(1 4)-glucosidase

G  p ro te in ( s )

G  p r o te in - c o u p le d  r e c e p to r s  (G P C R )

G A G s . See  G ly c o s a m in o g ly c a n ( s )  (G A G s)

G a l3

G a l4

G a l8 0

G a la c ti to l

a n d  c a ta ra c ts



G a la c to c e re b ro s id e  

s tru c tu re  o f  

s u lfa te d

G a la c to c e re b ro s id e  3 -s u lfa te  

G alactokinase

d e f ic ie n c y  o f

G alactosam ine 6-sulfatase

G a la c to s e

d ie ta ry  s o u rc e  o f  

d ig e s t io n  o f  

in te s t in a l  a b s o rp t io n  o f  

m e ta b o l is m  o f

c o n c e p t  m a p  fo r  

d is o rd e rs  o f  

p h o s p h o ry la t io n  o f  

G a la c to s e  c i r c u i t

G a la c to s e  1 -p h o s p h a te ,  p r o d u c t io n  o f  

G alactose 1-phosphate uridylyltransferase (GALT) 

d e f ic ie n c y  o f  

G a la c to s e m ia , c la s s ic  

a -G alactosidase  

b-G alactosidase  

d e f ic ie n c y  o f

b-d-G alactosyltransferase

G a lls to n e s ,  c h o le s te ro l

GALT. See G alactose 1-phosphate uridylyltransferase (GALT)

G a n g lio s id e ( s )

n o m e n c la tu re  fo r  

s tru c tu re  o f  

G a n g lio s id o s is ,  G M1 

G a p  ju n c t io n s  

G a s tr ic  b y p a s s  s u rg e ry  

G a s tr ic  ju ic e

G a s tr ic - in h ib i to ry  p o ly p e p tid e  (G IP ) , a n d  in s u l in  s e c re t io n  

G a u c h e r  d is e a se



G C  b o x

G D P . See  G u a n o s in e  d ip h o s p h a te  (G D P ) 

G e n e (s )

a m p lif ic a t io n

c o n s ti tu t iv e

h o u s e k e e p in g

s ile n c in g  o f  See also  (R N A  in te r fe re n c e )  

b y  D N A  h y p e rm e th y la t io n  

G e n e  c h ip (s )

G e n e  e d i t in g

G e n e  e x p re s s io n . See also  T ra n s c r ip t io n  

a n a ly s is  o f  

c o n c e p ts  m a p  

d e f in i t io n  o f  

e u k a ry o t ic

c h ro m a tin  s tru c tu re  a n d  

r e g u la t io n  o f

D N A  v a r ia t io n s  a n d  

p ro k a ry o tic

r e g u la t io n  o f  

r e g u la t io n  o f  

G e n e  th e ra p y  

g e rm lin e  

s o m a tic

G e n e ra l  tr a n s c r ip t io n  fa c to rs  

G e n e tic  c o d e

c h a ra c te r is t ic s  o f  

c o m m a le s s  c h a ra c te r  o f  

d e g e n e ra c y  o f

n o n o v e r la p p in g  c h a ra c te r  o f  

r e d u n d a n c y  o f  

s p e c if ic i ty  o f  

u n iv e r s a l i ty  o f

G e n o m e . See also  H u m a n  g e n o m e  

s e q u e n c in g  o f

G e n o m e -w id e  a s s o c ia t io n  s tu d ie s  (G W A S )



G e n o ty p in g

G e ra n y l  p y ro p h o s p h a te  (G P P )

G e s ta t io n a l  d ia b e te s ,  d ia g n o s is  o f  

G H . See  G ro w th  h o rm o n e  (G H )

G h re lin

G ilb e r t  s y n d ro m e

G IP . See  G a s tr ic - in h ib i to ry  p o ly p e p tid e  (G IP )  

G lc N A c . See  N -A c e ty lg lu c o s a m in e  (G lc N A c )  

G lia d in

G lo b in  c h a in s , s y n th e s is  o f  

G lo b in  g e n e s

e x p re s s io n  o f  

5 -g e n e  

Y -gene 

Z -gene

a - g lo b in  g e n e  fa m ily  

p -g lo b in  g e n e  fa m ily  

o rg a n iz a t io n  o f  

p s e u d o g e n e s

G lo b o id  c e l l  le u k o d y s tro p h y  

G lo b o s id e (s )

G lo s s i t is

G L P -1 . See  G lu c a g o n - l ik e  p e p t id e -1  (G L P -1 )  

G lu c a g o n

a c t io n s  o f

a n d  c h o le s te ro l  s y n th e s is

as  c o u n te r re g u la to ry  h o rm o n e

a n d  F A  o x id a tio n

a n d  g lu c o n e o g e n e s is

a n d  g ly c o g e n  m e ta b o l is m f

a n d  g ly c o g e n e s is

a n d  g ly c o g e n o ly s is

a n d  g ly c o ly s is

h a lf - l i f e  o f

in  h y p o g ly c e m ia

a n d  k e to g e n e s is



a n d  lip o ly s is  

m e c h a n is m  o f  a c t io n  o f  

m e ta b o l ic  e f fe c ts  o f  

c o n c e p t  m a p  fo r  

a n d  P E P C K  g e n e  t r a n s c r ip t io n  

a n d  p ro te in  m e ta b o l is m  

r e g u la t io n  o f  

re le a s e

in  a b s o rp t iv e  s ta te  

in  fa s t in g  s ta te  

r e g u la t io n  o f  

s e c re t io n  o f

in h ib i t io n  o f  

s t im u la t io n  o f  

s tru c tu re  o f  

s y n th e s is  o f  

G lu c a g o n  re c e p to r ( s )

r e g u la to ry  s ig n a ls  m e d ia te d  b y  

G lu c a g o n - l ik e  p e p t id e -1  (G L P -1 )  

a n d  in s u l in  s e c re t io n  

s y n th e s is  o f  

G lucoam ylase  

G lu c o c e re b ro s id e ( s )

G lu c o c o r t ic o id ( s )

a n d  c h o le s te ro l  s y n th e s is  

a n d  P E P C K  g e n e  t r a n s c r ip t io n  

G lu c o c o r t ic o id  r e s p o n s e  e le m e n t  (G R E ) 

G lucokinase

as  g lu c o s e  s e n s o r  

h o rm o n a l  r e g u la t io n  o f  

in h ib i t io n  o f, b y  f ru c to s e  6 -p h o s p h a te  

k in e tic s  o f  

r e g u la t io n  o f

s t im u la t io n  o f, b y  g lu c o s e  

G lu c o k in a s e  r e g u la to ry  p ro te in  (G K R P )  

G lu c o n e o g e n e s is



a c e ty l  C o A  a n d  

a d e n o s in e  m o n o p h o s p h a te  a n d  

a d e n o s in e  t r ip h o s p h a te  a n d  

a lc o h o l  a n d  

c A M P  a n d

c a r b o x y la t io n -d e c a rb o x y la t io n  in

c o n c e p t  m a p  fo r

F A  c a ta b o lis m  a n d

F A  o x id a t io n  a n d

g lu c a g o n  a n d

g ly c e ro l  in

in s u l in  a n d

in  k id n e y s

la c ta te  in

in  l iv e r

N A D H  a n d

o x a lo a c e ta te  in

p a th w a y

p h o s p h o e n o lp y ru v a te  

p y ru v a te  in  

r e a c t io n s  o f  

r e a c t io n s  u n iq u e  to  

r e g u la t io n  o f

b y  e n e rg y  le v e ls  in  c e ll  

b y  f ru c to s e  2 ,6 -b is p h o s p h a te  

s u b s t ra te s  fo r

a v a i la b i l i ty  o f  

U D P -g a la c to s e  a n d  

G lu c o s a m in e , in  g ly c o s a m in o g ly c a n s  

G lu c o s e

a c t iv e  t r a n s p o r t  o f  

in  a d ip o s e  t is s u e

in  a b s o rp t iv e  s ta te  

in  fa s tin g  

a n o m e rs  o f

a  a n d  P a n o m e r ic  fo rm s  o f, m u ta ro ta t io n  o f



b lo o d  See also  (F a s tin g  b lo o d  g lu c o s e  (F B G ); G ly c e m ic  in d e x )  

in  a b s o rp t iv e  s ta te  

a n d  c e re b ra l  fu n c t io n  

d ig e s t io n  o f  

e n a n t io m e rs  

as  e n e rg y  s o u rc e  

fo rm a t io n  o f  

g lu c a g o n  a n d  

g ly c o g e n -d e r iv e d  

a n d  in s u l in  s e c re t io n  

in te s t in a l  a b s o rp t io n  o f  

as  m e ta b o l ic  fu e l  

o b e s ity  a n d  

p h o s p h o ry la t io n  o f  

as  re d u c in g  s u g a r  

r e g u la t io n  o f  

s o u rc e s  o f  

in  T 1 D  

in  T 2 D

c o n v e r s io n  to  f ru c to s e , v ia  s o rb ito l  

d ie ta ry  c a rb o h y d ra te s  a n d  

as  e n e rg y  s o u rc e  

in  b ra in

fa c i l i ta te d  t r a n s p o r t  o f  

in  fo o d

fo rm a t io n  o f  See also  (G lu c o n e o g e n e s is )  

h ig h  See also  (H y p e rg ly c e m ia )  

lo w  See also  (H y p o g ly c e m ia )  

as  m e ta b o l ic  fu e l  

m e ta b o l is m  

in s u l in  a n d  

l iv e r  a n d  

o rg a n s  r e q u ir in g  

a n d  p a lm ita te  s y n th e s is  

p h o s p h o ry la t io n  o f  

in  p o rp h y r ia  t r e a tm e n t



p ro d u c t io n  o f, in  a b s o rp t iv e  s ta te  

b y  s o d iu m -a n d  A T P - in d e p e n d e n t  t r a n s p o r t  s y s te m  

tr a n s p o r t  in to  c e lls  

in  a d ip o s e  t is s u e  

in s u l in - in s e n s i t iv e  

in s u l in - s e n s i t iv e  

in  s k e le ta l  m u s c le  

G lu c o s e  1 ,6 -b is p h o s p h a te  

G lu c o s e  in to le ra n c e ,  in  o b e s ity  

G lucose 6-phosphatase

c o o rd in a te  r e g u la tio n , e u k a ry o te s  

d e f ic ie n c y  o f

g e n e  e x p re s s io n , r e g u la t io n  o f  

G lu c o s e  1 -p h o s p h a te

c o n v e r s io n  to  g lu c o s e  6 -p h o s p h a te  

fo rm a t io n  o f  

G lu c o s e  6 -p h o s p h a te  

d e h y d ro g e n a t io n  o f  

d e p h o s p h o ry la t io n  o f  

a n d  g ly c o g e n  m e ta b o l is m  

is o m e r iz a t io n  o f  

m e ta b o l is m  o f

p h o s p h o ry la t io n  o f  g lu c o s e  to  

G lucose 6-phosphate dehydrogenase (G6PD)

a c tiv ity , r e d  b lo o d  c e l l  a g e  a n d  

c o n c e p t  m a p  fo r

d e f ic ie n c y G lu c o s e  6 -p h o s p h a te  d e h y d ro g e n a s e  (G 6 P D )  (C o n tin u e d  ) 

c l in ic a l  m a n ife s ta t io n s  o f  

e p id e m io lo g y  o f  

a n d  fa v is m  

g e n e t ic s  o f  

a n d  in fe c t io n  

ja u n d ic e  in  

a n d  o x id a n t  d ru g s  

p re c ip i ta t in g  fa c to rs  fo r l  

a n d  r e d  b lo o d  c e lls



v a r ia n ts

G lu c o s e  6 -p h o s p h a te  t r a n s lo c a s e  

d e f ic ie n c y  o f

G lu c o s e  to le ra n c e  te s t , o ra l  

G lu c o s e  tr a n s p o r te r ( s )  (G L U T )

g e n e  e x p re s s io n , t i s s u e  s p e c if ic i ty  o f  

G L U T -1

s p e c ia l iz e d  fu n c t io n  o f  

t i s s u e - s p e c if ic  d is tr ib u t io n  o f  

G L U T -2

s p e c ia l iz e d  fu n c t io n  o f  

t i s s u e - s p e c if ic  d is tr ib u t io n  o f  

G L U T -3

s p e c ia l iz e d  fu n c t io n  o f  

t i s s u e - s p e c if ic  d is tr ib u t io n  o f  

G L U T -4

in s u l in  a n d

s p e c ia l iz e d  fu n c t io n  o f  

t i s s u e - s p e c if ic  d is tr ib u t io n  o f  

G L U T -5

s p e c ia l iz e d  fu n c t io n s  o f  

G lu c o s e - a la n in e  c y c le  

G lucosidase  

a(1 4)-glucosidase

a-glucosidase  in h ib ito rs ,  fo r  ty p e  2 d ia b e te s  

G lu c u ro n ic  a c id  

fu n c t io n s  o f  

s y n th e s is  o f  

d -G lu c u ro n ic  a c id

in  g ly c o s a m in o g ly c a n s  

s y n th e s is  o f

b-G lucuronidase, d e f ic ie n c y  o f

G L U T . See  G lu c o s e  tr a n s p o r te r ( s )  (G L U T )

G lu ta m a te

in  a - k e to g lu ta r a te  fo rm a t io n  

o x id a tiv e  d e a m in a t io n  b y



s y n th e s is  o f  

t r a n s a m in a t io n  o f  

G lutam ate dehydrogenase  (G D H )

a l lo s te r ic  r e g u la to r s  o f  

c o e n z y m e s  fo r  

o x id a tiv e  d e a m in a t io n  b y  

G lu ta m ic  a c id  

G lutam inase  

h e p a t ic  

G lu ta m in e

fo rm a t io n  o f

h y d ro ly s is ,  a n d  a m m o n ia  fo rm a t io n  

in  p u r in e  s y n th e s is  

in  p y r im id in e  s y n th e s is  

s y n th e s is  o f

b y  a m id a t io n  

in  m u s c le

G lutam ine synthetase

G lutam ine:phosphoribosylpyrophosphate am idotransferase (GPAT)

in  L e s c h -N y h a n  s y n d ro m e  

g-G lutam yl carboxylase  

G lutathione peroxidase

G lu ta th io n e , r e d u c e d  

in  r e d  b lo o d  c e lls  

s tru c tu re  o f  

G lutathione reductase

G lu te n  in to le ra n c e  

G ly c a n

G ly c a te d  h e m o g lo b in  

G ly c a t io n

G ly c e m ic  in d e x  (G I)

G ly c e m ic  lo a d  (G L )

G ly c e m ic  r e s p o n s e  (G R )

G ly c e ra ld e h y d e  

fo rm a t io n  o f  

m e ta b o l is m  o f



G ly c e ra ld e h y d e  3 -p h o s p h a te  

a r s e n ic  p o is o n in g  a n d  

fo rm a t io n  o f  

o x id a t io n  o f

G lyceraldehyde 3-phosphate dehydrogenase

G ly c e ro l  

fa te  o f

in  g lu c o n e o g e n e s is  

G lycerol kinase  

G ly c e ro l  3 -p h o s p h a te  

s h u ttle  

s y n th e s is  o f  

in  T A G  s y n th e s is  

in  t r ia c y lg ly c e ro l  s y n th e s is  

G lycerol 3 -phosphate dehydrogenase  

G ly c e ro n e o g e n e s is  

G ly c e ro p h o s p h o lip id s  

d e g ra d a t io n  o f  

s tru c tu re  o f  

s y n th e s is  o f

G ly c e ry lp h o s p h o ry lc h o lin e

G ly c in e

in  c o l la g e n  

in  p u r in e  s y n th e s is  

in  p y ru v a te  fo rm a t io n  

s y n th e s is  o f

G ly c in e  c le a v a g e  s y s te m  

G ly c o c h o l ic  a c id  

s tru c tu re  o f  

G ly c o g e n  

b ra n c h e d

d e g ra d a t io n  o f  See also  (G ly c o g e n o ly s is )

d ie ta ry , d ig e s t io n  o f

h e p a t ic

in  l iv e r

in  m u s c le



s to re  f lu c tu a t io n  

s tru c tu re

s y n th e s is  o f  See also  (G ly c o g e n e s is )

Glycogen phosphorylase  

p h o s p h o ry la t io n  o f  

s k e le ta l  m u s c le ,  d e f ic ie n c y  o f  

Glycogen phosphorylase a 

Glycogen phosphorylase b 

Glycogen phosphorylase kinase  

G ly c o g e n  s to ra g e  d is e a s e  

ty p e  Ia  

ty p e  Ib

Glycogen synthase

in  g ly c o g e n e s is  

p h o s p h o ry la t io n  o f  

Glycogen synthase a 

Glycogen synthase b

G ly c o g e n e s is

a l lo s te r ic  r e g u la t io n  o f  

b ra n c h e s

re m o v a l  o f  

s y n th e s is  o f  

d e g ra d a t io n  o f

a l lo s te r ic  r e g u la t io n  o f  

fu n c t io n s  o f  

in h ib i t io n  o f

ly s o s o m a l d e g ra d a t io n  o f

m e ta b o l is m , h o rm o n e -m e d ia te d  c o v a le n t  r e g u la t io n  o f  

p r im e r  fo r  

r e g u la t io n  o f  

in  re s t in g  s k e le ta l  m u s c le  

s tru c tu re  o f  

in  w e l l - f e d  s ta te  

Glycogenin  

G ly c o g e n o ly s is

a c tiv a t io n , c a lc iu m  a n d



c o v a le n t  a c t iv a t io n  o f  

in  fa s tin g  

g lu c a g o n  a n d  

in s u l in  a n d  

in  l iv e r  

r e g u la t io n  o f  

G ly c o lip id (s )  

s tru c tu re  o f  

s y n th e s is  o f  

G ly c o ly s is

in  a d ip o s e  t is s u e  

a e ro b ic

p h a s e s  o f  

a n a e ro b ic

c a rb o h y d ra te  m e ta b o l is m  a n d  

e n e rg y  y ie ld  f ro m  

h o rm o n a l  r e g u la t io n  o f  

p a th w a y

p e n to s e  p h o s p h a te  p a th w a y  a n d  

r e a c t io n s  o f  

r e g u la t io n  o f  

U D P -g a la c to s e  a n d  

G ly c o m e  

G ly c o p ro te in ( s )

c a rb o h y d ra te  c o m p o n e n ts  o f, s y n th e s is  o f  

c o m p le x , s y n th e s is  o f  

d e g ra d a t io n  o f  

fu n c t io n s  o f

h ig h -m a n n o s e ,  s y n th e s is  o f  

ly s o s o m a l d e g ra d a t io n  o f  

m e m b ra n e  

N - lin k e d

s y n th e s is  o f  

t r a n s p o r t  to  ly s o s o m e s

o lig o s a c c h a r id e s ,  s t ru c tu re  o f  See also  (O lig o s a c c h a r id e s )  

O - lin k e d , s y n th e s is  o f s tru c tu re  o f



s y n th e s is  o f

G ly c o p ro te in  s to ra g e  d is e a s e (s ) ,  o l ig o s a c c h a r id o s is

G ly c o s a m in o g ly c a n ( s )  (G A G s)

c a rb o h y d ra te  c h a in s  in , s y n th e s is  o f  

c la s s i f ic a t io n  o f  

d e g ra d a t io n  o f  

ly s o s o m a l 

d is tr ib u t io n  in  b o d y  

e x tra c e l lu la r ,  p h a g o c y to s is  o f  

fu n c t io n s  o f  

l in k a g e  re g io n  o f  

m o n o s a c c h a r id e  u n its  in  

re p e a t in g  d is a c c h a r id e  u n its  in  

re s i l ie n c e  o f  

s tru c tu re  o f

s t r u c tu r e - f u n c t io n  re la t io n s h ip s  

s u lf a t io n  o f  

s y n th e s is  o f

G lycosidase(s). See G lycoside hydrolase(s)

G lycoside hydrolase(s)

G ly c o s id ic  b o n d (s )  

a ( 1 ^ 4 )

c le a v a g e  o f

e n z y m a tic  h y d ro ly s is  o f  

N -

n a m in g  o f  

O -

G ly c o s p h in g o l ip id ( s )

a c id ic

a n t ig e n ic i ty  o f  

d e g ra d a t io n  o f

c o n c e p t  m a p  fo r  

d is o rd e rs  o f  

fu n c t io n s  o f  

m e m b ra n e  

n e u tra l



s tru c tu re  o f

c o n c e p t  m a p  fo r  

s y n th e s is  o f  

t i s s u e  d is tr ib u t io n  o f

G ly c o s y l  p h o s p h a t id y l in o s i to l  (G P I)  a n c h o r ( s ) ,  fo r  m e m b ra n e  p ro te in s

G lycosylase(s), in  b a s e  e x c is io n  re p a ir

G ly c o s y la t io n

c o n g e n i ta l  d is o rd e r s  o f  

N - lin k e d  

O - lin k e d  

o f  p ro te in s

n o n e n z y m a tic

G lycosyltransferase(s)

in  g ly c o s p h in g o lip id  s y n th e s is  

G ly o x y la te

G M P . See  G u a n o s in e  m o n o p h o s p h a te  (G M P )

