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SUMMARY: The i s o l a t i o n  and p a r t i a l  cha rac te r i za t i on  of two he- 
par i t i nases  and a heparinase from induced ex t rac ts  from F_j.. hepa ,- 
rinum are reported. The heparlnase acts upon heparin, hepa r i t i n  
su l fa tes  C and D producing as the main degradation product a 
t r i s u l f a t e d  d isacchar ide.  The hepar i t inase I degrades only he- 
p a r i t i n  su l f a te  A and B producing as main products two N-acety l -  
ated d isacchar ides,  one of them O-sul fated.  The hepar i t inase II 
degrades hepa r i t i n  su l f a te  B producing an N-0-sul fated disaccha- 
r ide as the main product. Based on these r esu l t s ,  the mode of 
act ion of the three enzymes as well  as the s t ruc tu re  of heparin 
and hepa r i t i n  su l fa tes  are proposed. 

INTRODUCTION: A F l a v o b a c t e r i u m  c a p a b l e  o f  d e g r a d i n g  h e p a r i n  was 

i s o l a t e d  f rom s o i l  by Payza and Korn ( 1 ) .  These a u t h o r s  

o b s e r v e d  t h a t  t h e  b a c t e r i a  had to  grow in  a medium c o n t a i n i n g  

h e p a r i n  in  o r d e r  to  i n d u c e  the  h e p a r i n  d e g r a d i n g  sys tem.  I t  was 

l a t e r  d e m o n s t r a t e d  t h a t  f i v e  enzymes a c t i n g  in  c o n c e r t  a re  ne-  

c e s s a r y  to  deg rade  h e p a r i n  to  i t s  b a s i c  c o n s t i t u e n t s  ( 2 - 5 )  and 

t h a t  a t  l e a s t  t h r e e  o f  t h e s e  enzymes a re  i n d u c e d  when t he  

b a c t e r i a  a re  grown e i t h e r  in  h e p a r i n  o r  h e p a r i t i n  s u l f a t e  ( 6 ) .  

S t u d i e s  on t he  c h a r a c t e r i z a t i o n  and c h e m i c a l  c o m p o s i t i o n  

o f  c o m m e r c i a l  h e p a r i t i n  s u l f a t e  have shown t h a t  t h i s  m a t e r l a ]  

i s  composed o f  a t  l e a s t  f o u r  d i s t i n c t  m u c o p o l y s a c c h a r i d e s  ( 7 ) ,  

two o f  w h i c h  were  deg raded  by a p u r i f i e d  h e p a r i n a s e  i s o l a t e d  

f rom t h e  i n d u c e d  f l a v o b a c t e r i u m  c e l l s  ( 5 ) .  The c r u d e  i nduced  
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extracts on the other hand were able to degrade the four he- 

p a r i t i n  su l fa te  f rac t ions (7). These resul ts  are ind ica t i ve  

that at least another enzyme is present in these extracts which 

is responsible for the degradation of the two hepar i t ln  su l fa te  

f rac t ions res is tan t  to the action of the pur i f i ed  heparinase. 

The present paper reports the i so la t ion  of two h e p a r i t i -  

nases and a heparinase able to degrade the four hepar i t in  sul-  

fate f rac t ions .  A pre l iminary communication of these f indings 

has been presented (8). 

MATERIALS AND METHODS: Enzymes - F. heparlnum (ATCC 13,125) 
was grown in t ryp t i case  without dextrose media (27 g / l )  contain- 
ing heparin and/or hepar i t in  su l fa te  (150 mg/i) .  Af ter  growth 
for 36 hours ( logar i thmic phase) at room temperature the ce l l s  
were harvested and washed twice with cold 0. l  M ethylenediamine 
buffer pH 7.0. The ce l l s  were then ressuspended in the same 
buf fer ,  sonicated for 5 minutes in the cold, and centri fuged at 
I00,000 ~ for I hour. The supernatant was mixed with 10 volumes 
of acetone at -10?C and the p rec ip i t a te  formed was col lected by 
cent r i fuga t ion  and dried. The dried powder was ressuspended in 
the same buffer (100 mg/m|) and the insoluble matter was removed 
by cen t r i fuga t ion .  The resu l t ing protein solut ion was f rac t i on -  
ated by large scale electrophoresis in agarose gel as previously 
described (5). 

