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BIOSYNTHESIS OF HEPARIN AND HEPARAN SULFATE. 
U. Lindahl  (Uppsala, Sweden) 

The b i o s y n t h e s i s  o f  hepar in  has been s tud ied  u s i n g  a microsomal f r a c t i o n  
f rom mouse mastocytoma t i s s u e .  Dur ing i ncuba t ion  w i t h  UDP-[14C]glucuronic 
a c i d  and UDP-N-acetylglucosamine two d i s t i n c t  polymer species were formed 
t h a t  cou ld  be separated by chromatography on DEAE-cellulose. One o f  these 
components was i d e n t i f i e d  as a polymer composed o f  repea t ing  g lucu ronosy l -  
N-acetylglucosamine d i sacchar ide  u n i t s ;  t h e  o t h e r  component had a s i m i l a r  
s t r u c t u r e  b u t  was p a r t i a l l y  N-deacetylated. A d d i t i o n  o f  3 ' -phosphoadenyly l -  
s u l f a t e  (PAPS) t o  m i c r o s m a l  f r a c t i o n s  c o n t a i n i n g  such preformed, nonsul-  
f a t e d  14C-labeled polysacchar ide r e s u l t e d  i n  t h e  fo rma t ion  o f  s u l f a t e d  com- 
ponents t h a t  appeared as d i s t i n c t  peaks on ion-exchange chromatography. 
S t r u c t u r a l  c h a r a c t e r i z a t i o n  o f  t h e  va r ious  components showed t h a t  they were 
po lymer i c  in termediates i n  t h e  b i o s y n t h e s i s  o f  hepar in ,  each rep resen t ing  
t h e  product  o f  one o r  more po lymer -mod i f i ca t i on  r e a c t i o n s  (see below).  
S i m i l a r  components, r e l a t i n g  t o  the  b i o s y n t h e s i s  o f  heparan s u l f a t e ,  could 
be produced by a microsomal p repara t i on  from r a t  l i v e r  t i s s u e .  K i n e t i c  
s t u d i e s  conf i rmed t h a t  polymer m o d i f i c a t i o n  occurs i n  a stepwise fashion,  
as expected from t h e  observed accumulat ion o f  in termediates.  A scheme f o r  
t h e  o v e r a l l  m o d i f i c a t i o n  process has been p o s t u l a t e d  on t h e  b a s i s  o f  t h e  
s t r u c t u r e s  o f  these in termediates,  and v e r i f i e d  by s t u d i e s  o f  t h e  i n d i v i d -  
u a l  r e a c t i o n s  invo lved.  The f o l l o w i n g  r e a c t i o n s  have been es tab l i shed ,  de- 
s c r i b e d  i n  t h e  o rde r  o f  t h e i r  p a r t i c i p a t i o n  d u r i n g  b i o s y n t h e s i s  o f  hepar in .  
Deace ty la t i on  o f  N-acetylglucosamine res idues - The e x t e n t  o f  N -deac ty la t i on  
may be est imated i n  e i t h e r  o f  two ways: (a) by t h e  s i z e - d i s t r i b u t i o n  o f  
f ragments obta ined a f t e r  t reatment  o f  p a r t i a l  l y  N-deacetylated polysacchar-  
i de  w i t h  n i t r o u s  ac id ;  (b) by t h e  amount o f  [ 3H ]ace ta te  l i b e r a t e d  from a 
polymer s u b s t r a t e  hav ing 3H-labeled N-acetyl  groups. An assay method based 
on (b) has been developed and used t o  determine t h e  bas i c  k i n e t i c  proper-  
t i e s  o f  rnicrosomal N-deacetylases from ouse mastocytorna and r a t  l i v e r .  N- 
Deace ty la t i on  o f  t he  n a t u r a l  s u b s t r a t e  ~ L - G I C U A  W G l c N A c  
occurs i n  a random fash ion  and leaves a product  r e t a i n i n g  about h a l f  o f  t h e  
o r i g i n a l  N-acetyl  groups. F u r t h e r  N-deacety la t ion may occur  a f t e r  s u l f a t i o n  
o f  t h e  exposed f r e e  amino qroups. 

n) 

