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U s i n g  h i r u d i n  as  a m o d e l  a novel  c lass  o f  b ivalent  t h r o m b i n  inh ib i to r s  h a s  been  des igned a n d  charac te r ized  ( M a r a g a n o r e  et al. (1990) Biochemis t ry  
29, 7095-7101).  T h e s e  pept ides ,  des igna ted  "hi rulogs ' ,  in terac t  wi th  b o t h  t h r o m b i n ' s  ca ta ly t ic  cen ter  and  its a n i o n - b i n d i n g  exosi te  fo r  f ib r inogen  
r ecogn i t ion .  In  o r d e r  to  inves t iga te  s t r u c t u r e  ac : iv i ty  r e l a t i onsh ips  in h i r u log  pept ides ,  a n u m b e r  o f  pep t ide  and  p e p t i d o m i m e t i c  der ivat ives  wi th  
a l t e r a t i o n s  in catalyt ic-s i te  b i nd i ng  a n d  a n i o n - b i n d i n g  exosi te  b ind ing  moie t ies  were  p repa red .  R e p l a c e m e n t s  o r  modi f i ca t ions  in the catalyt ic  site 
a n d  exos i t e  b i n d i n g  moie t ies  were  achieved witl~ the  c o n s e q u e n c e s  o f  m a i n t ~ i m n g  o r  i m p r o v i n g  a n t i t h r o m b i n  activity.  In  add i t ion  to  s h o w i n g  
i m p r o v e d  affinity fo r  t h r o m b i n ,  s o m e  der iva t ives  wi th  g,'s in the  s u b - n a n o m o l a r  r ange  s h o w e d  increased an t i coagu lan t  activities. These  f indings 

h ighl ight  the versat i l i ty  o f  h i ru log  pep t ides  in their  b ivalent  in te rac t ions  with t h r o m b i n .  

T h r o m b i n :  Inhibi tor= Hi ru log :  H i r u d i n  

I.  I N T R O D U C T I O N  

H i r u d i n ,  a 6 5 - a m i n o  a c i d  p r o t e i l t  o = i g i n a l l y  i s o l a t e d  
f r o m  t h e  m e d i c i n a l  l e e c h  Hirudo  medicinal is ,  is  a p o t e n t  
n a t u r a l  i n h i b i t o r  of" t h r o m b i n  [1 ,2] .  K i n e t i c  a n a l y s i s  o f  
t h e  i n h i b i t i o n  o f  t h r o m b i n  b y  h i r u d i n  [3] r e v e a l e d  t w o  
s t e p s  in  s t o i c h i o m e t r i c  c o m p l e x  f o r m a t i o n :  f irs t ,  e l e c -  
t r o s t a t i c  i n t e r a c t i o n s  a t  t h e  a n i o n - b i n d i n g  e x o ~ i t e  f o r  
f i b r i n o g e n  r e c o g n i t i o n  [4],  a n d  s e c o n d ,  i n t e r a c t i o n s  a t  
t h e  e n z y m e  c a t a l y t i c  c e n t e r .  X - r a y  c r y s t a l l o g r a p h i c  
a n a l y s i s  o f  t h e  h i r u d i n : t h r o m b i n  c o m p l e x  [5] s h o w e d  
t h a t  t h e  h i g h  a f f i n i t y  i n t e r a c t i o n  (K,  --- 1 0 - ~ - i 0  -~4 M )  is 
a c h i e v e d  b y  2 1 2  c o n t a c t s  o f  < 4 A, a c r o s s  the  ful l  dia~.t  - 
e t e r  o f  t h e  t h r o m b i n  m o l e c u l e .  

T h e  interat:t lOnS o f  t h r o m b i n  w i t h  h i r u d i n  h a v e  
s e r v e d  a s  a m o d e l  f o r  t h e  d e s i g n  o f  n e w  p e p t i d e  m h i -  
b i t o r s  d e s i g n a t e d  "h iru logs '  [6].  A s  w i t h  h i r u d i n ,  h i r u l o g  
p e p t i d e s  b i n d  t o  t h r o m b i n  in a b i v a l c n ~  f a s h i o n  i n t e r a c t -  
i n g  w i t h  b o t h  t h e  c a t a l y t i c  s i t e  a n d  t h e  anion-~- ir ,  d i n g  
e x o s i t e .  H o w e v e r ,  in  t h e  c a s e  o f  h i - u l o g  p e p t i d c s ,  b i -  
v a l e n t  i n t e r a c t i o n s  a r e  a c h i e v e d  b y  a s h o r t  l i n k e r  z e g -  
m e n t  c o m p r i s e d  o f  g l y c i n c  r e s i d u e s  w h o s e  l e n g t h  w a s  
optimizer~_ ",o b [ i d g e  t n c  i n t e r a t o m i c  d i s t a n c e  b e t w e e n  
t h e  t , v o  t h r o m b i n  f u n c t i o n a l  s i t e s .  A s  a r e s u l t  o f  t h e s e  
i n t e r a c t i o n s ,  h J r u l o g  p e p t i d e s  i n h i b i t  t h r o m b i n  a c t i v i t i e s  
w i t h  Kt v a l u e s  in  t h e  l o w  n M  r a n g e .  