G o ite r

G o lg i  c o m p le x , g ly c o p ro te in  t r a n s p o r t  th ro u g h  

G o n a d a l  s te ro id  h o rm o n e s  

G o n a d o tro p in - re le a s in g  h o rm o n e  

G o u t

c o n c e p t  m a p  fo r  

d ia g n o s is  o f  

d ie ta ry  r is k  fa c to rs  fo r  

s a tu rn in e  

to p h a c e o u s  

t r e a tm e n t  o f  

G 6PD  A

a c tiv ity , r e d  b lo o d  c e l l  a g e  a n d  

G P I. See  G ly c o s y l  p h o s p h a t id y l in o s i to l  (G P I)  a n c h o r ( s )

G P P . See  G e ra n y l  p y ro p h o s p h a te  (G P P )

G ra n u lo m a (s )

G ra v e s  d is e a s e  

G ro w th  c h a r ts  

G ro w th  h o rm o n e  (G H )

as c o u n te r re g u la to ry  h o rm o n e



in  h y p o g ly c e m ia  

G -S H . See  G lu ta th io n e , r e d u c e d  

G T F s . See  G e n e ra l  t r a n s c r ip t io n  fa c to rs  (G T F s)

G T P . See  G u a n o s in e  t r ip h o s p h a te  (G T P )

G u a n in e

in  u r ic  a c id  fo rm a t io n  

G u a n in e  n u c le o t id e  e x c h a n g e  fa c to r  

G uanine-7-m ethyltransferase

G u a n o s in e

G u a n o s in e  d ip h o s p h a te  (G D P ) , p r o d u c t io n  o f, in  T C A  c y c le  

G u a n o s in e  m o n o p h o s p h a te  (G M P )  

s y n th e s is  o f  

in  u r ic  a c id  fo rm a t io n  

G u a n o s in e  te tr a p h o s p h a te  (p p G p p )

G u a n o s in e  t r ip h o s p h a te  (G T P )  

a n d  G D H  a c t iv i ty  

in  p ro te in  s y n th e s is  

in  t r a n s lo c a t io n  

G uanylate cyclase  

G uanylate kinase  

G uanylyltransferase  

i-G ulonolactone oxidase

G W A S . See  G e n o m e -w id e  a s s o c ia t io n  s tu d ie s  (G W A S )

H__________________________________________________
H a irp in  s tru c tu re  

H a m w i m e th o d  

H a p M a p  

H a p to c o r r in  

H a r tn u p  d is o rd e r  

H a s h im o to  th y ro id it i s

H ATs. See H istone acetyltransferase(s) (H ATs)

H b S

d e te c tio n  u s in g  s y n th e t ic  a l le le - s p e c if ic  o l ig o n u c le o t id e  p ro b e  

H c y . See  H o m o c y s te in e



H D ACs. See H istone deacetylase (H DACs)

H D L . See  H ig h -d e n s i ty  l ip o p ro te in s  (H D L )

H e a r t  d is e a se . See also  C o ro n a ry  h e a r t  d is e a s e  (C H D ) 

in  o b e s ity

H e a t  s h o c k  p ro te in s  (H S P )

H sp 6 0

H sp 7 0

H e in z  b o d y ( ie s )  

a -H e l ix

a n d  p -s h e e t, c o m p a r is o n  o f  

p ro p e n s i ty  fo r  

H e lix - tu rn -h e l ix  m o t if

o f  la c  r e p re s s o r  p ro te in  

H e m e

b io s y n th e s is  o f  

d e g ra d a t io n  o f

c o n c e p t  m a p  fo r  

d is o rd e rs  o f  See  (P o rp h y r ia ( s ) )  

m e ta b o l is m  o f, c o n c e p t  m a p  fo r  

a n d  p o rp h y r in  p ro d u c t io n  

s id e  c h a in s  o f  

s tru c tu re  o f  

s y n th e s is  o f

c o n c e p t  m a p  fo r

d is o rd e rs  o f  See  (P o rp h y r ia ( s ) )

H e m e  c a r r ie r  p ro te in  

H e m e  g ro u p s , o f  c y to c h ro m e s  

H em e oxygenase  

H e m e p ro te in ( s )  

g lo b u la r  

H e m in

in  p o rp h y r ia  t r e a tm e n t  

a n d  p o rp h y r in  p ro d u c t io n  

H e m o g lo b in  (H b ) 

a d u l t  (H b A ) 

as  b u f fe r



c a rb o n  d io x id e  t r a n s p o r t  b y  

fe ta l  (H b F )

b in d in g  to  2 ,3 -B P G  

s y n th e s is  d u r in g  d e v e lo p m e n t  

fu n c t io n  o f  

g ly c a te d

in  d ia g n o s is  o f  ty p e  1 d ia b e te s  

in  ty p e  1 d ia b e te s  

H b A 2  

H b A 1 c  

H b C  

H b M  

H b S  

H b S C

h e m e  g ro u p  o f  

n i t r ic  o x id e  t r a n s p o r t  b y  

o x y g e n  a f f in i ty  o f

2 ,3 -B P G  a n d  

p H  a n d

o x y g e n  b in d in g  to

a l lo s te r ic  e f f e c to r s  a n d  

o x y g e n  tr a n s p o r t  b y  

o x y g e n -d is s o c ia t io n  c u rv e  fo r  

q u a te rn a ry  s tru c tu re  o f  

s tru c tu re  o f  

s y n th e s is  o f  

T  ( ta u t)  s t ru c tu re  

H e m o g lo b in  C  d is e a s e

H e m o g lo b in  S d is e a se . See  S ic k le  c e l l  a n e m ia  

H e m o g lo b in  S C  (H b S C )  d is e a s e  

H e m o g lo b in o p a th y ( ie s )  

q u a l i ta t iv e  

q u a n t i ta t iv e

H e m o ly s is ,  a n d  ja u n d ic e  

H e m o ly t ic  a n e m ia

c h ro n ic  n o n s p h e ro c y tic ,  G 6PD  d e f ic ie n c y  a n d



g ly c o ly t ic  e n z y m e  d e f ic ie n c ie s  a n d  

in  G 6PD  d e f ic ie n c y  

m e n a d io n e  in d u c e d  

H e m o p h i l ia  A

H e m o s id e r in ,  h e m o s id e ro s is  ( iro n  o v e r lo a d )  

H e m o s id e ro s is

H e n d e r s o n -H a s s e lb a lc h  e q u a t io n  

H eparan sulfam idase, d e f ic ie n c y  o f  

H e p a ra n  s u lfa te

d is tr ib u t io n  in  b o d y  

ly s o s o m a l d e g ra d a t io n  o f  

s tru c tu re  o f  

H e p a r in

d is tr ib u t io n  in  b o d y  

s tru c tu re  o f  

H epatic lipase

H e p a tic  p o r ta l  c irc u la t io n , a n d  o b e s ity  

H e p a tic  s te a to s is ,  in  d ia b e te s  

H e p a ti t is

a lc o h o lic

a n d  h y p e ra m m o n e m ia  

n o n a lc o h o lic  (N A S H )

H e p c id in

H ephaestin  (Heph)

H e re d ita ry  c o p ro p o rp h y r ia  (H C P )

H e re d ita ry  f ru c to s e  in to le ra n c e  

H e re d ita ry  h e m o c h ro m a to s is  (H H )

H e re d ita ry  n o n p o ly p o s is  c o lo re c ta l  c a n c e r  (H N P C C )

H e rs  d is e a se

H e te ro c h ro m a t in

H e te ro p h a g y

H e te ro z y g o te  a d v a n ta g e  w ith

G 6PD  d e f ic ie n c y  pyruvate kinasesickle  c e l l  a n e m ia  

th a la s s e m ia  

H exokinase

as  g lu c o s e  s e n s o r



I - I I I

IV  See (G lucokinase) 

b-H exosam inidase A

d -H e x o se (s )

H e x o s e  m o n o p h o s p h a te  p a th w a y . See also  P e n to s e  p h o s p h a te  p a th w a y  

H e x o s e  m o n o p h o s p h a te  s h u n t  

H F E  g e n e

H F I. See  H e re d ita ry  f ru c to s e  in to le ra n c e  (H F I)

H G PRT. See H ypoxanthine-guanine phosphoribosyltransferase (H GPRT)

H ig h -d e n s i ty  l ip o p ro te in s  (H D L ) 

b lo o d  le v e ls  

o b e s ity  a n d  

in  ty p e  2 d ia b e te s  

c h o le s te ry l  e s te r - r i c h  (H D L 2 )  

c o n c e p t  m a p  fo r  

l ip id -d e p le te d  (H D L 3 )  

m e ta b o l is m  o f  

n ia c in  a n d

H ig h - f ru c to s e  c o rn  s y ru p  (H F C S )  

d ig e s t io n  o f

H is ta m in e , b io s y n th e s is  o f  

H istidase

d e f ic ie n c y  o f  

H is t id in e  

as  b u f fe r

in  a - k e to g lu ta r a te  fo rm a t io n  

H is to n e (s )

a c e ty la t io n  

a c e ty la t io n  o f  

c la s s e s  o f

c o v a le n t  m o d if ic a t io n  o f

in  c h ro m a tin  r e m o d e lin g  

d e a c e ty la t io n  o f  

D N A  b in d in g  b y  

H 1

m o d if ic a t io n  o f, a n d  r e g u la t io n  o f  g e n e  e x p re s s io n



H istone acetyltransferase(s)

H istone deacetylase

H IV . See  H u m a n  im m u n o d e f ic ie n c y  v iru s  (H IV )

H M G  CoA lyase

H M G  CoA reductase. See 3-H ydroxy-3-m ethylglu taryl CoA (H M G  CoA) 

reductase

H M G  CoA synthase

H M G  C o A , s y n th e s is  o f

H N P C C . See  H e re d i ta ry  n o n p o ly p o s is  c o lo re c ta l  c a n c e r  (H N P C C )  

h n R N A . See  R ib o n u c le ic  a c id  (R N A ), h e te ro g e n e o u s  n u c le a r  

H o g n e s s  b o x . See  T A T A  b o x  

H o lo e n z y m e (s )

H o m o c y s te in e  (H c y )  

fo rm a t io n  o f  

r e m e th y la t io n  o f  

H o m o c y s t in u r ia  

c la s s ic  

t r e a tm e n t  o f

H om ogentisic a c id  oxidase  d e f ic ie n c y  

H o m o g e n t is ic  a c id u r ia ,  in  a lk a p to n u r ia  

H o m o v a n i l l ic  a c id  (H V A )

H o rm o n a l  re g u la t io n  

H o rm o n e (s ) .  See also specific horm one  

c o u n te r re g u la to ry  

in  in te r c e l lu la r  c o m m u n ic a t io n  

H o rm o n e  re c e p to r ( s )

c e l l- s u r fa c e , r e g u la to ry  s ig n a ls  m e d ia te d  b y  

in t ra c e l lu la r ,  r e g u la to ry  s ig n a ls  m e d ia te d  b y  

H o rm o n e  re s p o n s e  e le m e n ts  (H R E s )

H o r m o n e - r e c e p to r  c o m p le x (e s ) ,  a n d  t r a n s c r ip t io n a l  r e g u la t io n  

H orm one-sensitive lipase (HSL)

r e g u la t io n  o f

H R E s . See  H o rm o n e  re s p o n s e  e le m e n ts  (H R E s )

H S P . See  H e a t  s h o c k  p ro te in s  (H S P )

5 -H T . See  S e ro to n in  

H u m a n  g e n o m e



H u m a n  G e n o m e  P ro je c t  

H u m a n  g e n o m e  s e q u e n c in g  

H u m a n  im m u n o d e f ic ie n c y  v iru s  (H IV ) 

d e te c tio n  o f, b y  P C R  

r e p l ic a t io n  o f  

te s t in g  fo r

H u n g e r ,  r e g u la t io n  o f  

H u n te r  s y n d ro m e  

H u n tin g t in

H u n tin g to n  d is e a se , m o le c u la r  g e n e t ic s  o f  

H u r le r  s y n d ro m e  

H y a lu ro n a te .  See  H y a lu ro n ic  a c id  

H y a lu ro n ic  a c id

d is tr ib u t io n  in  b o d y  

in  p r o te o g ly c a n  a g g re g a te s  

s tru c tu re  o f

H y d ro c h lo r ic  a c id  (H C l)

H y d ro g e n  b o n d (s )  

in  p - s h e e t  

in  D N A  

in  a - h e l ix  

in te rc h a in  

in t r a c h a in

H y d ro g e n  b re a th  te s t  

H y d ro g e n  p e ro x id e  

r e d u c t io n  o f

H ydrolase(s), ly s o s o m a l,  d e f ic ie n c y  o f  

5 -H y d ro p e ro x y e ic o s a te tr a e n o ic  a c id  (5 -H P E T E )  

H y d ro p h o b ic  m o le c u le s

3-H ydroxyacyl-A C P  dehydratase  

3 -H y d ro x y b u ty ra te

b lo o d  le v e ls ,  in  fa s tin g  

s y n th e s is  o f

u s e  in  p e r ip h e ra l  t i s s u e s l  

3-H ydroxybutyrate dehydrogenase

H y d ro x y c a rb a m id e .  See  H y d ro x y u re a



2 5 -H y d ro x y c h o le c a lc i f e ro l  (2 5 -O H -D 3). See  C a lc id io l  

25-H ydroxycholecalciferol 1 -hydroxylase

r e g u la t io n  o f  

H y d ro x y la p a t i te

H ydroxylase(s), v i ta m in  C -d e p e n d e n t  

7-a-H ydroxylase  

11 -b1 -H ydroxylase  

d e f ic ie n c y  o f  

1 7-a-H ydroxylase  

d e f ic ie n c y  o f  

21 -a-H ydroxylase  

d e f ic ie n c y  o f  

25-H ydroxylase  

H y d ro x y la t io n  

H y d ro x y ly s in e  

in  c o l la g e n

5 -H y d ro x y -3 - in d o le a c e t ic  a c id  (5 -H IA A )  

3-H ydroxy-3-m ethylglu taryl CoA (H M G  CoA) reductase

d e g ra d a t io n  o f, s te ro l - a c c e le ra te d  

g e n e  e x p re s s io n  

c h o le s te ro l  a n d  

s te ro l -d e p e n d e n t  r e g u la t io n  o f  

h o rm o n a l  r e g u la t io n  o f  

in h ib ito rs  o f

p h o s p h o ry la t io n /d e p h o s p h o ry la t io n ,  s te ro l - in d e p e n d e n t  

r e g u la t io n  o f  

H y d ro x y p ro l in e  

in  c o l la g e n

3-b-H ydroxysteroid dehydrogenase

d e f ic ie n c y  o f

5 -H y d ro x y try p ta m in e .  See  S e ro to n in  

H y d ro x y u re a

in  t r e a tm e n t  o f  s ic k le  c e ll  d is e a s e  

H y p e ra m m o n e m ia  

a c q u ire d



c o n g e n i ta l

H y p e rb i l i ru b in e m ia

C B

in  ja u n d ic e  

H y p e rc a lc e m ia

w ith  v i ta m in  D  e x c e s s  

H y p e rc h o le s te ro le m ia  

fa m ilia l  

H y p e rg ly c e m ia

in  d ia b e te s ,  lo n g - te rm  c o m p lic a t io n s  o f  

in  m e ta b o l ic  s y n d ro m e  

a n d  s o rb i to l  m e ta b o l is m  

in  T 1 D  

in  T 2 D

H y p e rh o m o c y s te in e m ia  

H y p e r in s u lin e m ia ,  in  o b e s ity  

H y p e rk a le m ia  

H y p e r l ip id e m ia

tr e a tm e n t  o f, n ia c in  

ty p e  I Ia

H y p e r l ip o p ro te in e m ia  

ty p e  I 

ty p e  III

H y p e rm a g n e s e m ia  

H y p e rn a tr e m ia  

H y p e rp h a g ia  

H y p e rp h e n y la la n in e m ia  

in  P K U

H y p e rp h o s p h a te m ia

in  c h ro n ic  k id n e y  d is e a s e  

in  h y p o p a ra th y ro id is m  

H y p e r te n s io n ,  in  o b e s ity  

H y p e r th y ro id is m  

H y p e r tr ia c y lg ly c e ro le m ia  

in  ty p e  1 d ia b e te s  

in  ty p e  2 d ia b e te s



H y p e ru r ic e m ia  

in  g o u t

in  L e s c h -N y h a n  s y n d ro m e

p r im a ry

s e c o n d a ry

H y p e rv i ta m in o s is  A  

H y p o c a lc e m ia

in  c h ro n ic  k id n e y  d is e a s e  

in  h y p o p a ra th y ro id is m  

re s p o n s e  to  

H y p o g ly c e m ia

a d re n e rg ic  r e s p o n s e  to

a d re n e rg ic  (n e u ro g e n ic )  s y m p to m s  o f

a lc o h o l- r e la te d

a n d  c e re b ra l  fu n c t io n

C N S  e f fe c ts  o f

c o n c e p t  m a p  fo r

fa s tin g

a n d  g lu c a g o n  s e c re t io n  

g lu c o re g u la to ry  h o rm o n e  r e s p o n s e  to  

in s u l in - in d u c e d

g lu c a g o n  r e v e r s a l  o f  

n e u ro g ly c o p e n ic  s y m p to m s  o f  

p o s tp ra n d ia l  

s ig n s  a n d  s y m p to m s  o f  

in  ty p e  1 d ia b e te s  

ty p e s  o f  

u n a w a re n e s s

H y p o g ly c e m ic  a g e n ts , fo r  ty p e  2 d ia b e te s

H y p o k a le m ia

H y p o k e to s is

H y p o m a g n e s e m ia

H y p o n a tre m ia

H y p o p a ra th y ro id is m

H y p o p h o s p h a te m ia

H y p o p ig m e n ta t io n



a lb in is m  See  (A lb in ism )  

i n P K U

H y p o p ro th ro m b in e m ia  

H y p o s m ia  

H y p o th y ro id is m  

H y p o x a n th in e  (H )

in  u r ic  a c id  fo rm a t io n

H ypoxanthine-guanine phosphoribosyltransferase  (H G P R T )

d e f ic ie n c y  o f

H y p o x ia ,  a n d  le v e ls  o f  2 ,3 -B is p h o s p h o g ly c e ra te  in  R B C s

I__________________________________________________
I -C e l l  d is e a s e  

Ic te ru s . See  J a u n d ic e

ID L . See  I n te rm e d ia te -d e n s i ty  l ip o p ro te in s  ( ID L )

Iduronate sulfatase, d e f ic ie n c y  o f  

i- Id u ro n ic  a c id

in  g ly c o s a m in o g ly c a n s  

s y n th e s is  o f

IF . See  In i t ia t io n  fa c to r ( s )  ( IF ) , p ro k a ry o tic

Im in o  a c id

Im m u n o b lo ts

Im m u n o d e f ic ie n c y  s y n d ro m e (s )  

w ith  A D A  d e f ic ie n c y  

d o u b le - s t r a n d  b r e a k s  in  D N A  a n d  

w ith  pu rin e nucleoside phosphorylase  d e f ic ie n c y  

Im m u n o g lo b u lin  p ro d u c t io n ,  D N A  re a r ra n g e m e n ts  in  

IM P . See  In o s in e  m o n o p h o s p h a te  ( IM P )

In  s itu  h y b r id iz a t io n  ( IS H )

In c re t in ( s )

In d o m e th a c in  

fo r  g o u t

a n d  p ro s ta g la n d in  s y n th e s is  

In fe c t io n (s ) ,  a n d  G 6PD  d e f ic ie n c y  

In f la m m a tio n



in  m e ta b o l ic  s y n d ro m e  

in  ty p e  2 d ia b e te s  

In h ib i to r ( s ) ,  e n z y m e  

d e f in i t io n  o f  

as  d ru g s  

s u ic id e

In it ia t io n  fa c to r ( s )  (IF ) 

e u k a ry o t ic

e IF -2 , p h o s p h o ry la t io n ,  a n d  r e g u la t io n  o f  g e n e  e x p re s s io n  

p ro k a ry o tic  

in  p ro te in  s y n th e s is  

In it ia t io n , o f  p ro te in  s y n th e s is  

In it ia to r  ( In r)  p ro m o te r  e le m e n t  

In ju ry  fa c to r  

In o rg a n ic  p h o s p h a te  (P i)  

in  a n a b o l is m

tr a n s p o r t  in to  m ito c h o n d r ia  

iNOS. See N itric oxide synthase (NOS), in d u c ib le  

In o s in e  m o n o p h o s p h a te  ( IM P ) 

c o n v e r s io n  to  A M P  o r  G M P  

s y n th e s is  o f  

in  u r ic  a c id  fo rm a t io n

In o s i to l  t r i s p h o s p h a te ,  in  in t r a c e l lu la r  s ig n a l in g  