Mater ia ls - Heparin and hepar i t in  su l fa te  were obtained 
from the UpJohn Co. through the courtesy of Dr. J.T. Corre|. He- 
p a r i t i n  su l fa tes A, B, C, and D were prepared as previously 
described (7) except that the support used for f rac t l ona t ion  of 
the h e p a r i t i n s  was 6% p o l y a c r y l a m i d e  i ns tead  of  agarose gel  (9 ) .  

Other methods - The c h r o m a t o g r a p h i c  methods and c o i o r i m e t r i c  
d e t e r m i n a t i o n s  of  the  mucopo l ysaccha r i des  and t h e i r  d e g r a d a t i o n  
p r o d u c t s  have a l r e a d y  been r e f e r r e d  to ( 2 - 5 ) .  M o l e c u l a r  Weight  
d e t e r m i n a t i o n s  o f  the  mucopo l ysaccha r i des  were per fo rmed as 
d e s c r i b e d  by H i l b o r n  and A n a s t a s s i a d i s  (10) .  

RESULTS AND DISCUSSION: Chemical composition of the pu r i f i ed  

hepar i t in  su l fa te  f rac t ions .  Table I shows the resu l ts  on the 

analysis of the hepar i t in  su l fa tes as well as heparin used as 

substrates in these experiments. Hepari t in su l fa te  A is t o t a l l y  

N-acetylated whereas hepar i t in  sul fates C and D are N- and O-sul- 

fated. Hepari t in su l fa te  B contains N-acety| and N-sul fate 
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TABLE I 

Chemica] composition of heparitin su]fate fractions 

ACETYL LABILE TOTAL URONIC OPTICAL AVERAGE 
FRACTION HEXOSAMINE ROTATION M.W. GROUPS SULFATE SULFATE ACID (~)~0 

A 1.0 0.92 0.04 0.45 1.88 + 92.2 > 170,000 

B 1.0 0.60 0.33 0.80 1.80 + 132.9 25,000 

C 1.0 O.O7 O.94 2.02 2.28 + 77.1 9,300 

D 1.0 0 1.08 2.62 1.77 + 53.6 3,800 

HEPARIN 1.0 0.09 1.05 2.61 2.00 + 53.0 12,000 

groups wi th in  the molecule. These compounds were not degraded 

by chondroit inase AC and chondroit inase ABC (9). 

F~actionation of the heparinase and heparitJnases. The 

enzymat i c  e x t r a c t s  from the hepar in  induced c e i ] s  were f r a c t i o n -  

ated by l a rge  sca le  e l e c t r o p h o r e s i s .  A i i q u o t s  o f  each f r a c t i o n  

were assayed w i t h  each one of  the h e p a r i t i n  s u l f a t e s  and w i t h  

h e p a r i n .  The r e s u l t s  of  t h i s  expe r imen t  are shown in F ig .  1. 

Most of  the p r o t e i n s  from the e x t r a c t  remain at  the o r i g i n  or 

m i g r a t e  towards the p o s i t i v e  po le  whereas the h e p a r i t i n a s e s  and 

the hepa r inase  m i g r a t e  towards the n e g a t i v e  po le .  Hepar in ,  he- 

p a r l t l n  s u l f a t e  C and h e p a r i t i n  s u ] f a t e  D are degraded by the 

same enzyme ( f r a c t i o n s  16 17). Two o t h e r  enzymat i c  a c t i v i t i e s  

( f rac t ions  20 - 21 and 12 13) degrade hepar l t in  su l fa tes A and 

B, producing d i f f e r e n t  types of d i -  and oI igosaccharides. These 

two a c t i v i t i e s  were cal led hepar i t inase I and hepar i t inase I I .  

The p u r i f i c a t i o n  obtained for these three enzymes was in the 

order of 80- fo ld.  

.Products formed from the hepar i t in  su l fa tes by the action 

of the heparinase and the hepar i t inases.  Fig. 2 shows the 
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Figure  1. F r a c t i o n a t i o n  of h e p a r i t i n a s e s  and hepar inase by la rge  
sca le  agarose gel e l e c t r o p h o r e s l s .  

The disaccharide products formed from hepa r i t i n  su l fa tes  A 
and B & - - - A  ; I - . . - l l  and from hepa r i t l n  su l fa tes  C and D and he- 
parin O O were quan t i f i ed  as prev ious ly  described (5). 
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Figure 2. Products formed from hepa r i t i n  su l fa tes  by the act ion 
of the heparinase and hepar l t lnases.  