I n  th ,  ~ in i t i a l  d e s i g n  o f  h i r u l o g  p e p t i d e s  [6],  t h e  s e -  
q u e n c e  D - P h e - P r o - A r g  [7 ,8]  w a s  e m p l o y e d  a s  t h e  a c t i v e  
s i t e - i n h i b i t o r y  m o i e t y  a n d  a s e g m e n t  h o m o l o g o u s  t o  
r e s i d u e s  53-454 o f  t h e  H V 2  h i r u d i n  v a r i a n t  [9]  w a s  
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f o r  b i n d i n g  t o  t h e  a n i o n - b i n d i n g  exos i tc ' .  In  t h e  p r e s e n t  
r e p o r t ,  w e  h a v e  e x a m i n e d  the  u s e  o f  a ~ . d i t i o n a l  p e p t i d e  
a n d  n o n - p e p t i d e  s u b s t i t u e n t s  c a p a b l e  o f  fu l f i l l ing  s i m i -  
lar  c o g n a t e ,  b i v a l e n t  i n t e r a c t i o n s  w i t h  t h r o m b i n .  

2.  M A T E R I A L S  A N D  M E T H O D S  
2.1. Materials 

t -Boo  a m i n o  acids for  so l id -phase  pept ide  syn thes i s  ,~rere f r o m  
~2hernical D y n a m i c s  Co r p . ,  S o u t h  Plainfield, NJ .  Protected a m i n o  
a,:ids f r o m  this  supp l i e r  were: B o c - O - ( 2 - b r o m o - C B Z ) - L - t y r o s i n e ,  Boc-  
L -g lu t amic  acid y-benzyl  ester.  Boc-L-aspa r t i c  a¢id~*bcnzyl  ester ,  and  
Boc-O-benzy l -L-se r ine .  Bo¢-L- leu¢ine-O-div inylbenzene  resin was  
f rom Appliet i  B iosys t ems  Inc. ,  F o s t e r  City,  CA.  Boc -L-g lu t amine -O-  
d iv inylbenzene ,  a n d  Boc, y.benzyI-D.glutamate-O~divinylbenzene 
• "~ ins  were  p u r c h a s e d  f r o m  Peninsula  L a b o r a t o r i e s .  Be lmont ,  CA.  
F r o m  B a c h e m  Inc. ,  T o r r a n c e ,  C A ,  were  Boc-glycy |glycine  and  Boc- 
cyclohexyI-L-alanine_ para-Guanidinobenzoic acid  w a s  p u r c h a s e d  
f rom F h k a  Chemica l  Corp . ,  R o n k o n k o m a ,  N Y .  S p e c t r o z y m e  T H  
(H-D-hexah~ ,d ru ty rosy I -L-a l an ine -L-a rg in ine -p -n i t roan i l ide )  w a s  ob-  
ta ined  f r o m  Ame=ican Diagno~l ica ,  N e w  Y o r k ,  N Y .  H u m a n  a-  
t h r o m b i n  w a s  the  g e n e r o u s  gift o f  Dr .  J o h n  W.  F e n t o n ,  I1, W a d s w o r t h  
Ce n t e r  fo r  L a b o r a t o r i e s  a n d  Research ,  N e w  Y¢,,~, S ta te  D e p a r t m e n t  
o f  Hea l th ,  A lba ny ,  NY. H P L C  so lven ts  were  f r o m  Baker .  Reagen t s  
a n d  so lven t s  e m p l o y e d  in pept ide  syn thes i s  were  from. Appl ied  Bin- 
s y s t e m s  Inc. ,  F o s t e r  Ci ty ,  C A .  