In s u lin

a c t io n s  o f

t im e  c o u rs e  o f  

a n d  c h o le s te ro l  s y n th e s is  

d e f ic ie n c y  o f, in  ty p e  1 d ia b e te s  

d u ra t io n  o f  a c t io n  o f  

e le v a te d  le v e ls  o f, a n d  g ly c o ly s is  

a n d  F A  s y n th e s is  

a n d  g lu c a g o n  s e c re t io n  

a n d  g lu c o n e o g e n e s is  

a n d  g ly c o g e n o ly s is  

a n d  g ly c o ly s is  

h a l f - l i f e  o f



a n d  H SL

in  h y p o g ly c e m ia

h y p o g ly c e m ia  c a u s e d  b y , g lu c a g o n  r e v e r s a l  o f  

m e c h a n is m  o f  a c t io n  o f  

m e m b ra n e  e f fe c ts  o f  

m e ta b o l ic  e f fe c ts  o f  

c o n c e p t  m a p  fo r  

in  o b e s ity

a n d  P E P C K  g e n e  t r a n s c r ip t io n  

p re c u r s o r s  o f

p ro d u c t io n  o f, b io te c h n o lo g y  fo r  

re s is ta n c e  

c a u s e s  o f  

a n d  o b e s ity  

p re v a le n c e  o f  

in  ty p e  2 d ia b e te s  

s e c re t io n  o f

in  a b s o rp t iv e  s ta te  

in  fa s t in g  s ta te  

in h ib i t io n  o f  

o b e s ity  a n d  

r e g u la t io n  o f  

s t im u la t io n  o f  

in  ty p e  2 d ia b e te s  

s tru c tu re  o f  

s y n th e s is  o f

In s u l in - in d u c e d  g e n e  ( IN S IG )  p ro te in s  

In s u lin  r e c e p to r ( s )  

r e g u la t io n  o f

In s u lin  r e c e p to r  s u b s t ra te s  ( IR S s )

In s u lin  th e ra p y

fo r  ty p e  1 d ia b e te s  

in te n s iv e  

s ta n d a rd

fo r  ty p e  2 d ia b e te s  

Insulin-degrading enzym e



In s u lit is

In te l l ig e n c e  q u o tie n t  (IQ ), p h e n y lk e to n u r ia  a n d  

In te rc e l lu la r  c o m m u n ic a tio n ,  in  m e ta b o l ic  re g u la t io n  

In te r le u k in  6

In te rm e d ia te -d e n s i ty  l ip o p ro te in s  ( ID L )

In te rn a l  r ib o s o m e  e n try  s ite  

In te s t in e

c a lc iu m  a b s o rp tio n , v i ta m in  D  a n d  

c h o le s te ro l  a b s o rp t io n  in  

d e g ra d a t io n  o f  d ie ta ry  n u c le ic  a c id s  in  

disaccharidases 

d e f ic ie n c y  o f  

exopeptidases 

F A  a b s o rp t io n  in  

F A  u p ta k e  in  

f ru c to s e  a b s o rp t io n  in  

g a la c to s e  a b s o rp t io n  in  

g lu c o s e  a b s o rp t io n  in  

l ip id  e m u ls if ic a t io n  in  

m o n o s a c c h a r id e  a b s o rp t io n  in  

m u c o s a l  c e lls

a b s o rp t io n  o f  l ip id s  b y  

t r ia c y lg ly c e ro l  r e s y n th e s is  in  

nucleotidases

o lig o n u c le o t id e  d e g ra d a t io n  in  

o lig o p e p tid e  d ig e s t io n  in  

u ro b i l in  fo rm a t io n  in

In tr a c e l lu la r  c o m m u n ic a tio n ,  in  m e ta b o l ic  re g u la t io n  

In tr in s ic  fa c to r  ( IF ) , a n d  v i ta m in  B 12 a b s o rp t io n

In tro n (s )

d e f in i t io n  o f  

re m o v a l  f ro m  m R N A  

re m o v a l  f ro m  tR N A  

Io d id e  ( I -)

h y p e r th y ro id is m



h y p o th y ro id is m  

th y ro id  h o rm o n e  s y n th e s is  

D eiodinase Io n ic  b o n d s  

in  H b

in  m y o g lo b in  

Io n o p h o re f

IP P . See  I s o p e n te n y l  p y ro p h o s p h a te  ( IP P )

IR E s . See  I r o n - re s p o n s iv e  e le m e n t( s )  ( IR E s )

I ro n  (F e )

a b s o rp t io n  o f

a b s o rp tio n , s to ra g e  a n d  t r a n s p o r t  o f

d e f ic ie n c y

d ie ta ry

e x c e s s

h e m e

in  h e m e  fo rm a t io n

h e m e p ro te in s  a n d

m ic ro c y t ic  a n e m ia

n o n h e m e

o v e r lo a d

p o is o n in g

re c y c lin g

re le a s e , in  h e m e  d e g ra d a t io n

R O S

u p ta k e

I ro n  r e g u la to ry  p ro te in ( s )  ( IR P s ) , a n d  r e g u la t io n  o f  g e n e  e x p re s s io n  

I ro n - re s p o n s iv e  e le m e n t( s )  ( IR E s )

IR S s . See  In s u lin  r e c e p to r  s u b s t ra te s  ( IR S s )

IS H  .S e e  In  s itu  h y b r id iz a t io n  ( IS H )

Is le ts  o f  L a n g e rh a n s  

I s o c it ra te

c i tra te  is o m e r iz a t io n  to  

o x id a tiv e  d e c a rb o x y la t io n  o f  

Isocitrate dehydrogenase  

I s o e le c tr ic  p o in t  (p i)

I s o e n z y m e (s ) .  See  I s o z y m e (s )



I s o fo rm s , p ro te in  

I s o le u c in e

c a ta b o lis m  o f  

d e g ra d a t io n  o f  

in  s u c c in y l  C o A  fo rm a t io n  

Isom altase-87

I s o m a lto s e , d ie ta ry , d ig e s t io n  o f  

I s o m e r(s )

o f  c a rb o h y d ra te s  

d e f in i t io n  o f  

Isom erases 

I s o n ia z id

s tru c tu re  o f

I s o p e n te n y l  p y ro p h o s p h a te  ( IP P )

I s o p re n o id s

I s o tr e t in o in

te ra to g e n ic i ty  o f  

th e ra p y  w ith ,  fo r  a c n e  

I s o z y m e (s )

d e f in i t io n  o f  

a n d  h e a r t  d is e a s e  

q u a te rn a ry  s tru c tu re  o f

J______________________
J a u n d ic e

c o n c e p t  m a p  fo r  

h e m o ly t ic  (p re h e p a tic )  

h e p a to c e l lu la r  (h e p a t ic )  

n e o n a ta l

in  G 6PD  d e f ic ie n c y  

o b s tru c t iv e  (p o s th e p a t ic )  

ty p e s  o f  

J o u le

K



K a. See  A c id  d is s o c ia t io n  c o n s ta n t  (K a)

K a y s e r -F le is c h e r  r in g s

k cat. See  T u rn o v e r  n u m b e r  (k cat)

K eq. See  E q u i l ib r iu m  c o n s ta n t  (K eq)

K e ra ta n  s u lf a te  (K S )

K S  I, d is t r ib u t io n  in  b o d y  

K S  II, d is t r ib u t io n  in  b o d y  

ly s o s o m a l d e g ra d a t io n  o f  

s tru c tu re  o f

K e ra tin ( s ) ,  s tru c tu re  o f  

K e rn ic te ru s  

K e s h a n  d is e a se  

a - K e to  a c id s

in  a m in o  a c id  s y n th e s is  

in  g lu c o n e o g e n e s is  

p ro d u c t io n  o f

K e to a c id o s is .  See also  D ia b e t ic  k e to a c id o s is  

a lc o h o lic

3-K etoacyl-A C P  reductase  

3-K etoacyl-A C P  synthase

K e to g e n e s is .  See also  A m in o  a c id (s ) ,  k e to g e n ic  

a lc o h o l  a n d  

in  d ia b e te s  

g lu c a g o n  a n d  

K e to g e n ic  c o m p o u n d s  

a -K e to g lu ta r a te

in  a m in o  a c id  m e ta b o l is m  

as  a m in o  g ro u p  a c c e p to r  

f o rm a t io n  o f

o x id a tiv e  d e c a rb o x y la t io n  o f  

a-K etoglutarate dehydrogenase  

a rs e n ic  p o is o n in g  a n d  

th ia m in e  p y ro p h o s p h a te  a n d  

a-K etoglutarate dehydrogenase com plex  

K e to ly s is



K e to n e  b o d ie s .  See also  K e to g e n e s is  

as  e n e rg y  s o u rc e

s y n th e s is  o f  See also  (K e to g e n e s is )  

u s e  in  p e r ip h e ra l  t i s s u e s  

K e to n e m ia

in  ty p e  1 d ia b e te s  

K e to n u r ia  

K e to s e (s )

K id n e y (s )

in  lo n g - te rm  fa s tin g  

s o rb i to l  m e ta b o l is m  in  

K ilo c a lo r ie s  (k c a l /C a l)

K inase(s)

K in k y  h a ir  d is e a se

K m. See  M ic h a e l is  c o n s ta n t  (K m)

K n o c k in  (K I)

K n o c k o u t  (K O )

K ra b b e  d is e a s e

K re b s  c y c le . See  T r ic a rb o x y lic  a c id  (T C A ) c y c le  

K w a s h io rk o r

L_________________________________________

la c  o p e ro n . See  L a c to s e  ( la c )  o p e ro n

la c A  g e n e

la c l  g e n e

a -L a c ta lb u m in

Lactase

L a c ta te

a c c u m u la tio n ,  in  a r s e n ic  p o is o n in g  

fo rm a t io n  o f

in  g ly c o ly s is  

in  m u s c le

o x id a t io n  o f, to  p y ru v a te  

u t i l iz a t io n  o f  

in  g lu c o n e o g e n e s is



Lactate dehydrogenase

L a c te a ls  

L a c tic  a c id o s is  

c o n g e n i ta l  

L a c to s e  

d ie ta ry  

d ig e s t io n  o f  

s tru c tu re  o f  

s y n th e s is  o f  

L a c to s e  in to le ra n c e  

L a c to s e  ( la c )  o p e ro n  

b a s a l  e x p re s s io n  o f f  

in d u c e d  ( tu rn e d  o n ) 

re p re s s e d  ( tu rn e d  o ff)  

tr a n s c r ip t io n  o f

n e g a t iv e  r e g u la t io n  o f  

p o s i t iv e  r e g u la t io n  o f  

L actose synthase  

la c Y  g e n e  

la c Z  g e n e  

L a n o s te ro l  

L a r ia t

L a th y ru s  o d o ra tu s

LCAT. See L ecith in:cholesterol acyltransferase  (L C A T )

L D L . See  L o w -d e n s i ty  l ip o p ro te in s  (L D L )

L e a d , a n d  p o rp h y r in  s y n th e s is  

L e a d  p o is o n in g

L e b e r  h e r e d i ta ry  o p tic  n e u ro p a th y  

L e c ith in .  See  P h o s p h a t id y lc h o lin e  

Lecith in:cholesterol acyltransferase  (LCAT)

L e ig h  s y n d ro m e

L e n s , s o rb i to l  m e ta b o l is m  in

L e p tin

a c t io n s  o f  

d e f ic ie n c y  o f  

r e g u la t io n  o f



L e s c h -N y h a n  s y n d ro m e  

L e u c in e

c a ta b o lis m  o f

a n d  ly s in e , in  g lu c o n e o g e n e s is  

L e u c in e  z ip p e r  

L e u k o tr ie n e ( s )  (L T )

L T A 4

fu n c t io n s  o f  

s tru c tu re  o f  

s y n th e s is  o f  

L T B 4

fu n c t io n s  o f  

s y n th e s is  o f  

L T C 4

fu n c t io n s  o f  

s y n th e s is  o f  

L T D 4

fu n c t io n s  o f  

s y n th e s is  o f  

L T E 4

fu n c t io n s  o f  

s y n th e s is  o f

L e v o d o p a  ( l-D O P A ), fo r  P a rk in s o n  d is e a s e

L H . See  L u te in iz in g  h o rm o n e  (L H )

a-L-Iduronidase, d e f ic ie n c y  o f

L ife  s ta g e s

L ig a n d in

L ig n in

L ig n o c e r ic  a c id  

L im it  d e x tr in  

L in e w e a v e r -B u rk  p lo t

c o m p e ti t iv e  in h ib i t io n  a n d  

n o n c o m p e ti t iv e  in h ib i t io n  a n d  

L in k  p ro te in ( s ) ,  o f  g ly c o s a m in o g ly c a n s  

L in o le ic  a c id



o x id a t io n  o f  

a -L in o le n ic  a c id

Lipase(s). See also Lipoprotein  lipase  (L P L )  

gastric  

hepatic  

lingual 

pancreatic  

L ip id (s )

a b s o rp t io n  o f, b y  in te s t in a l  m u c o s a l  c e lls  

d ie ta ry

d e g ra d a t io n  b y  p a n c re a t ic  e n z y m e s  

e m u ls if ic a t io n  o f, in  s m a l l  in te s t in e  

g a s tr ic  p ro c e s s in g  o f  

in ta k e  o f  

m e ta b o l is m  o f

c o n c e p t  m a p  fo r  

u s e  o f, b y  t is s u e s  

d ig e s t io n  o f  

d is tr ib u t io n  in  b o d y  

fu n c t io n s  o f  

m a la b s o rp t io n  o f  

m e ta b o l is m  o f  

d is o rd e rs  o f  

g lu c a g o n  a n d  

in s u l in  a n d  

in te rm e d ia te s

in  re s t in g  s k e le ta l  m u s c le ,  in  fa s tin g  

in  s k e le ta l  m u s c le ,  in  fa s tin g  

p la s m a

a n d  C H D  

d ie ta ry  fa ts  a n d  

in  p la s m a  l ip o p ro te in s  

s e c re t io n  o f, f ro m  e n te ro c y te s  

s tru c tu re  o f  

L ip id  ra f ts  

L ip o ic  a c id



in  branched-chain a-keto acid  dehydrogenase com plex  

in  a-ketoglutarate dehydrogenase com plex  

in  P D H  com plex

L ip o ly s is

in  d ia b e te s  

in  fa s tin g  

g lu c a g o n  a n d  

L ip o p ro te in ( s )

c o n c e p t  m a p  fo r

o x id iz e d , in  a th e ro s c le ro t ic  p la q u e  fo rm a t io n  

p la s m a

c o m p o s i t io n  o f  

d e n s ity  o f

e le c tro p h o re t ic  m o b i l i ty  o f  

fu n c t io n s  o f  

s iz e  o f  

s tru c tu re  o f

L ip o p ro te in  (a ) (L p (a ) ) ,  in  h e a r t  d is e a se  

Lipoprotein  lipase (LPL)

in  a d ip o s e  t is s u e , in  fa s tin g  

d e f ic ie n c y  o f

d e g ra d a t io n  o f  t r ia c y lg ly c e ro l  b y  

e x p re s s io n  

s y n th e s is  o f  

L ip o x in (s )

Lipoxygenase(s) (LOX)

L ira g lu t id e  

L i th o c h o l ic  a c id  

L iv e r

a lc o h o l  c o n s u m p tio n  a n d  

a n d  a m in o  a c id  m e ta b o l is m  

b i l i r u b in  u p ta k e  b y  

a n d  c a rb o h y d ra te  m e ta b o l is m  

in  c h o le s te ro l  h o m e o s ta s is

d e to x if ic a t io n  o f  x e n o b io tic s ,  cytochrom e P450 m onooxygenase  s y s te m  

a n d



d ru g  m e ta b o l is m  in , cytochrom e P 450 m onooxygenase  s y s te m  a n d

in  e n e rg y  m e ta b o l is m

in  fa s t in g  s ta te

a n d  f a t  m e ta b o l is m

F A  s y n th e s is  in

a n d  g lu c o s e  m e ta b o l is m

g ly c e ro l  3 -p h o s p h a te  s y n th e s is  in

h e m e  b io s y n th e s is  in

in s u l in  a n d

m e ta b o l ic  p a th w a y s  in , in  a b s o rp t iv e  s ta te  

as  n u tr ie n t  d is tr ib u t io n  c e n te r  

p e n to s e  p h o s p h a te  p a th w a y  a n d

p h o s p h a t id y lc h o l in e  s y n th e s is  f ro m  p h o s p h a t id y ls e r in e  in  

s y n th e s is  o f  k e to n e  b o d ie s  

L iv e r  d is e a s e

d ia g n o s is  o f, p la s m a  am inotransferases  in  

a n d  h y p e ra m m o n e m ia  

L iv e r  fu n c t io n  te s ts  

l -M e th y lm a lo n y l C o A , s y n th e s is  o f  

Long-chain fa tty  acyl CoA synthetase  

L o rc a s e r in

L o w -d e n s i ty  l ip o p ro te in s  (L D L ) 

b lo o d  le v e ls

d ie ta ry  f ib e r  a n d  

n ia c in  a n d  

c e l lu la r  u p ta k e  o f  

c o n c e p t  m a p  fo r  

d e g ra d a t io n  o f  

m e ta b o l is m  o f

u p ta k e  b y  m a c ro p h a g e  s c a v e n g e r  r e c e p to r s  

L o w -d e n s i ty  l ip o p ro te in s  (L D L )  r e c e p to r ( s )

L p (a ) .  See  L ip o p ro te in  (a )  (L p (a ) )

L P L . See Lipoprotein  lipase (LPL)

L u n g (s ) ,  fe ta l, m a tu r i ty  

L u te in iz in g  h o rm o n e  (L H )

L y n c h  s y n d ro m e



L y s in e

c a ta b o lis m  o f  

d e a m in a t io n  o f  

Lysophospholipase

L y s o p h o s p h o lip id ( s )

L ysosom al a(1& 4)-glucosidase, d e f ic ie n c y  o f

L y s o s o m a l s to ra g e  d is e a s e

L y s o s o m e (s )

g ly c o p ro te in s  in

in  g ly c o s a m in o g ly c a n  d e g ra d a t io n  

in  p ro te in  d e g ra d a t io n  

L ysyl hydroxylase  

d e f ic ie n c y  o f  

L ysyl oxidase

M__________________________________
M a c ro m in e ra ls

c a lc iu m  (C a 2+) 

c h lo r id e  (C l-) 

h o rm o n a l  re g u la t io n  

m a g n e s iu m  (M g ) 

p h o s p h o ru s  (P ) 

p o ta s s iu m  (K ) 

s o d iu m  (N a+ )

M a c ro n u tr ie n ts

c o n c e p t  m a p  fo r  

in ta k e , a c c e p ta b le ,  fo r  a d u lts  

M a c ro p h a g e s ,  m ic ro b ia l  k i l l in g  b y  

n i t r ic  o x id e  a n d

o x y g e n -d e p e n d e n t  m e c h a n is m s  

o x y g e n - in d e p e n d e n t  m e c h a n is m s  

M a d  c o w  d is e a se  

M a g n e s iu m  (M g )

M a la r ia

r e s is ta n c e  to



in  G 6PD  d e f ic ie n c y  

pyruvate kinase  d e f ic ie n c y  a n d  

s ic k le  c e l l  a n e m ia  a n d  

M a la te

fo rm a t io n  o f

f ro m  a -k e to g lu ta r a te  

o x id a t io n  o f  

in  u r e a  c y c le  

M alate dehydrogenase  

M a la te - a s p a r ta te  s h u tt le  

M alic enzym e  

M a lo n y l  C o A

in h ib i t io n  o f  c a rn i t in e  s h u tt le  

s y n th e s is  o f

M alonyl C oA -A C P  transacylase  

M altase

M altase-glucoam ylase (M GA)

M a lto s e  

d ie ta ry  

d ig e s t io n  o f

M a lto tr io s e ,  d ie ta ry , d ig e s t io n  o f  

M a m m a ry  g la n d s , la c ta t in g  

F A  s y n th e s is  in

p e n to s e  p h o s p h a te  p a th w a y  a n d  

M a n g a n e s e  (M n )f

e n z y m e s  fu n c t io n s  

M a n n o s e

c o n v e r s io n  to  f ru c to s e  6 -p h o s p h a te  

p h o s p h o ry la t io n  o f, d e f ic ie n c y  in  

a -M annosidase , d e f ic ie n c y  o f  

a -M a n n o s id o s is

M AO. See M onoam ine oxidase (M AO)

M a p le  s y ru p  u r in e  d is e a s e  (M S U D ) 

c la s s ic  

d ia g n o s is  o f  

n e o n a ta l -o n s e t  fo rm



s c re e n in g  fo r  

th ia m in e -d e p e n d e n t  

t r e a tm e n t  o f  

M a ra s m u s  

M a r fa n  s y n d ro m e  

M a ro te a u x -L a m y  s y n d ro m e  

M a te rn a l  P K U  s y n d ro m e  

M a tr ix  G la  p ro te in  

M atrix  m etalloproteinase(s)

M a tu r i ty  o n s e t  d ia b e te s  o f  th e  y o u n g  (M O D Y ), ty p e  2 

M a x im a l  v e lo c i ty  (V max)

c o m p e ti t iv e  in h ib i t io n  a n d  

n o n c o m p e ti t iv e  in h ib i t io n  a n d  

M c A rd le  s y n d ro m e

M C V . See  M e a n  c o rp u s c u la r  v o lu m e  (M C V )