100 pg of hepa r l t l n  su l fa tes  A, B, C and D and heparin, A, 
B, C, D, and H respec t i ve l y ,  were incubated wi th  about 2 ~g of 
heparinase, hepar i t inase I and hepar i t inase II  for  16 hours at 
309C in 0.05 M ethylenediamine acetate pH 7.0 in a f i n a l  volume 
of 30 ~ l .  The incubation mixtures were then spotted on Whatman 
n9 I paper and chromatographed in i sobu ty r i c  acid: I M NH3, 5:3, 
V/V for  48 hours. The products formed were located by the s i l v e r  
n i t r a t e  reagent. The shade of the spots ind icates the r e l a t i v e  
amount of the products formed. 
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r e l a t i v e  m i g r a t i o n  in  c h r o m a t o g r a p h y  o f  the  p r o d u c t s  formed f rom 

the  h e p a r i t i n  s u l f a t e s  and f rom h e p a r l n  by the  a c t i o n  o f  the  

t h r e e  enzymes.  The h e p a r i n a s e  a c t s  upon h e p a r i t i n  s u l f a t e s  C 

and 0 and h e p a r i n  p r o d u c i n g  an u n s a t u r a t e d  t r i s u l f a t e d  d i s a c c h a -  

r i d e  (A D i -TRI  S) as the  ma jor  d e g r a d a t i o n  p r o d u c t .  A r e l a t i v e l y  

s m a l l e r  amount o f  d i s u l f a t e d  d i s a c c h a r i d e  (4 D i - D i  S) and t e t r a -  

s a c c h a r i d e s  i s  a l s o  formed f rom these  s u b s t r a t e s .  The h e p a r i n a s e  

does not  a c t  upon h e p a r i t i n s  A and B, wh ich  a re  in t u r n  degraded 

by hepar i t inases I and I I .  N e v e r t h e l e s s ,  the  p r o d u c t s  formed by 

t he  a c t i o n  o f  the  h e p a r i t i n a s e s  have d i f f e r e n t  c h r o m a t o g r a p h i c  

m i g r a t i o n  than the  ones men t i oned  above.  The ma jo r  p r o d u c t s  (68~ 

y i e l d )  o b t a i n e d  f rom h e p a r i t i n s  A and B by the  a c t i o n  o f  h e p a r i t i n  
m 

ase I a re  an u n s a t u r a t e d  a c e t y l a t e d  - non s u l f a t e d  d l s a c c h a r i d e  

(4 D i -G i cNAc )  and an u n s a t u r a t e d  N - a c e t y l a t e d  O - s u l f a t e d  d i s a c c h a -  

r i d e  ( 4 0 i - G i c N A c - S ) .  A t h i r d  p r o d u c t  o f  t h i s  i n c u b a t i o n  is  an 

N - s u l f a t e d  u n s a t u r a t e d  d i s a c c h a r i d e  (4 D i - G I c N - S ) .  The h e p a r i t l n  
m 

ase I I  a c t s  upon one o f  the  s u b s t r a t e s ,  i . e .  h e p a r i t i n  s u l f a t e  B, 

p r o d u c i n g  as a ma jo r  p r o d u c t  (75~ y i e l d )  an N - O - d i s u l f a t e d  d i -  

s a c c h a r i d e  (4 D i - D ] - S ) .  

The f i n d i n g  t h a t  h e p a r i t i n  s u l f a t e  B fo rms d i f f e r e n t  d e g r a -  

d a t i o n  p r o d u c t s  by the  a c t i o n  o f  h e p a r i t i n a s e  I or  I I  sugges t s  

t h a t  t h i s  h e p a r i t i n  is  a h y b r i d  s t r u c t u r e  w i t h  N - a c e t y l a t e d  and 

N - s u l f a t e d  r e g i o n s  w i t h i n  the  m o l e c u l e ,  wh ich  i s  in agreement  

w i t h  the  r e s u l t s  o b t a i n e d  by chemica l  a n a l y s i s  ( T a b l e  I ) .  At  

least two p o s s i b l e  c o m b i n a t i o n s  o f  the  N - a c e t y i a t e d  and N - s u l -  

f a t e d  d ] s a c c h a r i d e s  w i t h i n  the  m o l e c u l e s  can be p roposed .  One 

o f  the  p o s s i b i l i t i e s  i s  t h a t  the  s t r u c t u r e  i s  composed o f  

a l t e r n a t e  N - a c e t y i a t e d  and N - s u l f a t e d  d i s a c c h a r i d e s .  The o t h e r  

is  t h a t  t he  m o l e c u l e  i s  composed o f  two p o l y m e r s ,  one w i t h  