2.2. P~'ptide synthesi.¢ 
H ; r u l o g  pep t ides  were  synthes ized  by  so l id -phase  p rocedures ,  

c leaved a n d  ex t rac ted  f r o m  resin,  a n d  purif ied by  reverse -phase  H P L C  
as  descr ibed p rev ious ly  [6]. T h e  s t ruc tu re  o f  pep t ides  wa' ,  conf i rmed  
by a m i n o  acid analysis .  Hirulog-tz2 w a s  p r e p a r e d  by  react;.on o f  p -  
g u a n i d i n o b e n z o i c  acid (4.63 re tool)  w i th  0.46 g o f  t he  pro tec ted ,  resit~- 
b o u n d  in t e rmed ia t e  o f  the  heptadecape2alide ( G )  s N G D F E E I P E E Y L .  
T h e  s t r u c t u r e  o f  h;.nllog-Ot2 w a s  con f i rmed  by FAIBbMS s h o w i n g  a 
M f l - I  + = 1901.0 ( theore t ica l  m a s s  = | 899) .  

2.3. Tyrosine modification o f  hirulog- I 
Tyros ine -19  o f  h i ru iog- I  w a s  su l fa ted  by  a modi f ica t ion  [10] o f  the 
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method  o f  N a k a h a r a  ct al, {I I]. Sulfated h i ru log- i  was purified by 
reverse-phase H P L C  using an  Appl ied  Bit, systems 150A Liquid Chro-  
ma tograph ic  system equipped with an  A q u a p o r e  C,  R.P-~Lu~ co lunm 
{0.d6 × 100 ram). The  co lumn was equi l ibra ted  in 100% solvent  A 
(0. I ~ TFA/wa te r )  a ' ld  developed with a l inear  gradient  f rom 0 to 50% 
solvent  B (0.085% "! FA/70C~ acetoni t r i le)  over  4~ rain a~ a flow-rate 
o f  1~0 ml/min.  The effluent s t ream was m o n i t o r e d  at  214 nm for  
abso rbance  and  pea. :s were collected manual ly .  The yield for  tyrosine 
sulfat ion o f  hirulog- I was ~10%. 

Diic, do-b i ru log- I  was prepared  by s t anda rd  tyrosine iodinat~on 
methods  using ch lo :a in ine  T. The pept ide was purified by H P L C  on  
a n  octasilyl co lumn  ( A q u a p o r e  RP-300, 0.46 x i00 ram) equi l ib ra ted  
with 20% solvent  B and  developed with a l inear  g rad ien t  f rom 20 to 
65% solvent  B over  30 rain at  a f low-rate o f  1.0 ml/min.  T he  effluent 
s t ream was m o n i t o r e d  at  214 am.  Peaks  o f  U V  a b s o r b a n c e  were 
collec:ed manua l ly  and.  then.  lyophilizcd to dryness.  

2,4. Kine t i c  s tudies  
Inhibi t ion by hi rulog peptideg o f  t h r o m b i n  amidoly t ic  act ivi ty was 

per formed as repor ted  earlier [6]. Assays were per formed using a 0.05 
M sodium borate, pH 8.4, buffer  ~:ontaining 0. I M NaCI at  a tempera-  
ture of  23-25°C. React ions  were ini t iated by  addi t ion  of  subs t ra te  to  
the  cuvette  con ta in ing  t h r o m b i n  a n d  inh ib i to r  pre-mixed for less t han  
2 rain. 

2.5. Clo t t ing  assays  
The an t i coagu lan t  activity of  h i ru log pept ides  was measured  semi- 

au tomat ica l ly  as repor ted earl ier  [6]. F ina l  concen t r a t i ons  o f  h i ru log 
pept ides  or  rec-hirudin (Amer ican  Diagnost ica ,  New York ,  N Y )  were 
1 .0 /z~ml .  Each assay was pe r fo rmed  in triplicate. 