M e a n  c o rp u s c u la r  v o lu m e  (M C V )

M e d ia to r

M e d ic a l  n u tr i t io n  th e ra p y  

M e d ite r r a n e a n

a c tiv ity , r e d  b lo o d  c e l l  a g e  a n d  

m o le c u la r  b io lo g y  o f  

m u ta t io n s  o f  

in  r e d  b lo o d  c e lls  

v a r ia n ts

M e d ite r r a n e a n  d ie t

M edium -chain  fa tty acyl CoA dehydrogenase, d e f ic ie n c y  o f  

M e la n in  s y n th e s is  

d e f ic ie n c y  o f

in h ib i t io n  in  p h e n y lk e to n u r ia  

M e la n o c o r t in -4  re c e p to r  (M C 4 R )  

a - M e la n o c y te - s t im u la t in g  h o rm o n e  (a -M S H )

M e lt in g  te m p e ra tu re  (T m) 

o f  D N A  

o f  F A s  

M e n a d io n e



M e n a q u in o n e  

M e n k e s  s y n d ro m e  

M e n k e s  s y n d ro m e , X - l in k e d  

M e s s e n g e r  R N A  (m R N A ). See also  T ra n s la t io n  

c a p  o n  

3 '- e n d  o f  

5 '- e n d  o f  

e u k a ry o t ic

5 'c a p p in g  o f

a l te rn a t iv e  p o ly a d e n y la t io n a l te rn a t iv e  s p lic in g  o f  

c i r c u la r iz a t io n  o f  

c o n c e p t  m a p  fo r  

e d i t in g  o f

p o s t t r a n s c r ip t io n a l  m o d if ic a t io n  o f  

p ro c e s s in g , a n d  r e g u la t io n  o f  g e n e  e x p re s s io n  

in  p ro te in  s y n th e s is  

s p lic in g

s ta b i l i ty  o f, in  r e g u la t io n  o f  g e n e  e x p re s s io n  

s tru c tu re  o f  

fu n c t io n s  o f

le v e ls  o f, d e te rm in a t io n  o f  

m is s e n s e  m u ta t io n s  o f  

m o n o c is tro n ic  

m u ta t io n s  o f  

n o n s e n s e  m u ta t io n s  o f  

p o in t  m u ta t io n s  o f  

p o ly -A  ta i l  o f  

p o ly c is tro n ic  

p ro k a ry o tic  

in  p ro te in  s y n th e s is  

p ro te in -c o d in g  re g io n s  o f  

s i le n t  m u ta t io n s  o f  

ta n d e m  tr ip le t  r e p e a ts  in  

u n tr a n s la te d  re g io n s  o f  

M e ta b o lic  e q u iv a le n t  o f  th e  ta s k  (M E T )

M e ta b o lic  m a p



M e ta b o lic  p a th w a y (s )

M e ta b o lic  s y n d ro m e  

M e ta b o lis m

d e f in i t io n  o f  

in te rm e d ia te ,  m a p  o f  

r e g u la t io n  o f

m e c h a n is m s  o f  

t im e s c a le  o f  

M e ta b o lo m e

M e ta c h ro m a t ic  le u k o d y s tro p h y  

M e ta l lo p o rp h y r in s  

M e ta s ta t ic  c a lc if ic a t io n  

M e tfo rm in

a n d  F A  s y n th e s is  

m e c h a n is m  o f  a c t io n  o f  

fo r  ty p e  2 d ia b e te s  

M e th e m o g lo b in  (H b M )

M e th e m o g lo b in e m ia s

M e th io n in e

m e ta b o l is m  o f  

r e s y n th e s is  o f  

in  s u c c in y l  C o A  fo rm a t io n  

s y n th e s is  o f  

M ethionine synthase  

M e th o tre x a te

m e c h a n is m  o f  a c t io n  o f  

M e th y lc o b a la m in

in  r e s y n th e s is  o f  m e th io n in e  f ro m  h o m o c y s te in e  

s tru c tu re  o f

M ethylcrotonyl carboxylase

M ethylcrotonyl CoA carboxylase

M ethylene tetrahydrofolate reductase (M TH FR)

N 5,N 10- M e th y le n e te tr a h y d ro fo la te  (N 5,N 10-M T H F )  

fo rm a t io n  o f

7 -M e th y lg u a n o s in e  tr ip h o s p h a te  

as  m R N A  c a p



M e th y lm a lo n ic  a c id e m ia  

M e th y lm a lo n ic  a c id u r ia  

M e th y lm a lo n y l  C o A , is o m e r iz a t io n  o f  

M ethylm alonyl CoA m utase  

M ethylm alonyl CoA racem ase  

d -M e th y lm a lo n y l C o A , s y n th e s is  o f  

N 5-M e th y l te t r a h y d ro fo la te  (N 5-m e th y l-T H F )

in  r e s y n th e s is  o f  m e th io n in e  f ro m  h o m o c y s te in e  

M ethyltransferase(s)

M e v a lo n a te ,  s y n th e s is  o f  

M ic e

K I

K O

tra n s g e n ic  

M ic e lle (s ) ,  m ix e d  

M ic h a e lis  c o n s ta n t  (K m)

c o m p e ti t iv e  in h ib i t io n  a n d  

n o n c o m p e ti t iv e  in h ib i t io n  a n d  

M ic h a e l is -M e n te n  e q u a t io n  

M ic h a e l is -M e n te n  k in e tic s  

M ic ro b e (s ) .  See also  B a c te r ia

d e s tru c t io n  o f, b y  w h ite  b lo o d  c e lls  

M ic ro b io m e  

M ic ro b io ta  

M ic ro m in e ra ls

tra c e  See also  (T ra c e  m in e ra ls )  

u l t r a tra c e  

M ic ro n u tr ie n ts

m in e ra ls  See  (M in e ra ls )  

v i ta m in s  See  (V ita m in (s ) )

M ic ro R N A  (m iR N A ) 

a c t io n s  o f f  

b io g e n e s is  o f f

M ic ro s o m a l t r ig ly c e r id e  t r a n s fe r  p ro te in  (M T P ) 

M in e ra l( s )



b o n e s  a n d  te e th  fo rm a t io n

c a ta ly s is

c la s s i f ic a t io n

D R I  fo r f

f lu id  b a la n c e

in o rg a n ic  s u b s ta n c e s  ( e le m e n ts )  

m a c ro m in e ra ls  See  (M a c ro m in e ra ls )  

m ic ro m in e ra ls  See  (T ra c e  m in e ra ls )  

m u s c le  c o n tra c tio n  

n e rv e  c o n d u c t io n  

s ig n a l in g

u lt r a tr a c e  See  (U ltr a t r a c e  m in e ra ls )  

M in e ra lo c o r t ic o id ( s )

M in ic h ro m o s o m e  m a in te n a n c e  c o m p le x  

m iR N A . See  M ic ro R N A  (m iR N A )

M is m a tc h  r e p a ir  (M M R )

M is s e n s e  m u ta tio n s

M itc h e l l  h y p o th e s is .  See  C h e m io s m o tic  h y p o th e s is  

M ito c h o n d r ia l  D N A  (m tD N A ) 

c o d o n s  in  

in h e r i ta n c e  o f  

m u ta t io n s  in  

r e p l ic a t io n  o f

M ito c h o n d r ia l  m y o p a th y ( ie s )

M ito c h o n d r ia l  R N A  (m tR N A )

M ito c h o n d r io n  (m ito c h o n d r ia )

cytochrom e P 450 m onooxygenase  s y s te m  

e le c tro n  t r a n s p o r t  c h a in  o f  

F A  c a ta b o lis m  in

in n e r  m e m b ra n e ,  s u b s t r a te  s h u tt le s  fo r  

lo n g -c h a in  F A  tr a n s p o r t  in to  

m a tr ix  o f

m e d iu m -c h a in  F A  e n try  in to  

m e m b ra n e  t r a n s p o r t  s y s te m s  

m e m b ra n e s  o f  

s h o r t- c h a in  F A  e n try  in to



M ito t ic  c h ro m o s o m e

M ixed-function  oxidase(s). See also M onooxygenase(s)

M M R . See  M is m a tc h  r e p a ir  (M M R )

M o le c u la r  b io lo g y , c e n tra l  d o g m a  o f  

M o le c u la r  c h a p e ro n e s , fo r  p ro te in  fo ld in g  

M o ly b d e n u m  (M o )

2 -M o n o a c y lg ly c e ro l  

M onoacylglycerol lipase  

M o n o a c y lg ly c e ro l ,  p r o d u c t io n  o f  

M onoam ine oxidase (M AO) 

in h ib ito rs  o f

M o n o io d o ty ro s in e  (M IT )

M o n o n u c le a r  p h a g o c y te  s y s te m  (M P S )

M onooxygenase(s). See also Cytochrom e P450 m onooxygenase  s y s te m  

M o n o s a c c h a r id e ( s ) .  See also  F ru c to s e ;  G a la c to s e  

c la s s i f ic a t io n  o f, c o n c e p t  m a p  fo r  

c y c l iz a t io n  o f  

in te s t in a l  a b s o rp t io n  o f  

jo in in g

m e ta b o l is m  o f  

as  re d u c in g  s u g a rs  

s tru c tu re  o f, c o n c e p t  m a p  fo r  

M o n o s o d iu m  u ra te  c ry s ta ls  

in  g o u t

M o rq u io  s y n d ro m e  

M o tif ( s )

p -b a r re l

p -m e a n d e r

h e l ix - lo o p -h e l ix

h e l ix - tu rn -h e l ix

o f  la c  r e p re s s o r  p ro te in  

in  p ro te in  s ru c tu re  

z in c  f in g e r

m R N A . See  M e s s e n g e r  R N A  (m R N A )

M S U D . See  M a p le  s y ru p  u r in e  d is e a s e  (M S U D )



M T P . See  M ic ro s o m a l t r ig ly c e r id e  t r a n s fe r  p ro te in  (M T P ) 

M u c in (s )

M u c o lip id o s is

M u c o p o ly s a c c h a r id e s .  See  G ly c o s a m in o g ly c a n ( s )

M u c o p o ly s a c c h a r id o s is

M u c u s

p a n c re a t ic  in s u f f ic ie n c y  

s e c re t io n

M U F A . See  F a t ty  a c id (s ) , m o n o u n s a tu ra te d  

M u lt ip le  carboxylase  d e f ic ie n c y  

M u t p ro te in s

M u ta ro ta t io n , o f  s u g a r  a n o m e rs  

M u ta t io n (s )

d e te c tio n  o f, b y  S o u th e rn  b lo t t in g  

f r a m e -s h if t  

o f  m R N A  

o f  R N A  s p lic e  s ite  

s p lic e - s i te  

M y e lin  s h e a th

M yeloperoxidase (M PO), in  p h a g o c y to s is  

M y o c a rd ia l  in fa rc tio n , d ia g n o s is  o f, i s o e n z y m e s  in  

M y o g lo b in

fu n c t io n  o f  

a - h e l ic a l  c o n te n t  o f  

h e m e  g ro u p  o f  

b in d in g  o f

o x y g e n -b in d in g  s i te  o f  

o x y g e n -d is s o c ia t io n  c u rv e  fo r  

p o la r  a n d  n o n p o la r  a m in o  a c id  r e s id u e s  in  

s tru c tu re  o f  

M yophosphorylase  

d e f ic ie n c y  o f f

M yosin light-chain kinase (M LCK)

M y o to n ic  d y s tro p h y

m o le c u la r  g e n e t ic s  o f  

M y P la te



M y r is t ic  a c id , a n d  p la s m a  c h o le s te ro l

N____________________________________________________________
N A D (H ) . See  N ic o t in a m id e  a d e n in e  d in u c le o t id e  (N A D + )

N A D H  deh ydrogenase-75  

N A D H -cytochrom e b5 reductase, d e f ic ie n c y  o f  

N A D H -dependent m alate dehydrogenase, c y to s o l ic

N AD H -m ethem oglobin  reductase. See N A D H -cytochrom e b5 reductase,

d e f ic ie n c y  o f

N A D P + . See  N ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te  (N A D P + ) 

N AD P+-dependent m alate dehydrogenase. See  M a lic  e n z y m e  

N A D P H . See  N ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te  (N A D P + )

N A D P H  oxidase

d e f ic ie n c y  o f  

in  p h a g o c y to s is  

N a ltre x o n e

N A N A . See  N -A c e ty ln e u ra m in ic  a c id  (N A N A ) 

n c R N A . See  R ib o n u c le ic  a c id  (R N A ), n o n c o d in g  

N E R . See  N u c le o t id e  e x c is io n  r e p a ir  (N E R )

N e rv e (s ) ,  s o rb i to l  m e ta b o l is m  in

N e rv o n ic  a c id

N e u ra l  tu b e  d e fe c ts  (N T D s)

N e u ra m in ic  a c id  

N euram inidase  

N e u ro f ib r i l la ry  ta n g le s  

N e u ro g ly c o p e n ia ,  s y m p to m s  o f  

N e u ro p e p tid e  Y  (N P Y )

N  e u ro tra n s m it te r s

c a te c h o la m in e s  as  

in  in te r c e l lu la r  c o m m u n ic a t io n  

s y n th e s is  o f

N e u tro p h ils ,  m ic ro b ia l  k i l l in g  b y  

o x y g e n -d e p e n d e n t  m e c h a n is m s  

o x y g e n - in d e p e n d e n t  m e c h a n is m s  

N e w b o rn (s )



ja u n d ic e  in  

s c re e n in g

fo r  d is o rd e rs  o f  a m in o  a c id  m e ta b o l is m  

fo r  p h e n y lk e to n u r ia

N ia c in

d e f ic ie n c y  o f

d ie ta ry  s o u rc e s  o f

th e ra p y  w ith ,  fo r  h y p e r l ip id e m ia

N ic o t in a m id e

N ic o t in a m id e  a d e n in e  d in u c le o t id e  (N A D + ) 

b io s y n th e s is  o f  

in  c a ta b o lic  p a th w a y s  

c o n s u m p tio n

in  a e ro b ic  g ly c o ly s is  

a n d  f a t  m e ta b o l is m  

a n d  g lu c o n e o g e n e s is

in  a-ketoglutarate dehydrogenase com plex

o x id a t io n  o f  

b y  F M N

in  o x id a t iv e  d e a m in a t io n  b y  glu tam ate dehydrogenase  

o x id iz e d , r e d u c t io n  to  N A D H  

a n d  P D H  com plex  a c t iv i ty  

p ro d u c t io n  o f

in  a e ro b ic  g ly c o ly s is  

a lc o h o l  c o n s u m p tio n  a n d  

in  B C A A  c a ta b o lis m  

in  e x e rc is in g  m u s c le  

r e d u c e d  fo rm  

s y n th e s is  o f  

in  T C A  c y c le

N ic o t in a m id e  a d e n in e  d in u c le o t id e  p h o s p h a te  (N A D P + ) 

in  a n a b o l is m  

b io s y n th e s is  o f  

in  c h o le s te ro l  s y n th e s is  

c o n c e p t  m a p  fo r



a n d  cytochrom e P450 m onooxygenase  s y s te m  

in  F A  s y n th e s is  

f o rm a t io n  o f

a n d  n i t r ic  o x id e  s y n th e s is

in  o x id a t iv e  d e a m in a t io n  b y  G D H

in  p e n to s e  p h o s p h a te  p a th w a y

in  p h a g o c y to s is

p ro d u c t io n  o f

r e d u c e d  fo rm

in  r e d u c t io n  o f  h y d ro g e n  p e ro x id e  

in  r e d u c t iv e  b io s y n th e s is  

s tru c tu re  o f

N ic o t in ic  a c id . See  N ia c in  

N ie m a n n -P ic k  C 1 - lik e  1 p ro te in  

N ie m a n n -P ic k  d is e a s e  

ty p e  C

ty p e s  A  a n d  B

N ig h t  b l in d n e s s  (n y c ta lo p ia )

N in h y d r in

N itra te ( s ) ,  f o rm a t io n  o f  

N itr ic  o x id e  (N O )

e f fe c ts  o n  p la te le ts

e f fe c ts  o n  v a s c u la r  e n d o th e l iu m

fu n c t io n s  o f

in  m a c ro p h a g e  b a c te r ic id a l  a c t iv i ty  

as  n e u ro tra n s m it te r  

s y n th e s is  o f

tr a n s p o r t  b y  h e m o g lo b in l  

N itric oxide synthase (NOS) 

e n d o th e l ia l  (eNOS) 

h e m e  g ro u p  o f  

in d u c ib le  (iNOS) 

n e u ra l  (nNOS)

N itr i te (s ) ,  f o rm a t io n  o f  

N itro g e n  (N )

d ie ta ry  s o u rc e s  o f



e l im in a t io n  o f

f lo w  o f, f ro m  a m in o  a c id s  to  u re a  

m e ta b o l is m  o f

c o n c e p t  m a p  fo r  

re m o v a l  f ro m  a m in o  a c id s  

c o n c e p t  m a p  fo r  

s o u rc e s  o f  

in  u re a

N itro g e n  b a la n c e  

in  fa s tin g  

n e g a t iv e  

p o s it iv e

N itro g e n -c o n ta in in g  c o m p o u n d s . See also  C a te c h o la m in e ( s ) ;  C re a tin e ; 

H is ta m in e , b io s y n th e s is  o f; M e la n in ;  P o rp h y r in ( s ) ;  P u r in e (s ) ;  

P y r im id in e (s ) ;  S e ro to n in  

a m in o  a c id s  as  p re c u r s o r s  o f  

N itro g ly c e r in ,  m e c h a n is m  o f  a c t io n  o f  

N itro u s  a c id , D N A  d a m a g e  c a u s e d  b y  

N itro u s  o x id e  (N 2O )

nNOS. See N itric oxide synthase (NOS), n e u ra l  

N O . See  N itr ic  o x id e  (N O )

N o n a lc o h o l ic  fa t ty  l iv e r  d is e a s e  (N A F L D )

N o n a lc o h o l ic  s te a to h e p a t i t is  (N A S H )

N o n c o d in g  R N A  (n c R N A )

N o n h is to n e  p ro te in s  

N o n s e n s e  m e d ia te d  d e g ra d a t io n  

N o n s e n s e  m u ta tio n s  

N o n s h iv e r in g  th e rm o g e n e s is  

N o n s ta n d a rd  a m in o  a c id

N o n s te ro id a l  a n t i - in f la m m a to ry  d ru g s  (N S A ID ) , a n d  p ro s ta g la n d in  s y n th e s is  

N o re p in e p h r in e  (N E ) 

a c t io n s  o f

as  c o u n te r re g u la to ry  h o rm o n e  

fu n c t io n s  o f  

a n d  g lu c a g o n  re le a s e  

in  h y p o g ly c e m ia



a n d  in s u l in  s e c re t io n  

s y n th e s is  o f  

N o r th e rn  b lo t t in g

N OS. See N itric oxide synthase (NOS)

N T D s . See  N e u ra l  tu b e  d e fe c ts  (N T D s )

N u c le a r  r e c e p to r  s u p e r fa m ily  

N u c le a r  s c a f fo ld  p ro te in  

N uclease(s)

N u c le ic  a c id s  

d e f in i t io n  o f

d ie ta ry , d e g ra d a t io n  o f, in  s m a l l  in te s t in e  

lo w -a b u n d a n c e ,  d e te c t io n  o f, b y  P C R  

s y n th e s is  o f  

N u c le o f i la m e n t  

N u c le o id  

N u c le o p ro te in ( s )

N ucleosidase (s )

N u c le o s id e (s )

c a rb o n s  in , n u m b e r in g  s y s te m  fo r  

n it ro g e n  in , n u m b e r in g  s y s te m  fo r  

N u c le o s id e  a n a lo g (s ) ,  in h ib i t io n  o f  D N A  re p l ic a t io n  b y  

N u c le o s id e  d ip h o s p h a te ( s )  

s y n th e s is  o f

N ucleoside diphosphate kinase

N u c le o s id e  m o n o p h o s p h a te ( s )

c o n v e r s io n  to  n u c le o s id e  d ip h o s p h a te s  a n d  tr ip h o s p h a te s  

N ucleoside m onophosphate kinase(s), b a s e - s p e c i f ic  

N ucleoside phosphorylase. See N ucleosidase(s)

N u c le o s id e  t r ip h o s p h a te ( s )  

s y n th e s is  o f  

N u c le o s o m e (s )

a n d  D N A  re p l ic a t io n  

fo rm a t io n  o f  

r e la x a t io n  o f  

re p o s i t io n in g  o f  

s tru c tu re  o f



5'-Nucleotidase, in  u r ic  a c id  fo rm a t io n  

N ucleotidase(s), in te s t in a l  

N u c le o t id e (s ) .  See also  P u r in e  n u c le o tid e ( s )  

fu n c t io n s  o f

s tru c tu re ,  c o n c e p t  m a p  fo r  

s y n th e s is  o f

c o n c e p t  m a p  fo r

N u c le o t id e  e x c is io n  re p a ir  (N E R ) 

N u tr ie n t( s )

d e f in i t io n  o f  

e s s e n tia l  

N u tr i t io n

a s s e s s m e n t  o f  

a n d  d is e a s e f

N u tr i t io n  fa c ts  la b e l  ( fo o d  la b e l)