Fo rmat ion 'o f  su l famino (N-su l fa te )  groups - The f r e e  amino groups formed i n  
t h e  precedinq r e a c t i o n  a r e  s u b s t i t u t e d  w i t h  s u l f a t e  qroups. The correspond- - .  
i n g  N - s u l f o t i a n s f e r a s e  may be assayed by a procedure i n v o l v i n g  t ransfe;  o f  
l abe led  s u l f a t e  groups from [ 3 5 S ] P A P S  t o  N-desul fa ted hepar in .  Along w i t h  
N - s u l f a t i o n  a d d i t i o n a l  N-acetylglucosamine u n i t s  a r e  deace ty la ted  (and N- 
s u l f a t e d ) .  N -Su l fa t i on  appears t o  be completed b e f o r e  any e s t e r  s u l f a t e  (0- 
s u l f a t e )  groups a r e  in t roduced i n t o  t h e  polysacchar ide molecule.  
Uronosyl  E5-epimer izat ion - D-Glucuronic' a c i d  res idues a r e  converted t o  L- 
i d u r o n i c  a c i d  u n i t s  on the  polymer l e v e l ,  i n  a r e a c t i o n  t h a t  i s  s t r o n q l v  
promoted by concomitant i n t r o d u c t i o n  of 0 - s u l f a t e  groups. An assay method 
has been devised i n  which an N-su l fa ted  polymer in termediate,  s p e c i f i c a l l y  
3H-labeled a t  C 5  o f  t h e  D-g lucuronic  a c i d  res idues,  i s  used as a subs t ra te ;  
epimerase a c t i v i t y  i s  p r o p o r t i o n a l  t o  the  amount o f  3H-labeled water formed 
d u r i n g  i ncuba t ion .  The enzyme has been p u r i f i e d  t o  near homogeneity f rom 
high-speed supernatants o f  mouse mastocytoma and c a l f  l i v e r ,  r e s p e c t i v e l y .  
I t  r e q u i r e s  the  presence o f  N - s u l f a t e  groups i n  t h e  polysacchar ide s u b s t r a t e  
but, c o n t r a r y  ta the oLhher palymer-modify ing enzymes, shDhls no requirement 
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for d i v a l e n t  c a t i o n s .  Incubat ions o f  doubly l abe led  subs t ra te  having 
b o t h  u n i f o r m l y  14C-labeled and 5-3H-labeled g l u c u r o n i c  a c i d  res idues,  
or  o f  un labeled subs t ra te  i n  3H-labeled water,  po in ted  t o  a f r e e l y  r e v e r s i b l e  
e p i m e r i z a t i o n  mechanism and a l s o  prov ided some i n s i g h t  i n t o  t h e  r e l a t i o n s h i p  
between 0 - s u l f a t i o n  and uronosy l  C5-epimerizat ion.  
Format ion o f  0 - s u l f a t e  groups 
uronosy l  C5-epimer izat ion and r e s u l t s  i n  the  fo rma t ion  o f  i d u r o n i c  a c i d  r e s i -  

0 - S u l f a t i o n  takes p l a c e  p a r t l y  a long w i t h  

dues s i l f a t e d ' a t  C2 and glucosamine res idues s u l f a t e d  a t  C6. To ta l  O-Sulfo- 
t r a n s f e r a s e  a c t i v i t y  may be assayed by us ing a l ow-su l fa ted  heparan s u l f a t e  
as acceptor  f o r  l abe led  s u l f a t e  groups, w i t h  [ 3 5 S ] P A P S  as s u l f a t e  donor; 
t h i s  procedure does n o t  d i s t i n g u i s h  between d i f f e r e n t  0 -su l fo t rans fe rases .  
The 0 - s u l f a t i o n  r e a c t i o n s  conclude t h e  po lymer -mod i f i ca t i on  process, y i e l d -  
i n g  a product  w i t h  t h e  d i v e r s e  s t r u c t u r a l  f e a t u r e s  t y p i c a l  o f  hepar in .  How- 
ever ,  i n  a d d i t i o n  t o  t h i s  product  a p a r t i a l l y  0 - s u l f a t e d  i n te rmed ia te  was 
i s o i a t e d ,  c o n t a i n i n g  mono-0-sulfated b u t  no s i g n i f i c a n t  amounts o f  d i - 0 -  
s u l f a t e d  d i sacchar ide  u n i t s .  I d e n t i f i c a t i o n  o f  t h e  mono-0-sulfated d i -  
sacchar ide u n i t s  i n  t h i s  i n te rmed ia te  po lysacchar ide,  as w e l l  as i n  t h e  
f i n a l  product ,  c l e a r l y  i n d i c a t e d  t h a t  s u l f a t i o n  a t  C2 o f  t h e  i d u r o n i c  a c i d  
res idues precedes s u l f a t i o n  a t  C 6  o f  glucosamine u n i t s .  

Some impor tant  c h a r a c t e r i s t i c s  o f  t h e  po lymer -mod i f i ca t i on  process should be 
noted. I n  each s tep  o f  t h i s  process, t he  p e r t i n e n t  enzyme i s  presented w i t h  
t h e  product  f rom t h e  preceding s tep;  most o r  a l l  o f  t h e  m o d i f i c a t i o n s  i n t r o -  
duced a r e  e s s e n t i a l  f o r  s u b s t r a t e  r e c o g n i t i o n  by t h e  enzyme next  i n  t u r n .  
Consider ing t h e  s e r i e s  o f  m o d i f i c a t i o n  r e a c t i o n s  f o l l o w i n g  the  i n i t i a l  p o l y -  
m e r i z a t i o n  step, i t  i s  apparent t h a t  t h e  d e a c e t y l a t i o n  r e a c t i o n  represents  
a key s tep  and i s  p o t e n t i a l l y  one o f  t h e  pr ime t a r g e t s  f o r  r e g u l a t i o n ;  p o l y -  
sacchar ide segments escaping N-deacety la t ion w i l l  presumably be withdrawn 
f rom the  s e r i e s  o f  r e a c t i o n s  which leads t o  t h e  f u l l y  m o d i f i e d ,  f i n a l  p ro -  
duc t .  Furthermore, i t  i s  apparent t h a t  a l l  m o d i f i c a t i o n  r e a c t i o n s  ( p o s s i b l y  
excep t ing  s u l f a t i o n  o f  f r e e  amino groups) a r e  incomplete, thus adding t o  t h e  
marked m ic rohe te rogene i t y  o f  t h e  products ,  hepar in  o r  heparan s u l f a t e .  The 
r e g u l a t i o n  o f  these reac t i ons  should be o f  v i t a l  importance i n  r e l a t i o n  t o  
t h e  s p e c i f i c  a f f i n i t y  p r o p e r t i e s  o f  t he  polysacchar ides,  expressed e . g .  i n  
t h e  i n t e r a c t i o n  between hepar in  and a n t i t h r m b i n  I I I .  Some observa t i ons  o f  
p o s s i b l e  re levance t o  the r e g u l a t i o n  o f  t h e  po lymer -mod i f i ca t i on  process w i l l  
be d i scu ssed . 
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