3.  R E S U L T S  A N D  D I S C U S S I O N  

I n  o r d e r  t o  e x p l o r e  t h e  v e r s a l i t y  o f  b i v a l e n t  i n t e r a c -  
t i o n s  b e t w e e n  h i r u l o g  a n d  t h r o m b i n ,  w e  e v a l u a t e d  t h e  
a n t i t h r o m b i n  a c t i v i t i ~  o f  s e v e r a l  n o v e l  d e r i v a t i v e s .  
T h e s e  d e r i : ~ : . : v e s  w e r e  d e s i g n e d  w i t h  u n i q u e  d o m a i n s  
f o r  b i n d i n ~  t o  e i t h e r  t h e  a c t i v e  c e n t e r  ( h i r u l o g s - o e x )  o r  
t h e  t h r o m b i n  e x o s i t e  ( h i r u l o g s - / ~ x ) .  I n  a d d i t i o n ,  a s  t y -  
r o s i n e  s u l f a t i o n  w a s  r e p o r t e d  p r e v i o u s l y  t o  s i g n i f i c a n t l y  
e n h a n c e  t h e  - r ~ i c o a g u l a n t  a c t i v i t y  i n  t h e  C - t e r m i n a l  
_Dept ide  h ~ t u g e t  ~ i0 ] ,  x¢e e x a m i n e d  t h e  c o n s e q u e n c e  o f  
t y r o s i n e  s u l f a t i , ~ n  a n d  i o d i n a t i o n  i n  h i r u l o g - l .  T a b l e  ! 
p r e s e t , i s  a L~t o l  p e p t i d e s  p r e p a r e d  f o r  t h i s  s t u d y ,  a s  w e l l  
a s  t h e i r  d e s i g n a t i o n  a n d  a m i n o  a c i d  s e q u e n c e s .  

H i r u l o g - I  i n h i b i t e d  t h r o m b i n - c a t a l y z e d  h y d r o l y s i s  o f  
~- ~ r i i ~ p ! ~ d y l  c h r o m o g e n i c  s u b s t r ~ t e  w i t h  g i  = 1 .4  n M  

i n  a c o m p e t i t i v e  f a s h i o n .  A s  o b s e r v e d  w i t h  C - t e r m i n a l  
h i r u d i n  f r a g m e n t s ,  s u i f a t i o n  o f  t y r o s i n e -  19  ( c o r r e s p o n d -  
i n g  t o  T y r - 6 3  i n  h i r u d i n )  l e d  t o  a s i g n i f i c a n t  i n c r e a s e  i n  
a c t i v i t y  ( T a b l e  I ) .  S u l f a t e d  h i r u l o g - I  ( S - h i r u l o g - l )  i n -  
h i b i t e d  t h e  t h r o m b i n - c a t a l y z e d  h y d r o l y s i s  o f  t h e  t r i p e p -  
u d y l  s u b s t r a t e  w i t h  3 -  t o  4 - f o l d  ( K i  = 0 . 4  n M )  g r e a t e r  
e f f e c t i v e n e s s  o v e r  t h e  u n s u l f a t e d  d e r i v a t i v e .  T h e  g a i n  i n  
f r e e  e n e r g y  o f  b i n d i n g  d e r i v e d  f r o m  t h i s  s i n g l e  m o d i f i c a -  
t i o n  w a s  3.1 kJ/~z~o! ( F i g .  i ) ,  w h i c h  i s  s o m e w h a t  l e s s  
t h a n  t h e  - 6  k J / t o o l  c h a n g e  i n  f r e e  e n e r g y  o f  b i n d i n g  
r e s u l t i n g  f r o m  t y r o s i n c  s u i f a t i o n  i n  h i r u d i n  [12 ] .  
N e v e r t h e l e s s ,  t h i s  f i n d i n g  s h o w e d  t h a t  t h e  a c t i v i t y  o f  
h i r u l o g  p e p t i d e s  c a n  b e  e n h a n c e d  b y  i n c r e a s i n g  t h e i r  
a f f i n i t y  f o r  a n i o n - b i n d i n g  e x o s i t e  i n t e r a c t i o n s .  T o g e t h e r  
w i t h  i n c r e a s e d  t h r o m b i n  a f f i n i t y ,  s u l f a t e d  h i r u l o g - I  
s h o w e d  a m o d e s t l y  i n c r e a s e d  a n t i c o a g u l a n t  a c t i v i t y  i n  
c l o t t i n g  t i m e  a s s a y s  ( F i g .  2 )  a s  c o m p a r e d  t o  h i r u l o g - l .  