N u tr i t io n a l  im m u n i ty

N y c ta lo p ia

N y s ta g m u s

O________________________________
O  s ite , o f  la c  o p e ro n

O A A . See  O x a lo a c e ta te  (O A A )

O b e s ity

a s s e s s m e n t

b e h a v io ra l  f a c to rs  a n d  

in  c h i ld re n  a n d  a d o le s c e n ts  

c o n c e p t  m a p  fo r  

d e f in i t io n  o f  

e a r ly -o n s e t

e n v iro n m e n ta l  f a c to rs  a n d  

e p id e m ic

g e n e  m u ta t io n s  a n d  

g e n e t ic s  o f  

h e a l th  r is k s  o f  

a n d  in s u l in  re s is ta n c e



lo w e r  b o d y  

m e ta b o l ic  c h a n g e s  in  

m o le c u la r  in f lu e n c e s  

p h a rm a c o th e ra p y  fo r  

r is k  fa c to rs  fo r  

s u rg ic a l  t r e a tm e n t  o f  

u p p e r  b o d y

O c c ip i ta l  h o rn  s y n d ro m e  

O c h ro n o s is ,  in  a lk a p to n u r ia  

O c u lo c u ta n e o u s  a lb in is m  

2 5 -O H -D 3. See  C a lc id io l  

O il(s ) ,  d e f in i t io n  o f  

O k a z a k i  f ra g m e n ts  

O le ic  a c id

o x id a t io n  o f  

p ro d u c t io n  o f

O ligo-a(1Æ 4)Æ a(1Æ 4)-glucantransferase

O lig o m y c in

O lig o n u c le o t id e ( s )

d e g ra d a tio n , in  s m a l l  in te s t in e  

s y n th e t ic

a l le le - s p e c if ic  

as  D N A  p ro b e s  

as  p r im e rs  fo r  P C R

O lig o p e p tid e  d ig e s t io n , b y  s m a l l  in te s t in e  e n z y m e s  

O lig o s a c c h a r id e s  

c o m p le x

d o lic h o l- l in k e d ,  s y n th e s is  o f  

f o rm a t io n  o f

o f  g ly c o p ro te in s ,  s tru c tu re  o f

h ig h -m a n n o s e

N - lin k e d

f in a l  p ro c e s s in g  o f, in  g ly c o p ro te in  s y n th e s is  

O - lin k e d

O lig o s a c c h a r id o s e s



O M P . See  O ro t id in e  m o n o p h o s p h a te  (O M P )

O n e -c a rb o n  m e ta b o l is m , fo lic  a c id  a n d  

O n e -c a rb o n  p o o l

O p e ra to r ( s ) ,  in  p ro k a ry o tic  t r a n s c r ip t io n  

O p e ro n (s ) .  See also  L a c to s e  o p e ro n ; T r y p to p h a n  ( trp )  o p e ro n  

b a c te r ia l ,  t r a n s c r ip t io n  o f  m R N A  fro m  

d e f in i t io n  o f  

O p h th a lm o p le g ia  

O p s in

O p tic a l  is o m e rs

O re x ig e n ic

O riC

O r ig in  o f  r e p l ic a t io n  

O r l is ta t

m e c h a n is m  o f  a c t io n  o f  

O rn ith in e

fo rm a t io n  o f

in  a - k e to g lu ta r a te  fo rm a t io n  

s y n th e s is  o f

O rnithine transcarbam oylase (OTC)

d e f ic ie n c y  o f

O rotate phosphoribosyltransferase

O ro tic  a c id  s y n th e s is  

O ro tic  a c id u r ia

O ro tid in e  m o n o p h o s p h a te  (O M P ) , f o rm a t io n  o f  

O rotidylate decarboxylase

O s te o c a lc in ,  Y -c a rb o x y la tio n  o f  

O s te o g e n e s is  im p e r f e c ta  (O I)

O s te o m a la c ia

OTC. See O rnith ine transcarbam oylase (OTC)

O v a ry ( ie s )

p e n to s e  p h o s p h a te  p a th w a y  a n d  

s te ro id  h o rm o n e  s e c re t io n  

O v e rw e ig h t

d e f in i t io n  o f  

p re v a le n c e  o f



O x a la te ,  p r o d u c t io n  o f  

O x a lo a c e ta te  (O A A )

in  a m in o  a c id  m e ta b o l is m  

in  c i tr a te  s y n th e s is  

c o n v e r s io n  to  p y ru v a te  

c y to so l ic ,  d e c a rb o x y la t io n  o f  

in  F A  s y n th e s is  

f o rm a t io n  o f

a lc o h o l  c o n s u m p tio n  a n d  

in  g lu c o n e o g e n e s is  

in  g ly c e ro n e o g e n e s is  

( re g e n e ra tio n )  f ro m  m a la te  

t r a n s p o r t  to  c y to s o l  

O x a lu r ia ,  p r im a ry , ty p e  1 

O xidase

O x id a t io n - re d u c t io n  r e a c t io n  

O x id a t iv e  d e a m in a t io n  

O x id a t iv e  p h o s p h o ry la t io n  

c o n c e p t  m a p  fo r  

c o u p l in g  in  

in h e r i te d  d e fe c ts  o f  

s y n th e t ic  u n c o u p le r s  

a n d  T C A  c y c le  

u n c o u p l in g  p ro te in s  a n d  

O x id a t iv e  s tre s s  

O x y g e n  (O 2)

b in d in g  to  h e m o g lo b in

a l lo s te r ic  e f f e c to r s  a n d  

b in d in g  to  m y o g lo b in  

d e b t

a n d  e le c tro n  t r a n s p o r t  c h a in  

p a r t ia l  p re s s u re  o f  (p O 2) 

a n d  re s p ir a to ry  b u r s t  

t r a n s p o r t ,  b y  h e m o g lo b in  

O xygenase



O x y g e n -d is s o c ia t io n  c u rv e

2 ,3 -B P G  a n d  

C O  a n d  

h y p e rb o l ic  

s ig m o id a l  

O x y h e m o g lo b in  

B o h r  e f f e c t  a n d

s tru c tu re  o f  (R , r e la x e d  s tru c tu re )

O x y p u r in o l,  m e c h a n is m  o f  a c t io n  o f

P_____________________________________________
P A F . See  P la te le t- a c t iv a t in g  fa c to r  (P A F )

PAH . See P henylalanine hydroxylase (PAH)

P a lin d ro m e (s ) ,  in  d o u b le - s t r a n d e d  D N A  

P a lm ita te

o x id a t io n  o f, e n e rg y  y ie ld  f ro m  

s y n th e s is  o f

g lu c o s e  m e ta b o l is m  a n d  

P a lm it ic  a c id

a n d  p la s m a  c h o le s te ro l  

P a lm ito le ic  a c id  

p ro d u c t io n  o f  

P alm itoyl th ioesterase  

P a n to th e n ic  a c id

P A P S . See  3 '- P h o s p h o a d e n o s in e -5 '- p h o s p h o s u lf a te  (P A P S )  

P a ra -a m in o b e n z o ic  a c id , a n a lo g s  o f, m e c h a n is m  o f  a c t io n  o f  

P a ra th y ro id  h o rm o n e  (P T H )

P a rk in s o n  d is e a se

P a ro x y s m a l  n o c tu rn a l  h e m o g lo b in u r ia  

P a te rn ity  te s t in g

P a th o g e n (s ) ,  d e s tru c t io n  b y  w h ite  b lo o d  c e lls  

P a th w a y (s ) .  See also  M e ta b o lic  p a th w a y (s )  

a n a b o l ic  ( s y n th e t ic )  

c a ta b o lic  (d e g ra d a tiv e )  

d e f in i t io n  o f



P C . See  P h o s p h a t id y lc h o lin e  (P C )

P C A T . See L ecith in:cholesterol acyltransferase (LCAT)

P C N A . See  P ro l i f e ra t in g  c e l l  n u c le a r  a n t ig e n  (P C N A )

P C R . See  P o ly m e ra s e  c h a in  r e a c t io n  (P C R )

P D C A A S . See  P ro te in  D ig e s t ib i l i ty - C o r r e c te d  A m in o  A c id  S c o re  (P D C A A S )  

P D H  com plex. See P yruvate dehydrogenase (PDH) com plex  

P D H  kinase. See P yruvate dehydrogenase (PDH ) kinase  

P D H  phosphatase. See P yruvate dehydrogenase  (P D H ) phosphatase

P E . See  P h o s p h a t id y le th a n o la m in e  (P E )

P e lla g ra

P E M . See  P ro te in -e n e rg y  (c a lo r ie )  m a ln u tr i t io n  (P E M )

P e n ic i l la m in e

P e n ic il l in ,  m e c h a n is m  o f  a c t io n  o f  

P e n to s e (s ) ,  in  n u c le ic  a c id s  

P e n to s e  p h o s p h a te  p a th w a y  

c o n c e p t  m a p  fo r

ir r e v e r s ib le  o x id a tiv e  r e a c t io n s  o f  

r e v e r s ib le  n o n o x id a t iv e  r e a c t io n s  o f  

PEPCK. See Phosphoenolpyruvate carboxykinase (PEPCK)

Pepsin

p H  o p tim u m  o f  

P e p s in o g e n  

Peptidase(s)

P e p tid e (s )

a b s o rp t io n  o f  

n o m e n c la tu re  fo r  

s e q u e n c in g , f ro m  N - te rm in a l  e n d  

P e p tid e  b o n d s

c h a ra c te r is t ic s  o f  

c is

fo rm a t io n  o f  

p o la r i ty  o f  

tra n s

P e p tid e  h o rm o n e (s ) ,  g a s tro in te s t in a l ,  a n d  in s u l in  s e c re t io n  

P e p tid e  l in k a g e  

P e p tid e  Y Y  (P Y Y )



Peptidyltransferase

P e rc e n t  d a i ly  v a lu e  (% D V )

P e r il ip in  

Perm ease  

P e rn ic io u s  a n e m ia  

Peroxidase

h e m e  g ro u p  o f

P e ro x is o m e (s ) ,  F A  o x id a t io n  in  

P e ro x y n it r i te ,  f o rm a t io n  o f  

P E S T  s e q u e n c e s

P E U . See  P ro te in  e n e rg y  u n d e rn u t r i t io n  (P E U )

PFK-1. See Phosphofructokinase-1 (PFK-1)

PFK-2. See Phosphofructokinase-2 (PFK-2)

P G . See  P h o s p h a t id y lg ly c e ro l  (P G )

P G H  synthase. See Prostaglandin  endoperoxide (PGH ) synthase

p H

a n d  e n z y m a tic  re a c tio n s  

a n d  o x y g e n  a f f in i ty  o f  h e m o g lo b in  

P h a g o c y to s is

o f  e x tr a c e l lu la r  g ly c o s a m in o g ly c a n s  

in  m ic ro b ia l  k i l l in g  

P h a g o ly s o s o m e  

P h a rm in g

P h e n te rm in e  + to p ira m a te  

P h e n y la c e ta te  

in  P K U

in  tr e a tm e n t  o f  u re a  c y c le  d is o rd e rs  

P h e n y la c e ty lg lu ta m in e ,  in  t r e a tm e n t  o f  u r e a  c y c le  d is o rd e rs  

P h e n y la la n in e

d ie ta ry , r e s tr ic t io n , in  P K U  

in  fu m a ra te  fo rm a t io n  

m e ta b o l is m  o f  

n o rm a l  

in  P K U

Phenylalanine hydroxylase (PAH)

d e f ic ie n c y  o f



m u ta t io n s  o f

P h e n y lb u ta z o n e ,  a n d  p ro s ta g la n d in  s y n th e s is  

P h e n y lb u ty ra te ,  in  t r e a tm e n t  o f  u re a  c y c le  d is o rd e rs  

P h e n y lis o th io c y a n a te  

P h e n y lk e to n u r ia  (P K U )

c a r r ie rs , id e n t if ic a t io n  o f  

c l in ic a l  c h a ra c te r is t ic s  o f  

C N S  e f fe c ts  in  

d ia g n o s is  o f

h y p e rp h e n y la la n in e m ia  in  

h y p o p ig m e n ta t io n  in  

m a te rn a l

n e w b o rn  s c re e n in g  fo r  

p re n a ta l  d ia g n o s is  o f  

t r e a tm e n t  o f

P h e n y lp y ru v a te ,  in  p h e n y lk e to n u r ia  

P h e n y lth io h y d a n to in  

P h e o c h ro m o c y to m a s  

Phosphatase(s)

P h o s p h a te

in o rg a n ic ,  in  g ly c o g e n e s is  

s e ru m , lo w , r e s p o n s e  to

P h o s p h a tid a lc h o l in e P h o s p h a t id a le th a n o la m in e P h o s p h a t id ic  a c id  (P A ) 

in  g ly c e ro p h o s p h o l ip id s  

s tru c tu re  o f  

s y n th e s is  o f

P h o s p h a t id y lc h o lin e  (P C ) 

in  b i le

d e g ra d a t io n  o f

f ro m  p h o s p h a t id y ls e r in e ,  in  l iv e r  

s tru c tu re  o f  

s y n th e s is  o f

P h o s p h a t id y le th a n o la m in e  (P E ) 

s tru c tu re  o f  

s y n th e s is  o f

P h o s p h a t id y lg ly c e ro l  (P G )



s y n th e s is  o f

P h o s p h a t id y l in o s i to l  (P I) 

fu n c t io n s  o f

in  m e m b ra n e  p ro te in  a n c h o r in g  

in  s ig n a l  tr a n s m is s io n  a c ro s s  m e m b ra n e s  

s tru c tu re  o f  

s y n th e s is  o f

P h o s p h a t id y l in o s i to l  4 ,5 -b is p h o s p h a te  (P IP 2)

P h o s p h a t id y l in o s i to l  (3 ,4 ,5 ) - t r is p h o s p h a te  (P IP 3)

P h o s p h a t id y ls e r in e  (P S )

p h o s p h a t id y lc h o l in e  s y n th e s is  f ro m , in  l iv e r  

s tru c tu re  o f  

s y n th e s is  o f

Phosphatidylserine decarboxylase

3 '-P h o s p h o a d e n o s in e -5 '- p h o s p h o s u lf a te  (P A P S )  

in  g ly c o s a m in o g ly c a n  s y n th e s is  

in  g ly c o s p h in g o lip id  s y n th e s is  

in  s te ro id  h o rm o n e  c a ta b o lis m  

s y n th e s is  o f

P h o s p h o c re a tin e .  See  C re a t in e  p h o s p h a te

P hosphodiesterase (s )

p a n c re a tic

P h o s p h o e n o lp y ru v a te  (P E P )  

fo rm a t io n  o f  

in  g lu c o n e o g e n e s is  

in  g ly c e ro n e o g e n e s is  

in  s y n th e s is  o f  a m in o  s u g a rs

P hosphoenolpyruvate carboxykinase (PEPCK) 

g e n e  e x p re s s io n  

g lu c a g o n  a n d  

r e g u la t io n  o f  

a n d  g lu c o n e o g e n e s is  

in  g ly c e ro n e o g e n e s is  

r e g u la t io n  o f

Phosphofructokinase (PFK)



Phosphofructokinase-1  (P F K -1 )

a l lo s te r ic  a c t iv a t io n  o f  

in h ib i t io n  b y  c i tra te  

r e g u la t io n  o f

b y  e n e rg y  le v e ls  in  c e ll  

b y  f ru c to s e  2 ,6 -b is p h o s p h a te  

b y  h o rm o n e s

Phosphofructokinase-2 (PFK-2)

Phosphoglucom utase

6-Phosphogluconate dehydrogenase, in  p e n to s e  p h o s p h a te  p a th w a y  

6-Phosphogluconolactone hydrolase, in  p e n to s e  p h o s p h a te  p a th w a y  

Phosphoglucose isom erase

2 -  P h o s p h o g ly c e ra te ,  d e h y d ra t io n  o f  

Phosphoglycerate kinase  

Phosphoglycerate m utase

3 -  P h o s p h o g ly c e ra te ,  s y n th e s is  o f  

P h o s p h o g ly c e r id e s ,  d e g ra d a t io n  o f  

Phosphoinositide 3-kinase  

P hospholipase (s )

in  p h o s p h o lip id  d e g ra d a t io n  

in  p h o s p h o lip id  r e m o d e lin g  

Phospholipase A 1 

Phospholipase A 2 

in h ib ito rs  o f  

Phospholipase C  

Phospholipase D  

P h o s p h o l ip id ( s )

a m p h ip a th ic  n a tu re  o f  

in  c h y lo m ic ro n s

d e g ra d a t io n  b y  p a n c re a t ic  e n z y m e s  

d e g ra d a t io n  o f

c o n c e p t  m a p  fo r  

d ig e s t io n  o f  

fu n c t io n s  o f

h y d ro p h il ic  (p o la r)  h e a d  o f



h y d ro p h o b ic  ta i l  o f  

in  l ip o p ro te in s  

m e m b ra n e

a s y m m e try  o f  

n o n m e m b ra n e  

r e m o d e lin g  o f  

s tru c tu re  o f

c o n c e p t  m a p  fo r  

s y n th e s is  o f

Phosphom annose isom erase

4 '-P h o s p h o p a n te th e in e  

Phosphoprotein  phosphatase(s)

5 -P h o s p h o r ib o s y la m in e ,  s y n th e s is  o f  

5 -P h o s p h o r ib o s y l-1 -p y ro p h o s p h a te  (P R P P )  

a n d  g o u t

in  L e s c h -N y h a n  s y n d ro m e  

in  p u r in e  n u c le o t id e  s y n th e s is  

a n d  p y r im id in e  s y n th e s is  

s y n th e s is  o f

5-Phosphoribosyl-1-pyrophosphate (PRPP) synthetase

m u ta t io n s  o f, a n d  h y p e ru r ic e m ia  

P h o s p h o ru s  (P )

Phosphorylase  

Phosphorylase kinase

a c t iv a t io n  o f

liv e r , c a lc iu m  a c t iv a t io n  o f  

m u s c le ,  c a lc iu m  a c t iv a t io n  o f  

Phosphorylase kinase a 

Phosphorylase kinase b

P h o s p h o ry la t io n .  See also  O x id a t iv e  p h o s p h o ry la t io n  

o f  e IF -2 , a n d  r e g u la t io n  o f  g e n e  e x p re s s io n  

o f  e n z y m e s , a n d  m e ta b o l ic  re g u la t io n  

in h ib ito r

protein  kinase  A -m e d ia te d  

s u b s t r a te - le v e l  

P h o s p h o ry la t io n  in h ib ito r



P h o to s e n s it iv i ty ,  p o rp h y r ia s  a n d

P h o to th e ra p y , fo r  n e o n a ta l  ja u n d ic e

PhyH . See P hytanoyl CoA a-hydroxylase (PhyH )

P h y llo q u in o n e  

P h y s ic a l  a c t iv i ty  ra t io  (P A R ) 

e n e rg y  e x p e n d i tu re  in  

a n d  w e ig h t  c o n tro l  

P h y ta n ic  a c id

P hytanoyl CoA a-hydroxylase (PhyH )

P h y to s te ro ls

P I. See  P h o s p h a t id y l in o s i to l  (P I) 

p I . See  I s o e le c tr ic  p o in t  (p I)

P IP 2. See  P h o s p h a t id y l in o s i to l  4 ,5 -b is p h o s p h a te  (P IP 2)

P IP 3. See  P h o s p h a t id y l in o s i to l  ( 3 ,4 ,5 ) - t r is p h o s p h a te  (P IP 3)

P itu ita ry  h o rm o n e (s ) ,  s t im u la t io n  o f  s te ro id  h o rm o n e  s y n th e s is  a n d  s e c re t io n

pK 1

pK 2

p K a

o f  a la n in e

P la c e n ta ,  p e n to s e  p h o s p h a te  p a th w a y  a n d  

P la s m a

P la s m a  p ro te in s ,  s e p a ra t io n  o f, b y  c h a rg e  

P la s m a lo g e n (s ) ,  s t ru c tu re  o f  

P la s m id (s )

a n d  b a c te r ia l  a n t ib io t ic  r e s is ta n c e  

as  c lo n in g  v e c to r s

as  e x p re s s io n  v e c to r s  fo r  fu s io n  p ro te in s  

p B R 3 2 2  

P la te le t( s )

a d h e s io n , n i t r ic  o x id e  a n d  

a g g re g a tio n , n i t r ic  o x id e  a n d  

h o m e o s ta s is ,  p ro s ta g la n d in s  a n d  

P la te le t- a c t iv a t in g  fa c to r  (P A F ) 

fu n c t io n s  o f  

s tru c tu re  o f



s y n th e s is  o f

P L P . See  P y r id o x a l  p h o s p h a te  (P L P )

PNP. See Purine nucleoside phosphorylase (PNP)

P o in t  m u ta tio n s

d is e a s e  c a u s e d  b y  

Polyadenylate polym erase

P o ly a d e n y la t io n ,  a l te rn a t iv e  (A P A )

P o ly a d e n y la t io n  s ig n a l  s e q u e n c e f

P o ly d ip s ia

P olym erase (s )