t o t a l l y  N - a c e t y l a t e d  d i s a c c h a r i d e s  and the  o t h e r  w i t h  t o t a l l y  
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N - s u l f a t e d  d l s a c c h a r i d e s .  In o r d e r  to t e s t  these p o s s i b i l i t i e s ,  

mo lecu la r  w e i g h t  d e t e r m i n a t i o n  o f  the  p roduc ts  formed by the 

a c t i o n  o f  h e p a r l t i n a s e  I was made. The mo lecu la r  we igh t  of  he- 

p a r i t l n  s u l f a t e  B is around 25,000 and the  m o l e c u l a r  we igh t  o f  

the p roduc t  formed by the a c t i o n  o f  h e p a r l t l n a s e  I which removes 

the N - a c e t y l a t e d  d i s a c c h a r i d e  r e s i d u e s  is in the o r d e r  o f  5 ,000.  

Th is  p r o d u c t ,  when incuba ted  w i t h  h e p a r i t i n a s e  I I ,  p roduces the 

s u l f a t e d  d i s a c c h a r i d e s  shown in F ig .  2. These r e s u l t s  i n d i c a t e  

t h a t  the  h y b r i d  h e p a r i t i n  s u l f a t e  B is composed of  r eg i ons  made 

o f  t o t a l l y  N - s u l f a t e d  d i s a c c h a r i d e s  and r e g i o n s  made of  t o t a l l y  

N - a c e t y l a t e d  d i s a c c h a r i d e s .  A f u l l  account  o f  the a n a l y s i s  o f  

the d i s a c c h a r i d e  d e g r a d a t i o n  p roduc t s  as we l l  as o t h e r  p r o p e r t i e s  

of  the h e p a r i t l n a s e s  wi11 be p u b l i s h e d  e l s e w h e r e .  

As p r e v i o u s l y  r e p o r t e d ,  r e s u l t s  o b t a i n e d  by the  a c t i o n  of  

the h e p a r i n a s e  i n d i c a t e  t h a t  l a r g e  p o r t i o n s  o f  hepa r i n  and the 

h e p a r i t i n  s u l f a t e s  C and D mo lecu les  are composed of  t r i s u l -  

f a t e d  and d i s u l f a t e d  d l s a c c h a r l d e s  r e p e a t i n g  u n i t s  (5 ) .  The 

t r l s u l f a t e d  d i s a c c h a r i d e  r e p e a t i n g  u n i t s  are composed of  

L - i d u r o n i c  ac id  and g lucosamlne  j o i n e d  by an ~ ! - 4  l i n k a g e  ( i l l .  

The i s o l a t l o n  of  the t r i s u l f a t e d  d i s a c c h a r i d e  in h igh y i e l d  

sugges ts  t h a t  the hepa r i nase  is s p e c i f i c  f o r  N - s u l f a t e  g l u c o -  

samine ~ ! , 4  i d u r o n o s y l  l i n k a g e s  (F ig .  3 ) .  Whether the presence 

of the  s u l f a t e  in the i d u r o n l c  ac id  mo ie ty  is i m p o r t a n t  f o r  the 

a c t i o n  o f  the h e p a r i n a s e  is now under i n v e s t i g a t i o n .  The 

f i n d i n g  t h a t  h e p a r i t l n a s e  I r e l e a s e s  ma in l y  N - a c e t y l a t e d  p roduc t s  

from h e p a r i t i n  s u l f a t e s  A and B w i t h o u t  any a c t i o n  upon N - s u l -  

f a t e d  p o r t i o n s  of  the h e p a r i t i n  s u l f a t e s  C and D or hepa r i n  

suggests  t h a t  the enzyme is s p e c i f i c  f o r  N - a c e t y l  g lucosamlne  

~ - 1 , 4  g l u c u r o n o s y l  l i n k a g e s  (F ig .  3 ) .  Th is  enzyme has some 

resemblance to the  one p r e v i o u s l y  d e s c r i b e d  by Hovingh and 
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Linker, who isolated a non sulfated N-acetylated disaccharide 

from crude heparitin sulfate (12). The heparitinase II releases 

N-0-sulfated disaccharide from heparitin sulfate B, suggesting 

that N-sulfate glucosamine ~ 1,4 glucuronosyl linkage is the one 

susceptible to the action of this enzyme (Fig. 3). 

The complete characterization of the heparitin sulfates and 

heparin degradation products obtained by the action of the above 

described enzymes will surely bring more information on the 

structure of these mucopolysaccharides. 
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