P o ly m e ra s e  c h a in  r e a c t io n  (P C R )  

a d v a n ta g e s  

a n n e a lin g  p r im e rs  

a p p l ic a t io n s  o f

fo r  c o m p a r is o n  o f  n o rm a l  a n d  m u ta n t  g e n e  

c o n s tru c t in g  p r im e r  

c y c le s  o f

fo r  d e te c tio n  o f  lo w -a b u n d a n c e  n u c le ic  a c id  s e q u e n c e s

e x te n d in g  p r im e rs

fo re n s ic  a n a ly s is  o f  D N A  s a m p le s

in  g e n e t ic  te s t in g  fo r  c y s tic  f ib ro s is

m u l tip le x

q u a n t i ta t iv e  (q P C R )

R T -P C R  

s te p s  in

P o ly m o rp h is m (s ) .  See also  R e s tr ic t io n  f r a g m e n t  le n g th  p o ly m o rp h is m s  (R F L P s )  

P o ly p e p t id e (s )

a m in o  a c id  c o m p o s i t io n  o f, d e te rm in a t io n  o f  

a m in o - te rm in a l  re s id u e , d e te rm in a t io n  o f  

c le a v a g e  o f

c o tra n s la t io n a l  m o d if ic a t io n  o f  

d o m a in s

m u l t i fu n c t io n a l  (m u l t ic a ta ly tic )  

n o m e n c la tu re  fo r  

p o s t t r a n s la t io n a l  m o d if ic a t io n  o f  

t r im m in g  o f



P o ly p h a g ia

P o ly r ib o s o m e (s )

P o ly s a c c h a r id e s

d ie ta ry

d ig e s t io n  o f  

f o rm a t io n  o f  

P o ly s o m e (s )

P o ly u r ia  

P o m p e  d is e a s e  

P o r in (s )

P o rp h o b il in o g e n  (P B G ) 

fo rm a t io n  o f

Porphobilinogen synthase. See d-A m inolevulin ic acid  dehydratase (ALAD)

P o rp h y r ia ( s )

c l in ic a l  m a n ife s ta t io n s  o f  

c o n c e p t  m a p  fo r  

e ry th ro p o ie tic  

g e n e t ic s  o f  

h e p a t ic  

a c u te  

c h ro n ic  

t r e a tm e n t  o f  

P o rp h y r ia  c u ta n e a  ta rd a  

P o rp h y r in ( s ) .  See also  H e m e  

m e ta b o l is m  o f  

s id e  c h a in s  o f

d is tr ib u t io n  o f  

s tru c tu re  o f  

s y n th e s is  o f  

ty p e  I II  ( a s y m m e tr ic )

P o rp h y r in o g e n s  

P o ta s s iu m  (K +)

P P j. See  P y ro p h o s p h a te  (P P j)

P ra v a s ta t in  (P ra v a c h o l)

m e c h a n is m  o f  a c t io n  o f



P re b io t ic s  

P re d ia b e te s  

P re d n is o n e , fo r  g o u t 

P re e c la m p s ia  

P re fo rm e d  v i ta m in  A  

P re g n e n o lo n e  

P re n a ta l  d ia g n o s is  

m e th o d s  fo r  

P r ib n o w  b o x  

Prim ase  

P r im o s o m e  

P r io n  d is e a se (s )

P r io n  p ro te in ( s )  (P rP )  

in fe c t io u s  (P rP Sc) 

n o n in fe c t io u s  (P rP C)

P ro b e (s )

a n t ib o d y - la b e le d

b io t in y la te d

D N A

s y n th e t ic  o l ig o n u c le o t id e  

P ro b e n e c id  

P ro c o l la g e n

e x tra c e l lu la r  c le a v a g e  o f  

f o rm a t io n  o f

Procollagen peptidase(s)

d e f ic ie n c y  o f  

P ro g e r ia ( s )

P ro g e s te ro n e  

a c t io n s  o f  

s y n th e s is  o f  

P ro g e s tin ( s )

P ro la c tin ,  a c t io n s  o f

P ro l if e ra t in g  c e l l  n u c le a r  a n t ig e n  (P C N A ) 

P ro lin e

in  c o l la g e n



g ly c o s y la t io n  o f  

in  a - k e to g lu ta r a te  fo rm a t io n  

s e c o n d a ry  a m in o  g ro u p  in  

s tru c tu re  o f  

s y n th e s is  o f  

P rolyl hydroxylase  

P ro m o te r  r e g io n (s ) ,  p ro k a ry o tic  

P ro o p io m e la n o c o r t in  

P ro p io n ic  a c id  

P ro p io n y l  C o A  

fo rm a t io n  o f  

m e ta b o l is m  o f  

P ropionyl CoA carboxylase

Proprotein  convertase subtilisin /kexin  type 9 (PCSK9)

P ro s ta c y c l in .  See  P ro s ta g la n d in ( s )  (P G ) 

P ro s ta g la n d in ( s )  (P G ) 

fu n c t io n s  o f  

P G E 2

fu n c t io n s  o f  

s tru c tu re  o f  

s y n th e s is  o f  

P G F 2 a

fu n c t io n s  o f  

s tru c tu re  o f  

s y n th e s is  o f  

P G H 2, s y n th e s is  o f  

P G I2

fu n c t io n s  o f  

s tru c tu re  o f  

s y n th e s is  o f  

in  p la te le t  h o m e o s ta s is  

s y n th e s is  o f  

a s p ir in  a n d  

c o n c e p t  m a p  fo r  

in h ib i t io n  o f



Prostaglandin endoperoxide (PGH) synthase

i s o z y m e s  o f  

Protease(s)

p a n c re a tic

P ro te a s o m e (s )

P ro te c tin s

P ro te in ( s )P ro te in ( s )  (C o n tin u e d  ) 

a n a ly s is  o f  

b in d in g  to  D N A  

c a rb o x y la t io n  o f  

c h a p e ro n e s  in  

c o n c e p t  m a p

c o v a le n t  m o d if ic a t io n s  o f  

d e g ra d a t io n  o f  

d e n a tu ra t io n  o f  

d e p h o s p h o ry la t io n  o f  

d e te rm in a t io n  o f

b y  a m in o  a c id  s e q u e n c in g  

b y  D N A  s e q u e n c in g  

d ie ta ry

a c c e p ta b le  in ta k e , fo r  a d u lts  

f ro m  a n im a l  s o u rc e s  

d ig e s t io n  o f

a b n o rm a li t ie s  in  

b y  g a s tr ic  s e c re t io n  

b y  p a n c re a t ic  e n z y m e s  

e n e rg y  c o n te n t  o f  

e x c e s s , c o n s u m p tio n  o f  

in c o m p le te ,  c o m b in a t io n  o f  

f ro m  p la n t  s o u rc e s  

q u a l ity  

r e q u i re m e n t

a n d  e n e rg y  p r o d u c t io n  in  fa s tin g

fa rn e s y la te d

f ib ro u s

c o n c e p t  m a p  fo r



fo ld in g  

fu n c t io n s  o f  

g lo b u la r

te r t ia ry  s tru c tu re  o f  

g ly c o s y la t io n  o f  

h a l f - l i f e  o f  

h e p a t ic ,  s y n th e s is  o f  

h y d ro x y la t io n  o f  

in t r in s ic a l ly  d is o rd e re d  

is o fo rm s  o f  

lo n g - l iv e d

m e m b ra n e ,  lo c a t io n  o f  n o n p o la r  s id e  c h a in s  in  

m e ta b o l is m  o f

c a rb o h y d ra te  in ta k e  a n d  

g lu c a g o n  a n d  

in te rm e d ia te s  

p h o s p h o ry la t io n  o f  

in  s k e le ta l  m u s c le ,  in  fa s tin g  

m is fo ld in g

m ito c h o n d r ia l  e n try  s e q u e n c e  o f  

m o n o m e r ic

n a t iv e  c o n fo rm a tio n  o f  

n u c le a r  lo c a l iz a t io n  s ig n a l  in  

p h o s p h o ry la t io n  o f f  

p re c u rs o r ,  c le a v a g e  o f  

p r im a ry  s tru c tu re  o f  

p ro k a ry o tic

in h ib i t io n  b y  a n t ib io t ic s  

s te p s  in

q u a te rn a ry  s tru c tu re  o f  

s e c o n d a ry  s tru c tu re  o f  

n o n re p e t i t iv e  

s e c re t io n  o f  

s h o r t- l iv e d

so lu b le ,  lo c a t io n  o f  n o n p o la r  s id e  c h a in s  in  

s te p s  in



s tru c tu ra l ,  h a l f - l iv e s  o f  

s t ru c tu ra l  m o tif s  

s tru c tu re  o f

s u p e r s e c o n d a ry  s tru c tu re s  

s y n th e s is  o f  See also  (T ra n s la t io n )  

e lo n g a t io n  in  

in i t ia t io n  o f  

in s u l in  a n d

re s tin g  s k e le ta l  m u s c le  a n d  

tR N A  in  

ta rg e t in g  o f

c o tra n s la t io n a l  

p o s t t r a n s la t io n a l  

te rm in a t io n  o f  

te r t ia ry  s tru c tu re  o f

in te ra c t io n s  s ta b i l iz in g  

tR N A  in  

tu rn o v e r  

ra te

u b iq u i t in a t io n  o f  

P ro te in  C , Y -c a rb o x y la tio n  o f

P ro te in  D ig e s t ib i l i ty - C o r r e c te d  A m in o  A c id  S c o re  (P D C A A S )  

Protein disulfide isom erase  

P ro te in  e n e rg y  u n d e rn u t r i t io n  (P E U )

Protein kinase(s)

c A M P -d e p e n d e n t  

a n d  g ly c o g e n  s y n th e s is  

Protein kinase A

c A M P -d e p e n d e n t  

g lu c a g o n  a n d

a n d  tr a n s c r ip t io n a l  r e g u la t io n  

Protein kinase B  

Protein kinase C

a n d  g ly c o g e n  m e ta b o l is m  

Protein kinase G  

P ro te in  m ic ro a r ra y s



Protein phosphatase(s)

PP1

P ro te in  S, Y -c a rb o x y la tio n  o f  

P ro te in a c e o u s  in fe c t io u s  p a r t ic le  (p r io n )

Proteinase(s)

P ro te in -e n e rg y  (c a lo r ie )  m a ln u tr i t io n  (P E M ) 

re fe e d in g

Protein-oligosaccharide transferase

P ro te o g ly c a n s  

a g g re g a te s  o f  

c a r t i la g e , s tru c tu re  o f  

d is tr ib u t io n  o f  

g e n e  f a m ilie s  o f  

m o n o m e rs ,  s tru c tu re  o f  

s tru c tu re  o f, b o t t le -b ru s h  m o d e l  o f  

P ro te o ly s is  

in  fa s tin g  

ly s o s o m a l s y s te m  

u b iq u i t in -p r o te a s o m e  p a th w a y  

P ro te o m e  

P ro te o m ic s  

P ro th ro m b in  

P ro to m e r

P ro to n -m o tiv e  fo rc e  

P ro to p o rp h y r in  IX  

s id e  c h a in s  o f  

P ro to p o rp h y r in o g e n  IX  

Protoporphyrinogen oxidase  

d e f ic ie n c y  o f  

P ro v i ta m in  A

P R P P . See  5 -P h o s p h o r ib o s y l-1 -p y ro p h o s p h a te  (P R P P )  

P S . See  P h o s p h a t id y ls e r in e  (P S )

P450scc. See  C h o le s te ro l  s id e -c h a in  c le a v a g e  e n z y m e  

P s e u d o u ra c il ,  in  tR N A  

P so r ia s is ,  r e t in o id s  fo r



P T H . See  P a ra th y ro id  h o rm o n e  (P T H )  

P U F A . See  F a t ty  a c id (s ) , p o ly u n s ta u ra te d  

P u ls e  o x im e try  

P u r in e (s )

d e g ra d a t io n  o f

c o n c e p t  m a p  fo r  

d is o rd e rs  o f

m e ta b o l is m  o f, c o n c e p t  m a p  fo r  

s a lv a g e  p a th w a y  fo r  

c o n c e p t  m a p  fo r  

s tru c tu re  o f  

s y n th e s is  o f

c o n c e p t  m a p  fo r

d ru g s  ta rg e tin g , c o n c e p t  m a p  fo r  

in h ib ito rs  o f  

s y n th e t ic

Purine nucleoside phosphorylase (PNP)

d e f ic ie n c y  o f  

in  u r ic  a c id  fo rm a t io n  

P u r in e  n u c le o tid e ( s )  

d e g ra d a t io n

d is o rd e rs  o f  

s y n th e s is  o f

s a lv a g e  p a th w a y s  o f  

P u r in e  r in g

a to m s  o f, s o u rc e s  o f  

s y n th e s is  o f

P u ro m y c in , m e c h a n is m  o f  a c t io n  o f  

P y r id o x a l .  See also  V ita m in  B 6 

P y r id o x a l  p h o s p h a te  (P L P )  

in  h is ta m in e  b io s y n th e s is  

in  p o rp h y r in  b io s y n th e s is  

in  s p h in g o m y e lin  s y n th e s is  

P y r id o x a m in e . See also  V ita m in  B 6 

P y r id o x a m in e  p h o s p h a te



P y r id o x in e

s tru c tu re  o f  

to x ic i ty  o f  

P y r im id in e (s )

d e g ra d a t io n  o f  

in  D N A  

in  R N A  

s a lv a g e  

s tru c tu re  o f  

s y n th e s is  o f

c o n c e p t  m a p  fo r

P y r im id in e  d im e rs , in  D N A , a n d  n u c le o t id e  e x c is io n  re p a ir  

P y r im id in e  n u c le o t id e ( s )  s y n th e s is  

P y r im id in e  r in g , a to m s  in , s o u rc e s  o f  

Pyrophosphatase  

in  g ly c o g e n e s is  

in  p ro te in  s y n th e s is  

P y ro p h o s p h a te  (P P j) 

in  g ly c o g e n e s is  

h y d ro ly s is  to  2 Pj 

p ro d u c t io n  o f, in  D N A  re p l ic a t io n  

in  t r a n s c r ip t io n  

P y ru v a te

a c c u m u la tio n ,  in  a r s e n ic  p o is o n in g  

a c e ty l  C o A  p ro d u c t io n  

in  a m in o  a c id  m e ta b o l is m  

c a rb o x y la t io n  o f

in  g lu c o n e o g e n e s is  

to  o x a lo a c e ta te  

fo rm a t io n  o f

in  g ly c o ly s is  

in  g lu c o n e o g e n e s is  

in  g ly c e ro n e o g e n e s is  

o x id a tiv e  d e c a rb o x y la t io n  o f  

r e d u c t io n  o f



to  e th a n o l 

to  la c ta te

P yruvate carboxylase (PC)

a c t iv a t io n  o f  

a l lo s te r ic  r e g u la t io n  o f  

in  g ly c e ro n e o g e n e s is  

P yruvate decarboxylase

P yruvate dehydrogenase (PDH ). See also P yruvate decarboxylase

T P P  a n d

T P P  a s  c o e n z y m e  fo r

P yruvate dehydrogenase com plex (PDHC)

a rs e n ic  p o is o n in g  a n d  

c o e n z y m e s  o f  

c o m p o n e n t  e n z y m e s  o f  

d e f ic ie n c y  o f  

r e g u la t io n  o f

P yruvate dehydrogenase (PDH ) kinase  

P yruvate dehydrogenase  (P D H ) phosphatase  

P yruvate kinase (PK)

c o v a le n t  m o d if ic a t io n  o f  

d e f ic ie n c y  o f  

ja u n d ic e  in  

d e p h o s p h o ry la t io n  o f  

fe e d fo rw a rd  r e g u la t io n  o f  

g e n e  e x p re s s io n  

a n d  g lu c o n e o g e n e s is  

h o rm o n a l  r e g u la t io n  o f  

in a c t iv a t io n  o f  

in s u l in  a n d  

m u ta n ts

t is s u e - s p e c if ic  e x p re s s io n  o f

Q
Q u in o lin a te



R  g ro u p

R acem ase

R A E s . See  R e t in o l  a c t iv i ty  e q u iv a le n ts  (R A E s )  

R a n d o m  c o il

R A R s . See  R e t in o ic  a c id  re c e p to r s  (R A R s)

R a te - l im it in g  s te p

R B C s . See  R e d  b lo o d  c e lls  (R B C s)

R B P . See  R e t in o l-b in d in g  p ro te in  (R B P )

R D A . See  R e c o m m e n d e d  d ie ta ry  a l lo w a n c e  (R D A ) 

R e a c tiv e  n i t r o g e n  s p e c ie s  (R N S )  

in  p h a g o c y to s is

R e a c tiv e  o x y g e n  s p e c ie s  (R O S ) 

iro n  (F e )

R e c o m m e n d e d  d ie ta ry  a l lo w a n c e  (R D A )

R e d  b lo o d  c e lls  (R B C s)  

a g e , a n d  G 6PD  a c t iv i ty  

G 6PD  d e f ic ie n c y  a n d  

g lu c o s e  6 -p h o s p h a te  m e ta b o l is m  in  

g ly c o ly s is  in

g ly c o ly t ic  e n z y m e  d e f ic ie n c ie s  a n d  

p e n to s e  p h o s p h a te  p a th w a y  a n d  

s to re d

2 ,3 -B P G  in

m a x im u m  s to ra g e  t im e  fo r  

s y n th e s is  o f  2 ,3 -B P G  in  

R e d  w in e , c a rd io p ro te c t iv e  e f f e c t  

R e d o x  p a irs

R E E . See  R e s t in g  e n e rg y  e x p e n d i tu re  (R E E ) 

R e fs u m  d is e a s e  

R e g u la to ry  e le m e n t( s )  

c is -a c tin g

R e ju v e n a t io n  s o lu t io n

R e la x e d  (R ) a n d  te n s e  (T ) fo rm  a l lo s te r ic  e n z y m e s  

R e le a s e  f a c to r ( s )  (R F )

R_________________________________________



R e n a l o s te o d y s tro p h y  

Renin

R e p l ic a t io n  p ro te in  A  (R P A )

R e p ro d u c t io n , v i ta m in  A  a n d  

R e s o lv in (s )

R e s p ira to ry  b u r s t

R e s p ira to ry  d is e a s e , a s p ir in -e x a c e rb a te d  

R e s p ira to ry  d is tre s s  s y n d ro m e  (R D S ) 

n e o n a ta l

R e s p ira to ry  in h ib i to rs  

R e s p ira to ry  q u o tie n t  (R Q )

R e s p o n s e  e le m e n ts

R e s tin g  e n e rg y  e x p e n d i tu re  (R E E )

R e s tin g  m e ta b o l ic  r a te  (R M R )

Restriction endonuclease(s) 

in  c lo n in g

in  D N A  lib ra ry  c o n s tru c t io n  

EcoRI, r e c o g n i t io n  s e q u e n c e  o f  

H a e I I I ,  s p e c if ic i ty  o f

M s tI I ,  c le a v a g e  s ite , a n d  s ic k le  c e l l  a n e m ia  

n o m e n c la tu re  fo r  

in  S o u th e rn  b lo t t in g  

s p e c if ic i ty  o f  

TaqI, s p e c if ic i ty  o f  

R e s tr ic t io n  f r a g m e n t( s )  

w ith  b lu n t  e n d s  

w ith  s tic k y  e n d s

R e s tr ic t io n  f r a g m e n t  le n g th  p o ly m o rp h is m s  (R F L P s )  

in  d ia g n o s is  o f  p h e n y lk e to n u r ia  

in  d ia g n o s is  o f  s ic k le  c e l l  a n e m ia  

D N A  v a r ia t io n s  c a u s in g  

in  p r e n a ta l  d ia g n o s is  

s in g le -b a s e  c h a n g e s  a n d  

ta n d e m  re p e a ts  a n d  

R e s tr ic t io n  s ite (s )

R e tin a l



a l l- tr a n s  

1 1 -c is  

s tru c tu re  o f  

R e t in o ic  a c id  

s tru c tu re  o f  

th e ra p y  w ith

R e t in o ic  a c id  r e c e p to r s  (R A R s)

R e tin o id s .  See also  V ita m in  A  

a c t io n  o f  

s tru c tu re  o f

th e ra p e u tic  a p p l ic a t io n s  o f  

to x ic i ty  

R e t in o l

th e ra p y  w ith  

t r a n s p o r t  o f

R e t in o l  a c t iv i ty  e q u iv a le n ts  (R A E )

R e t in o l-b in d in g  p ro te in  

R e t in y l  e s te rs  

R e tro p o s o n s  

R e tro tr a n s p o s o n s  

R e tro v iru s (e s )

as  c lo n in g  v e c to r s  

r e p l ic a t io n  o f

R everse transcriptase (RT)

in  c D N A  s y n th e s is  

in  R T -P C R

R everse  t r a n s c r ip ta s e - p o ly m e r a s e  c h a in  r e a c t io n  (R T -P C R )

R F . See  R e le a s e  f a c to r ( s )  (R F )

R F L P s . See  R e s tr ic t io n  f r a g m e n t  le n g th  p o ly m o rp h is m s  (R F L P s )  

R h o  (p ), in  tr a n s c r ip t io n  te rm in a t io n  

R h o  u t i l iz a t io n  (ru t)  s i te  

R h o d o p s in

R ib o f la v in  (v ita m in  B 2)

d e f ic ie n c y  o f  

Ribonuclease(s)



p a n c re a tic

R ibonuclease (RNase) H

R ib o n u c le ic  a c id  (R N A ). See also  T ra n s c r ip t io n  

w ith  c a ta ly t ic  a c t iv i ty  

d ie ta ry , d e g ra d a t io n  o f, in  s m a l l  in te s t in e  

e d i t in g  o f

e u k a ry o tic ,  s y n th e s is  o f, c o n c e p t  m a p  fo r  

h a i rp in  s tru c tu re

h e te ro g e n e o u s  n u c le a r  c o t r a n s c r ip t io n a l  m o d if ic a t io n  o f  

m e s s e n g e r  See  (M e s s e n g e r  R N A  (m R N A ))  

m ic ro -  See  (M ic ro R N A  (m iR N A ))  

m i to c h o n d r ia l  See  (M ito c h o n d r ia l  R N A  (m tR N A ))  

n o n c o d in g

p o s t t r a n s c r ip t io n a l  m o d if ic a t io n  o f  

p r im a ry  t r a n s c r ip t  o f  

p r im e r ,  fo r  D N A  s y n th e s is  

r ib o s o m a l See  (R ib o s o m a l R N A  ( rR N A ))  

s in g le - s t r a n d e d ,  r e t ro v ira l

s n o R N A  See  (S m a ll  n u c le o la r  r ib o n u c le ic  a c id  ( s n o R N A ))  

s n R N A  See  (S m a ll  n u c le a r  r ib o n u c le ic  a c id  ( s n R N A ))  

s tru c tu re  o f

c o n c e p t  m a p  fo r

s y n th e s is  o f, e u k a ry o tic ,  c o n c e p t  m a p  fo r  

t r a n s fe r  See  (T ra n s fe r  R N A  ( tR N A ))

R ib o n u c le o s id e  

R ib o n u c le o s id e  d ip h o s p h a te

R ibonucleoside diphosphate reductase. See R ibonucleotide reductase

R ib o n u c le o s id e  m o n o p h o s p h a te  

R ib o n u c le o s id e  tr ip h o s p h a te  

R ibonucleotide reductase

a c t iv i ty  s ite s  

in h ib i to r  o f  

r e g u la t io n  o f  

s u b s t r a te  s p e c if ic i ty  s ite s  

R ib o s e , in  n u c le ic  a c id s  

R ib o s e  5 -p h o s p h a te



fo rm a t io n  o f

in  p u r in e  n u c le o t id e  s y n th e s is  

in  u r ic  a c id  fo rm a t io n  

R ib o s e  1 -p h o s p h a te ,  in  u r ic  a c id  fo rm a t io n  

R ib o s o m a l p ro te in s ( r -p ro te in s )  

a n d  r e g u la t io n  o f  tr a n s la t io n  

R ib o s o m a l R N A  ( rR N A ) 

c o n c e p t  m a p  fo r  

e u k a ry o t ic

p ro c e s s in g  o f  

s y n th e s is  o f  

fu n c t io n s  o f

p o s t t r a n s c r ip t io n a l  m o d if ic a t io n  o f  

p ro k a ry o tic

a n d  r e g u la t io n  o f  p ro k a ry o tic  t r a n s c r ip t io n  

s tru c tu re  o f  

s y n th e s is  o f  

R ib o s o m e (s )

A  s ite

c e l lu la r  lo c a t io n  o f  

c y to s o l ic  

E  s ite

e u k a ry o tic ,  c o m p o s i t io n  o f  

in  g ly c o p ro te in  s y n th e s is  

m ito c h o n d r ia l  

p ro k a ry o tic ,  c o m p o s i t io n  o f  

in  p ro te in  s y n th e s is  

P  s ite

R E R -a s s o c ia te d  

s u b u n its  o f  

tR N A -b in d in g  s ite s  

R ib o z y m e s  

R ib u lo s e  5 -p h o s p h a te

fo rm a t io n  o f, in  p e n to s e  p h o s p h a te  p a th w a y  

in  p e n to s e  p h o s p h a te  p a th w a y  

R ic in



R ic k e ts , n u tr i t io n a l

R ifa m p in  ( r if a m p ic in ) ,  m e c h a n is m  o f  a c t io n  o f  

R IS C . See  R N A - in d u c e d  s i le n c in g  c o m p le x  (R IS C )

R M R . See  R e s tin g  m e ta b o l ic  ra te  (R M R )

R N A . See  R ib o n u c le ic  a c id  (R N A )

R N A  in te r fe re n c e  (R N A i)  

th e ra p y  b a s e d  o n  

RN A polym erase (RNA pol) 

e u k a ry o t ic  

n u c le a r  

RN A p o l I  

RN A p o l II

in h ib ito rs  o f  

p ro m o te r s  fo r  

RN A p o l III  

p ro k a ry o tic

c o re  e n z y m e  

h o lo e n z y m e

in h ib i t io n  b y  r i f a m p in  ( r if a m p ic in )  

in  tr a n s c r ip t io n  in i t ia t io n  

R N A - in d u c e d  s i le n c in g  c o m p le x  (R IS C )

RN ase(s). See R ibonuclease(s)

R N S . See  R e a c tiv e  n i t ro g e n  s p e c ie s  (R N S )

R O S . See  R e a c tiv e  o x y g e n  s p e c ie s  (R O S )

R o u g h  e n d o p la s m ic  r e t ic u lu m  (R E R ), in  g ly c o p ro te in  s y n th e s is  

R -p ro te in ,  a n d  v i ta m in  B 12 a b s o rp tio n  

rR N A . See  R ib o s o m a l R N A  ( rR N A )

S_______________________________________________
S a c c h a r id e s .  See  C a rb o h y d ra te ( s )

S -A d e n o s y lh o m o c y s te in e  (S A H ) 

in  e p in e p h r in e  s y n th e s is  

f o rm a t io n  o f  

h y d ro ly s is  o f

S -A d e n o s y lm e th io n in e  (S A M )



a c t iv a te d  m e th y l  g ro u p  o f, t r a n s fe r  to  m e th y l  a c c e p to rs  

in  p h o s p h a t id y lc h o l in e  s y n th e s is  

s y n th e s is  o f

S A H . See  S -A d e n o s y lh o m o c y s te in e  (S A H )

S a lic y la te s

a n d  b i l i r u b in  t r a n s p o r t  

to x ic i ty  o f

S a lt  b r id g e s .  See  Io n ic  b o n d s

S A M . See  S -A d e n o s y lm e th io n in e  (S A M )

S a n d h o f f  d is e a se  

S a n f i l ip p o  s y n d ro m e

S a n g e r  d id e o x y  m e th o d , fo r  D N A  s e q u e n c in g  

S a tie ty , r e g u la t io n  o f  

S c a f fo ld  p ro te in  

S c a v e n g e r  re c e p to r ( s )  

c la s s  A  

c la s s  B  ty p e  1

m a c ro p h a g e ,  L D L  u p ta k e  b y  

S c h iz o p h re n ia

S C ID . See  S e v e re  c o m b in e d  im m u n o d e f ic ie n c y  (S C ID )

S c ra p ie

S c u rv y

S e c o n d  m e s s e n g e r s  

Secretase(s)

S e c re t in

a c t io n s  o f

a n d  l ip id  d ig e s t io n

S e le c tiv e  s e ro to n in  r e u p ta k e  in h ib i to r s  (S S R I)

S e le n iu m  (S e )

S e le n o c y s te in e  (S e c ) , s y n th e s is  o f  

S e le n o p ro te in (s )

S e le n o s is

S e lf -m u ti la t io n , in  L e s c h -N y h a n  s y n d ro m e  

S e m id is c o n tin u o u s  D N A  s y n th e s is  

S e m in a l  v e s ic le s ,  s o rb i to l  m e ta b o l is m  in  

S e r in e



in  p h o s p h o lip id  s y n th e s is  

in  p y ru v a te  fo rm a t io n

s id e  c h a in s  a s  s i te  o f  a t ta c h m e n t  fo r  o th e r  c o m p o u n d s  

s y n th e s is  o f  

Serine dehydratase  

Serine hydroxym ethyltransferase

S e ro to n in

p h y s io lo g ic  ro le s  o f  

s y n th e s is  o f  

S e ru m

S e v e re  c o m b in e d  im m u n o d e f ic ie n c y  (S C ID )  

g e n e  th e ra p y  fo r  

S e x  h o rm o n e (s )  

p -S h e e t

a n t ip a ra l le l

a n d  a -h e l ix ,  c o m p a r is o n  o f  

p a ra l le l  

S h e lte r in

S h in e -D a lg a rn o  s e q u e n c e  

S h o r t  b o w e l  s y n d ro m e  

S h o r t  in te r f e r in g  R N A s  (s iR N A )

S h o r t  ta n d e m  re p e a ts  

S ia l ic  a c id (s )

S ic k le  c e l l  a n e m ia

d ia g n o s is  o f, u s in g  r e s tr ic t io n  f r a g m e n t  le n g th  p o ly m o rp h is m s  

h e m o g lo b in  m u ta t io n s  in , d e te c t io n  u s in g  s y n th e t ic  a l le le - s p e c if ic  

o l ig o n u c le o t id e  p ro b e s  

ja u n d ic e  in  

a n d  m a la r ia  

p re n a ta l  d ia g n o s is  o f  

S ic k le  c e l l  c r is is  

S ic k le  c e l l  t r a i t

a n d  p ro te c t io n  a g a in s t  m a la r ia  

S id e  c h a in (s ) ,  a m in o  a c id  

n o n p o la r  

p o la r



S ig m a  ( a )  fa c to r ( s )

S ig n a l r e c o g n i t io n  p a r t ic le  (S R P )

S ile n c e rs , a n d  e u k a ry o t ic  g e n e  r e g u la t io n  

S ile n t  m u ta t io n s

S in g le  n u c le o t id e  p o ly m o rp h is m s  (S N P )

S in g le - s t r a n d e d  D N A  (s sD N A ) . See  D e o x y r ib o n u c le ic  a c id  (D N A )

S in g le - s t r a n d e d  D N A -b in d in g  p ro te in

s iR N A s . See  S h o r t  in te r f e r in g  R N A s  (s iR N A s )

p -S ito s te ro l

S ito s te ro le m ia

S k e le ta l  m u s c le

in  e n e rg y  m e ta b o l is m  

e x e rc is in g , m e ta b o l is m  in  

in s u l in  a n d

m e ta b o l ic  p a th w a y s  in  

o x y g e n  c o n s u m p tio n  in  

re s tin g , m e ta b o l ic  p a th w a y s  in  

in  a b s o rp t iv e  s ta te  

in  fa s tin g

S k in , a g in g , t r e t in o in  fo r  

S lid in g  c la m p

S L O S . See  S m ith -L e m li-O p tiz  s y n d ro m e  (S L O S )

S ly  s y n d ro m e

S m a ll n u c le a r  r ib o n u c le ic  a c id  ( s n R N A )

S m a ll n u c le a r  r ib o n u c le o p ro te in  p a r t ic le s  ( s n R N P )

S m a ll n u c le o la r  r ib o n u c le ic  a c id  ( s n o R N A )

S m ith -L e m li-O p itz  s y n d ro m e  (S L O S )

S m o o th  m u s c le ,  v a s c u la r ,  n i t r ic  o x id e  a n d  

S N P . See  S in g le  n u c le o t id e  p o ly m o rp h is m s  (S N P )

S o d iu m  (N a+ )

h y p e rn a tr e m ia

h y p e r te n s io n

h y p o n a tre m ia

Sodium  (Na+)-potassium  (K+) A T P ase  

S o d iu m -d e p e n d e n t  g lu c o s e  c o tr a n s p o r te r  (S G L T )



S o d iu m -d e p e n d e n t  g lu c o s e  c o tr a n s p o r te r  1 (S G L T -1 )

S o lu te  c a r r ie r  (S L C )  p ro te in s

S o rb ito l

a n d  c o n v e r s io n  o f  g lu c o s e  to  f ru c to s e  

m e ta b o l is m  o f  

s y n th e s is  o f

Sorbitol dehydrogenase

S o u th e rn  b lo t t in g

S p e c if ic  tr a n s c r ip t io n  fa c to r  (S T F )

S p h in g o lip id (s )  

d e g ra d a t io n  o f  

s y n th e s is  o f  

S p h in g o lip id o s e s

c o m m o n  p ro p e r t ie s  o f  

d ia g n o s is  o f  

g e n e t ic s  o f  

t r e a tm e n t  o f  

S p h in g o m y e lin  

d e g ra d a t io n  o f  

o f  g ra y  m a tte r  

o f  m y e lin  s h e a th  

s tru c tu re  o f  

s y n th e s is  o f  

Sphingom yelinase  

d e f ic ie n c y  o f  

S p h in g o p h o s p h o lip id s  

S p h in g o s in e  

S p in a  b if id a  

S p lic e  s i te  m u ta tio n s  

S p lic in g , a l te rn a t iv e  

S p lic in g , o f  m R N A  

a l te rn a t iv e  

S q u a le n e

S R -A . See  S c a v e n g e r  r e c e p to r ( s ) ,  c la s s  A  

S R -B 1 . See  S c a v e n g e r  re c e p to r ( s ) ,  c la s s  B  ty p e  1 

S R E . See  S te ro l  r e g u la to ry  e le m e n t



S R E B P . See  S te ro l  r e g u la to ry  e le m e n t - b in d in g  p ro te in ( s )  (S R E B P )  

S R E B P  c le a v a g e - a c t iv a t in g  p ro te in  (S C A P )

S ta n d a rd  r e d u c t io n  p o te n t ia l  (E 0)

S tA R . See  S te ro id o g e n ic  a c u te  r e g u la to ry  p ro te in  (S tA R )

S ta rc h

d ie ta ry

d ig e s t io n  o f

S ta rv a tio n . See  F a s te d  s ta te  ( fa s tin g )

S ta tin (s )

as  c o m p e ti t iv e  e n z y m e  in h ib i to rs  

m e c h a n is m  o f  a c t io n  o f  

S te a r ic  a c id  

S te a to r rh e a  

S te a to s is , h e p a t ic  

S te ro id  h o rm o n e (s )

a d re n a l  c o r t ic a l ,  s e c re t io n  o f  

c a ta b o lis m  o f 

g o n a d a l ,  s e c re t io n  o f  

m e c h a n is m  o f  a c t io n  o f  

m e ta b o l i te s

p la s m a  p ro te in  b in d in g  b y  

s e c re t io n  o f  

s tru c tu re  o f  

s y n th e s is  o f

cytochrom e P 450 m onooxygenase  s y s te m  a n d  

N A D P H -d e p e n d e n t  

t r a n s p o r t  o f

S te ro id  h o rm o n e  re c e p to r ( s ) ,  in t ra c e l lu la r ,  t r a n s c r ip t io n a l  r e g u la t io n  b y  

S te ro id  h o r m o n e - r e c e p to r  c o m p le x  

S te ro id o g e n ic  a c u te  r e g u la to ry  p ro te in  (S tA R )

S te ro l(s )

S te ro l r e g u la to ry  e le m e n t  (S R E )

S te ro l r e g u la to ry  e le m e n t - b in d in g  p ro te in ( s )  (S R E B P )

S R E B P - lc

S R E B P -2



S T F s . See  S p e c if ic  t r a n s c r ip t io n  fa c to rs  (S T F s )  

p -S tra n d

S tre p to m y c in , m e c h a n is m  o f  a c t io n  o f  

S tre s s  h o rm o n e  

Stringent factor (RelA)

S tr in g e n t r e s p o n s e , a n d  r e g u la t io n  o f  p ro k a ry o tic  t r a n s c r ip t io n  

S u b a c u te  n e c ro t iz in g  e n c e p h a lo m y e lo p a th y .  See  L e ig h  s y n d ro m e  

Succinate dehydrogenase  

S u c c in a te ,  o x id a t io n  o f  

Succinate thiokinase

Succinyl CoA synthetase. See Succinate thiokinase  

Succinyl C oA :acetoacetate CoA transferase. See Thiophorase

S u c c in y l c o e n z y m e  (C o A ) 

in  a m in o  a c id  m e ta b o l is m  

c o n v e r s io n  o f  a - k e to g lu ta r a te  to  

fo rm a t io n  o f  

Sucrase

Sucrase-isom altase (SI)

c o n g e n i ta l  d e f ic ie n c y  o f  

S u c ro s e

a n d  d e n ta l  c a r ie s  

d ie ta ry , d ig e s t io n  o f  

d ig e s t io n  o f  

in  fo o d  

S u g a r (s )

a c id ic , o f  g ly c o s a m in o g ly c a n s  See  (A c id ic  s u g a r ( s ) )  

a d d e d  to  fo o d

a m in o , o f  g ly c o s a m in o g ly c a n s  See  (A m in o  s u g a r ( s ) )  

a  a n d  p a n o m e r ic  fo rm s  o f

in  H a w o r th  p ro je c t io n  fo rm u la  

in  m o d if ie d  F is c h e r  p ro je c t io n  fo rm u la  

d- a n d  l- fo rm s  o f  

in  fo o d  

m ilk  

r e d u c in g

s im p le , a n d  h e a l th



ta b le

S u ic id e  in h ib i to r  

Sulfatase(s)

d e f ic ie n c y  o f

in  g ly c o s a m in o g ly c a n  d e g ra d a t io n  

S u lfa t id e (s )

S u lfh y d ry l  g ro u p

S u lf in p y ra z o n e

S u lfo n a m id e s

a n d  b i l i r u b in  t r a n s p o r t  

m e c h a n is m  o f  a c t io n  o f  

S u lfo n y lu re a s

m e c h a n is m  o f  a c t io n  o f  

fo r  ty p e  2 d ia b e te s  

Sulfotransferase  

S u p e rm o u s e  

S u p e ro x id e

fo rm a t io n  o f  

a n d  re s p ir a to ry  b u r s t  

Superoxide dism utase  

S u r fa c ta n t  

S v e d b e rg  u n i t  

S y m p o r te r  

S y n o v ia l  f lu id  

a n a ly s is  o f

g ly c o s a m in o g ly c a n s  in  

Synthase  

Synthetase

a -S y n u c le in

S y s te m ic  lu p u s  e ry th e m a to s u s

T_____________________________
T A G s . See  T r ia c y lg ly c e ro ls  (T A G s)  

T a n d e m  re p e a ts  

T a n g ie r  d is e a s e



T A T A  b o x  

T a u  (t) p ro te in  

T a u ro c h e n o d e o x y c h o l ic  a c id  

T a y -S a c h s  d is e a se

T C A  c y c le . See  T r ic a rb o x y lic  a c id  (T C A ) c y c le  

T E E . See  T o ta l  e n e rg y  e x p e n d i tu re  (T E E ) 

Telom erase  

T e rc  

T e r t

T e lo m e re ( s )

s h o r te n in g  o f

T e m p e ra tu re ,  a n d  e n z y m a tic  re a c tio n s  

T e ra to g e n e s is

T e rm in a t io n  fa c to r ( s ) ,  in  p ro te in  s y n th e s is  

T e rm in a t io n  re g io n (s ) ,  p ro k a ry o tic  

T e rm in a t io n  s ite (s )

T e rm in a t io n  u t i l iz a t io n  s u b s ta n c e  (T u s )

T e s te s

p e n to s e  p h o s p h a te  p a th w a y  a n d  

s te ro id  h o rm o n e  s e c re t io n  

T e s to s te ro n e  

a c t io n s  o f  

s y n th e s is  o f

T e tra c y c l in e s ,  m e c h a n is m  o f  a c t io n  o f  

T e tr a h y d ro b io p te r in  (B H 4)

b io s y n th e t ic  r e a c t io n s  in v o lv in g  

e n z y m e s  r e q u ir in g  

T e tra h y d ro fo la te  (T H F )

in  a m in o  a c id  m e ta b o l is m  

fu n c t io n s  o f

in te rc o n v e r s io n s  o f, in  a m in o  a c id  m e ta b o l is m  

in  a - k e to g lu ta r a te  fo rm a t io n  

in  m e th io n in e  m e ta b o l is m  

p ro d u c t io n  o f

in  p u r in e  n u c le o t id e  s y n th e s is



s tru c tu re  o f  

s y n th e s is  o f  

in  s y n th e s is  o f  d T M P  

u s e s  o f

T F . See  T r a n s c r ip t io n  fa c to r ( s )  (T F )

T fR . See  T ra n s fe r r in  r e c e p to r  (T fR )

T h a la s s e m ia ( s )

T h e rm ic  e f f e c t  o f  fo o d  

T h e rm o g e n in

T H F . See  T e tr a h y d ro fo la te  (T H F )

T h ia m in e  (v i ta m in  B 1)

d e f ic ie n c y  o f  

s tru c tu re  o f

T h ia m in e  p y ro p h o s p h a te  (T P P )  

e n z y m e s  r e q u ir in g

in  a-ketoglutarate dehydrogenase com plex

in  p e n to s e  p h o s p h a te  p a th w a y  

in  P D H  com plex

s tru c tu re  o f

T h ia z o l id in e d io n e s ,  fo r  ty p e  2 d ia b e te s  

Thiogalactoside transacetylase  

Thiokinase(s )

T h io l  g ro u p s

Thiolase

Thiophorase

T h io re d o x in

Thioredoxin reductase

T h re o n in e

d e a m in a t io n  o f  

d e g ra d a t io n  o f  

in  p y ru v a te  fo rm a t io n

s id e  c h a in s  a s  s i te  o f  a t ta c h m e n t  fo r  o th e r  c o m p o u n d s  

in  s u c c in y l  C o A  fo rm a t io n  

T h ro m b o x a n e s  (T X ) 

fu n c t io n s  o f



s y n th e s is  o f  

a s p ir in  a n d  

T X A 2

fu n c t io n s  o f  

s tru c tu re  o f  

s y n th e s is  o f  

T h y m id in e

T h y m id in e  m o n o p h o s p h a te  (T M P )  s y n th e s is  

T h y m id in e  t r ip h o s p h a te  (T T P )

Thym idylate synthase

T h y m in e

T h y m in e  d im e rs , in  D N A , a n d  n u c le o t id e  e x c is io n  re p a ir  

T h y ro g lo b u lin  (T g )

T h y ro id  h o rm o n e  re c e p to r ( s )

Thyroperoxidase (TPO) 

io d in e  (I)

T h y ro t ro p in - r e le a s in g  h o rm o n e  (T R H ) 

T h y ro tro p in - s t im u la t in g  h o rm o n e  (T S H )

T h y ro x in e  (T 4)

T N F -a .  See  T u m o r  n e c ro s is  f a c to r - a  (T N F -a )  

T o c o p h e ro ls

T o le ra b le  u p p e r  in ta k e  le v e l  (U L , T U L )

T o p h i ,  in  g o u t

T o ta l  e n e rg y  e x p e n d i tu re  (T E E )

T P P . See  T h ia m in e  p y ro p h o s p h a te  (T P P )

T ra c e  m in e ra ls

c h ro m iu m  (C r)  

c o p p e r  (C u )  

f lu o r in e  (F ) 

iro n  (F e )  

m a n g a n e s e  (M n ) 

z in c  (Z n )

T ra n s -a c t in g  m o le c u le s

Transaldolase, a n d  p e n to s e  p h o s p h a te  p a th w a y  

Transam inase



T ra n s a m in a t io n

e q u i l ib r iu m

T ra n s c o b a la m in

T ra n s c o r t in

T ra n s c r ip t io n

D N A -b in d in g  p ro te in s  a n d  

e u k a ry o t ic

c o m b in a to r ia l  c o n tro l  o f  

c o n c e p t  m a p  fo r  

g lu c a g o n  a n d  

in s u l in  a n d  

p ro k a ry o tic

c o o rd in a t io n  w ith  tr a n s la t io n  

c o re  e n z y m e  fo r  

e lo n g a t io n  p h a s e  o f  

h o lo e n z y m e  fo r  

in d u c e rs  a n d  

in i t ia t io n  

o p e ra to rs  a n d  

r e g u la t io n  o f  

re p re s s o r s  a n d  

r h o -d e p e n d e n t  

rh o - in d e p e n d e n t  

s t r in g e n t  r e s p o n s e  a n d f  

te m p o ra l  l in k a g e  to  tr a n s la t io n  

te rm in a t io n  

r e g u la t io n  o f

b y  c e l l - s u r fa c e  r e c e p to r s  

b y  in t r a c e l lu la r  r e c e p to r s  

s e le c tiv ity  o f  

T ra n s c r ip t io n  b u b b le  

T ra n s c r ip t io n  c o u p le d  re p a ir

T ra n s c r ip t io n  fa c to r ( s )  (T F ). See also  G e n e ra l  t r a n s c r ip t io n  fa c to rs  

T F IID  

T F IIF  

T F IIH



T ra n s c r ip t io n a l  a c t iv a to rs  

D N A -b in d in g  d o m a in  

t r a n s c r ip t io n -a c t iv a t io n  d o m a in  

T ra n s c r ip to m e  

T ra n s d u c in  

T ra n s fe c t io n  

T ra n s fe r  R N A  ( tR N A )

a m in o  a c id  a t ta c h m e n t  s i te  o f  

c h a rg e d

c o d o n  r e c o g n i t io n  b y  

c o n c e p t m a p  fo r  

fu n c t io n s  o f  

in i t ia to r  

is o a c c e p tin g  

N - fo rm y l-m e th io n y l-  

p o s t t r a n s c r ip t io n a l  m o d if ic a t io n  o f  

in  p ro te in  s y n th e s is  

s tru c tu re  o f  

s y n th e s is  o f  

u n c h a rg e d  

Transferase(s)

4 :4

d e f ic ie n c y  o f  

4 :6

T ra n s fe r r in  (T f)

T ra n s fe r r in  r e c e p to r  (T fR )

g e n e  e x p re s s io n , r e g u la t io n  o f f  

T ra n s fo rm a tio n  

Transform ylase  

T ra n s g e n e  

T ra n s g e n ic  a n im a ls  

Transketolase

a n d  p e n to s e  p h o s p h a te  p a th w a y  

T P P  as  c o e n z y m e  fo r  

T ra n s la t io n

c o m p o n e n ts  r e q u ire d  fo r



p ro te in  fa c to rs  u s e d  in  

r e g u la t io n  o f

b y  r ib o s o m a l p ro te in s  

a n d  r e g u la t io n  o f  g e n e  e x p re s s io n  

T ra n s lo c a t io n  

T ra n s lo c o n

T ra n s m is s ib le  s p o n g ifo rm  e n c e p h a lo p a th y ( ie s )

T ra n s p e p t id a t io n

Transposase

T ra n s p o s o n s  (T n )

T r a n s th y re t in  (T T R )

Trehalase

T re t in o in

T r ia c y lg ly c e ro l( s )  (T A G s )  

b lo o d  le v e ls ,  o b e s ity  a n d  

in  c h y lo m ic ro n s  

d e g ra d a t io n  o f

c o n c e p t  m a p  fo r  

d ie ta ry

in ta k e  o f  

a n d  p la s m a  l ip id s  

u s e  o f, b y  t is s u e s  

as  e n e rg y  s o u rc e  

fa te  o f

in  a d ip o s e  t is s u e  

in  l iv e r

F A  s to ra g e  a s  c o m p o n e n t  o f  

h y d ro ly s is ,  in  fa s tin g  

in  l ip o p ro te in s  

b y  lipoprotein lipase  

in  l iv e r

m e ta b o l is m , c o n c e p t  m a p  fo r  

a n d  o b e s ity

p la s m a , a n d  h e a r t  d is e a s e  

r e s y n th e s is  o f, in  in te s t in a l  m u c o s a l  c e lls  

s to ra g e  o f



s tru c tu re  o f  

s y n th e s is  o f

in  a b s o rp t iv e  s ta te  

in  a d ip o c y te s  

c o n c e p t  m a p  fo r

f ro m  g ly c e ro l  3 -p h o s p h a te  a n d  fa t ty  a c y l  C o A s  

in s u l in  a n d  

n ia c in  a n d

T r ic a rb o x y lic  a c id  (T C A ) c y c le  

a c t iv a to rs  o f  

c o n c e p t  m a p  fo r  

e n e rg y  p r o d u c t io n  in  

fu n c t io n s  o f  

in h ib ito rs  o f  

r e a c t io n s  o f  

r e g u la t io n  o f

T r ig ly c e r id e .  See  T r ia c y lg ly c e ro l( s )  (T A G s )  

T r i io d o th y ro n in e  (T 3)

T r in u c le o t id e  re p e a t( s ) ,  e x p a n s io n  o f  

Triose phosphate isom erase

T r ip le t  e x p a n s io n  d is e a se (s )  

tR N A . See  T ra n s fe r  R N A  ( tR N A )

T ro p o c o l la g e n

T ro p o e la s t in

T ro p o m y o s in  (T M ), g e n e  e x p re s s io n

T ro p o n in , c a rd ia c ,  in  d ia g n o s is  o f  m y o c a rd ia l  in fa rc t io n

trp  o p e ro n . See  T r y p to p h a n  ( trp )  o p e ro n

Trypsin

p e p t id e  c le a v a g e  b y  

p H  o p tim u m  o f  

T ry p s in o g e n  

T ry p to p h a n

c a ta b o lis m  o f  

Tryptophan hydroxylase  

T r y p to p h a n  ( trp )  o p e ro n



a t te n u a t io n  o f  

n e g a t iv e  r e g u la t io n  o f  

T T P . See  T h y m id in e  t r ip h o s p h a te  (T T P )

T u m o r  n e c ro s is  f a c to r - a  (T N F -a )

T u n ic a m y c in  

T u rn o v e r  n u m b e r  (k cat)

T y ra m in e

Tyrosinase

d e f ic ie n c y  o f  

in h ib i t io n  o f, in  P K U  

T y ro s in e

in  c a te c h o la m in e  s y n th e s is  

in  fu m a ra te  fo rm a t io n

s id e  c h a in s  as  s i te  o f  a t ta c h m e n t  fo r  o th e r  c o m p o u n d s  

s y n th e s is  o f

Tyrosine decarboxylase  

Tyrosine hydroxylase  

Tyrosine kinase

T y ro s in e m ia  

ty p e  I

U_____________________________________________
U b iq u in o n e  

U b iq u it in  (U b )

U b iq u it in  ( U b ) - p r o te a s o m e  p ro te o ly t ic  p a th w a y  

U b iq u it in a t io n

U D P . See  U r id in e  d ip h o s p h a te  (U D P )

U ltr a tr a c e  m in e ra ls  

io d in e  (I)

m o ly b d e n u m  (M o ) 

s e le n iu m  (S e )

U lt r a v io le t  r a d ia t io n  (U ltr a v io le t  l ig h t)  

a n d  c a n c e r

D N A  d a m a g e  c a u s e d  b y , n u c le o t id e  e x c is io n  r e p a ir  a n d  

U M P . See  U r id in e  m o n o p h o s p h a te  (U M P )



U n c o n ju g a te d  b i l i r u b in  (U C B ), b i l i ru b in  

m e a s u re m e n t  o f  

U n c o u p lin g  p ro te in s  

U n fo ld e d  p ro te in  r e s p o n s e  

U n ip o r te r ( s )

U n tr a n s la te d  re g io n  (U T R )

U p s tre a m  a c t iv a t in g  s e q u e n c e  g a la c to s e  (U A S Gal) 

U ra c i l

Urate oxidase

U re a

fa te  o f  

f o rm a t io n  o f  

s y n th e s is  o f  

U re a  c y c le  

d e fe c ts  

r e a c tio n s  o f  

r e g u la t io n  o f  

s to ic h io m e try  o f  

Urease

b a c te r ia l ,  in  in te s t in e  

U r ic  a c id

fo rm a t io n  o f  

o v e rp ro d u c t io n  o f  

u n d e re x c re t io n  o f  

Uricase. See Urate oxidase  

U ric o s u r ic  a g e n ts  

U r id in e

U r id in e  d ip h o s p h a te  (U D P ) 

in  g ly c o g e n e s is  

p h o s p h o ry la t io n  o f  

U r id in e  d ip h o s p h a te  (U D P )-g a la c to s e  

in  b io s y n th e t ic  re a c tio n s  

c o n v e r s io n  to  U D P -g lu c o s e  

fo rm a t io n  o f  

s tru c tu re  o f



Uridine diphosphate (U D P)-galactose:glucose galactosyltransferase. See  
L actose synthase

U rid in e  d ip h o s p h a te  (U D P )-g lu c o s e  

in  g ly c o g e n e s is  

o x id a t io n  o f  

s tru c tu re  o f  

s y n th e s is  o f

Uridine diphosphate (U D P )-g lu cose pyrophosphorylase, in  g ly c o g e n e s is  

U r id in e  d ip h o s p h a te  (U D P )-g lu c u ro n ic  a c id  

fo rm a t io n  o f

Uridine diphosphate (U D P)-hexose 4-epim erase

U rid in e  m o n o p h o s p h a te  (U M P )

Uridine m onophosphate (UM P) synthase

U rid in e  t r ip h o s p h a te  (U T P )  

fo rm a t io n  o f  

in  g ly c o g e n e s is

Uridine triphosphate (UTP) diphosphatase

U rin a ry  u r e a  n i t r o g e n  (U U N )

U rin e , r e d u c in g  s u g a r  in , c o lo r im e tr ic  te s t  fo r  

U ro b il in ( s ) ,  f o rm a t io n  o f, in  in te s t in e  

U ro b il in o g e n  

U ro li th ia s is  

in  g o u t

in  L e s c h -N y h a n  s y n d ro m e  

U ro n ic  a c id  p a th w a y  

U ro n ic  s u g a rs  

U ronosyl 5-epim erase  

U ro p o rp h y r in  I 

U ro p o rp h y r in  III 

U ro p o rp h y r in ,  s id e  c h a in s  o f  

U roporphyrinogen decarboxylase  

d e f ic ie n c y  o f

U ro p o rp h y r in o g e n ,  f o rm a t io n  o f  

U roporphyrinogen III  decarboxylase (UROD)

U roporphyrinogen III  synthase

d e f ic ie n c y  o f



U T P . See  U r id in e  tr ip h o s p h a te  (U T P )

U U N . See  U r in a ry  u re a  n i t r o g e n  (U U N ) 

uvrA B C  excinuclease  

U v rA B C  p ro te in s  

U V-specific endonuclease

V___________________________________________
V a lin e

c a ta b o lis m  o f  

d e g ra d a t io n  o f  

in  s u c c in y l  C o A  fo rm a t io n  

v a n  d e n  B e rg h  r e a c t io n  

V a n il ly lm a n d e l ic  a c id  (V M A )

V a r ia b le  n u m b e r  o f  ta n d e m  re p e a ts  (V N T R )

V a r ie g a te  p o rp h y r ia  (V P )

V e c to r ( s )

fo r  c lo n in g

fo r  e x p re s s io n  o f  fu s io n  p ro te in s  

fo r  g e n e  th e ra p y

V e ry - lo w -d e n s i ty  l ip o p ro te in s  (V L D L )  
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m o d if ic a t io n  in  c i r c u la t io n  
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in  d ia b e te s  

in  ty p e  2 d ia b e te s  

re le a s e  f ro m  liv e r  

s e c re t io n  o f  

V id a ra b in e

V ira l  lo a d , d e te rm in a t io n  o f

V iru s (e s ) .  See also  H u m a n  im m u n o d e f ic ie n c y  v iru s  (H IV ) 

as  c lo n in g  v e c to r s



V is io n , v i ta m in  A  a n d  

V ita m in (s )

a n t io x id a n t  

c la s s i f ic a t io n  o f  

c o e n z y m e  fu n c t io n  o f  

d e f in it io n  o f  

D R I

fa t - s o lu b le  

fu n c t io n s  o f  

a n d  h e a l th  

w a te r - s o lu b le

V ita m in  A . See also  R e t in o id s  

a n d  b o n e  h e a l th  

d e f ic ie n c y  o f  

d ie ta ry  s o u rc e s  

a n d  e p i th e l ia l  c e l ls  

e x c e s s iv e  in ta k e  o f  

fu n c t io n s  o f  

m e c h a n is m  o f  a c t io n  o f  

re le a s e  f ro m  liv e r  

a n d  r e p ro d u c t io n  

r e q u i re m e n t  fo r  

s to ra g e  o f  

s tru c tu re  o f  

te ra to g e n ic i ty  o f  

th e ra p y  w ith  

fo r  a c n e  

fo r  p s o r ia s is  

t r a n s p o r t  to  l iv e r  

a n d  v is io n

V ita m in  B 1. See  T h ia m in e  (v ita m in  B 1) 

V ita m in  B 2. See  R ib o f la v in  (v ita m in  B 2) 

V ita m in  B 5 

V ita m in  B 6

d e f ic ie n c y  o f



fu n c t io n s  o f

a n d  p la s m a  h o m o c y s te in e  

s tru c tu re  o f

s u p p le m e n ta tio n ,  in  h o m o c y s t in u r ia  

V ita m in  B 7

V ita m in  B 9

V ita m in  B 12 (c o b a la m in )

a b s o rp t io n  o f  

c o e n z y m e  fo rm s  o f  

s tru c tu re  o f  

c o e n z y m e  fu n c t io n s  o f  

d e f ic ie n c y  o f

fo la te  tra p  h y p o th e s is  o f  

d ie ta ry  s o u rc e s  o f  

d is tr ib u tio n  

fu n c t io n s  o f  

m a la b s o rp t io n  o f  

a n d  p la s m a  h o m o c y s te in e  

r e q u i re m e n t  fo r  

S c h il l in g  te s t  

s to ra g e , in  b o d y  

s tru c tu re  o f

s u p p le m e n ta tio n ,  in  h o m o c y s t in u r ia  

V ita m in  C . See  A s c o rb ic  a c id  (v ita m in  C ) 

V ita m in  D  

a c t io n s  o f  

d e f ic ie n c y  o f  

d ie ta ry  s o u rc e s  o f  

d is tr ib u tio n  

fu n c t io n s  o f  

m e ta b o l is m  o f  

r e q u i re m e n t  

s o u rc e s  o f

th e ra p e u tic  a p p l ic a t io n s  o f  

to x ic i ty  o f



V ita m in  D 2. See  E rg o c a lc i f e ro l  (v ita m in  D 2)

V ita m in  D 3. See  C h o le c a lc if e ro l  (v ita m in  D 3)

V ita m in  D  re c e p to r s  

V ita m in  D - d e f ic i e n t  r ic k e ts  

V ita m in  E

as a n t io x id a n t  

d e f ic ie n c y  o f  

d ie ta ry  s o u rc e s  o f  

r e q u ire m e n ts  fo r  

s tru c tu re  o f  

s u p p le m e n ta t io n  o f  

V ita m in  K

in  b lo o d  c o a g u la t io n  

d e f ic ie n c y  o f  

in  n e w b o rn  

d ie ta ry  s o u rc e s  o f  

fu n c t io n s  o f  

r e q u i re m e n t  fo r

s y n th e s is  o f , b y  in te s t in a l  b a c te r ia  

th e ra p e u tic  a p p l ic a t io n s  o f  

to x ic i ty  o f

Vitam in K  epoxide reductase (VKOR)

V K O R . See Vitam in K  epoxide reductase (VKOR)

V L C F A s . See  F a tty  a c id (s ) ,  v e ry - lo n g -c h a in  

V L D L . See  V e ry - lo w -d e n s i ty  l ip o p ro te in s  (V L D L )  

V M A . See  V a n il ly lm a n d e l ic  a c id  (V M A )

V N T R . See  V a r ia b le  n u m b e r  o f  ta n d e m  re p e a ts  (V N T R ) 

v o n  G ie rk e  d is e a se

W_________________________________________
W a is t  s iz e

W a is t /h ip  ra t io  (W H R )f  

W a rfa r in ,  m e c h a n is m  o f  a c t io n  o f  

W a s s e rm a n  te s t  

W e rn ic k e -K o r s a k o f f  s y n d ro m e



W e s te rn  b lo t t in g  

in  H IV  te s t in g

W h i te  b lo o d  c e ll(s ) ,  p h a g o c y to s is  b y  

W h o o p in g  c o u g h  

W ils o n  d is e a se  

W o b b le  h y p o th e s is  

W o lm a n  d is e a s e

X_______________________________________________________
X a n th in e , in  u r ic  a c id  fo rm a t io n  

X anthine oxidase (XO) 

in h ib i to r  o f  

in  u r ic  a c id  fo rm a t io n

X e n o b io t ic  d e to x if ic a tio n ,  cytochrom e P 450 m onooxygenase  s y s te m  a n d  

X e ro d e rm a  p ig m e n to s u m  (X P )

X e ro p h th a lm ia

X - l in k e d  a d re n o le u k o d y s tro p h y  

X - l in k e d  s id e ro b la s t ic  a n e m ia

X O . See X anth ine oxidase  (X O )

X P . See  X e ro d e rm a  p ig m e n to s u m  (X P )

X ylosyltransferase

d -X y lu lo se  5 -p h o s p h a te

X y lu lo s e  5 -p h o s p h a te ,  f o rm a t io n  o f

X ylu lose reductase, N A D P H -d e p e n d e n t ,  d e f ic ie n c y  o f

Y_______________________________________________________
Y A C s . See  Y e a s t  a r t i f ic ia l  c h ro m o s o m e s  (Y A C s )

Y e a s t  a r t i f ic ia l  c h ro m o s o m e s  (Y A C s )

Z_______________________________________________________
Z -D N A

Z e llw e g e r  s y n d ro m e

Z id o v u d in e  (Z D V ). See also  A z id o th y m id in e  (A Z T )

Z in c  (Z n )



b o d y  fu n c t io n s  

Z n  f in g e r  

Z in c  f in g e r  m o t if  

Z w it te r io n  

Z y m o g e n (s )  

p a n c re a tic

a c t iv a t io n  o f  

re le a s e  o f
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