A s  f o u n d  r e c e n t l y  i n  t h e  X - r a y  c r y s t a l l o g r a p h i c  s t r u c -  
t u r e  o f  t h e  h i r u g e n - t h r o m b i n  c o m p l e x  [ 1 3 ] ,  t y r o s i n e  
s u i f a t i o n  . i~tcrea~e:s  t h e  b i n d i n g  a f f i n i t y  f o r  c o m p l e x  
f o r m a t i o n  v i a  p a r t i c i p a t i o n  o f  t h e  s u l f a t e  g r o u p  i n  a n  
e l a b o r a t e  h y d r o g e n - b o n d i n g  n e t w o r k  i n c l u d i n g  t h e  p h e -  
n o l i c  O H  o f  T y r - 7 6  a n d  t h e  b a c k b o n e  a m i d e  o f  I 1 e - 8 2 .  
D i i o d i n a t i o n  o f t y r o s i n e  r e d u c e s  t h e  p K  f o r  i t s  h y d r o x y l  
g r o u p ,  a l l o w i n g  t h e  d e r i v a t i z e d  a m i n o  a c i d  t o  p a r t i -  
c i p a t e  a s  a h y d r o g e n - b o n d  a g x ~ e p t o r  i n  t h e  t h r o m b i n  
c o m p l e x  a t  n e u t r a l  p H .  T o  d e t e r m i n e  i f  T y r  i o d ~ n a t i o n  
c o u l d  i m p r o v e  t h e  p o t e n c y  o f  h i r u l o g  p e p t i d e s  i n  a 
m a n n e r  s i m i l a r  t o  T y r  s u l f a t i o n ,  t h e  d i i o d o - T y r - 1 9  d e -  
r i v a t i v e  o f  b i r u l o g - !  w a s  p r e p a r e d .  I n  c h r o m o g e n i c  s u b -  
s t r a t e  a s s a y s ,  d i i o d o - h i r u l o g - I  s h o w e d  a K~ = 0 . 3  n M ,  
i .e .  a s i m i l a r  i n c r e a s e  i n  a n t i t h r o m b i n  a c t i v i t y  a s  o b -  
s e r v e d  w i t h  t y r o s i n e  s u l f a t i o n .  

I n t e r a c t i o n s  a t  t h e  a n i o n - b i n d i n g  e x o s i t e  w e r e  a l s o  
m o d i f i e d  b y  e m p l o y i n g  d i v e r g e n t  s e q u e n c e s  f r o m  t w o  
h i r u d i n - r c l a t e d  i s o f o r m s ,  h i r u l l i n  [14 ]  a n d  h i r u d i n  P A  
[15] ,  a s  w e l l  a s  a h i g h e r  a f f i n i t y  f r a g m e n t  d e s i g n e d  b y  
K r s t e n a n s k y  a n d  c o - w o r k e r s  [ 1 6 ]  c a l l e d  M D L - 2 8 , 0 5 9 .  
A s  T a b l e  I s h o w s ,  t h e s e  e x o s i t e  r e c o g n i t i o n  f r a g m e n t s  
c o u l d  b e  i n t e g r a t e d  w i t h i n  t h e  f r a m e w o r k  o f  a h i r u l o g  
p e p t i d e  t o  m a i n t a i n  i n h i b i t o r y  a c t i v i t i e s  t o w a r d  
t h r o m b i n  h y d r o l y s i s  o f  a t r i p e p t i d y l  s u b s t r a t e .  O f  t h e s e  

Tab le  I 

Deslgnatior,  and  a m i n o  acid sequences o f  h i ru log t~eptides, and  kinetic cons tan t s  for  h u m a n  c t - th lombin  inhibi t ion  

Peptide Sequence: K, (r iM) 

Hirulog-  I 
S-Hirulog-  I 
d l -Hiva log-!  
Hirulog-~ I 
Hirulog-~2 
Hirulog-~ l  
Hiru|og-)$2 
Hirulog-,03 

(D- Phe)Pro  A rgP ro(G ly)4Asn(~;I y A s p P h e G | u G l u  | leProC;luGI uTyrLeu  1.4 
( D - P h e ) P r o A r g P r o ( G l y ) ~ s n G l y A s p P h e G | u G l u l  l eProGluGlu(SO~-Tyr )Leu  0.4 
(D-  Phe )ProArRPro(G l y ) ~ s n G l y A ~ p P h ~ l u G l u l l e P r o G l u G l u ( 1 2 - T y r ) L e u  0.3 

acGlyAspPhe  LeuAlaGluGI  y G l y G l y V a l A r g P r o ( G  ly )4AsnGtyAspPhe~GluGlu i l eProGluGluTyrLeu  3.2 
G B A ( G  ly)5 A s n G l y A s p P h e G l u G l u l l e P r o G l u G I  uTyrLe  u 7000 

( D - P h e ) P r o A r g P r o ( G l y ) 4 A s p G l y A s p P h c G l u G l u S e r L e u A s p A s p l  l eAspGln  I. 1 
( D - P h e ) P r o A r g P r o { G i y ) 4 A s p G i y A s p P h e G l u P r o I l e P r o G l u G I  u T y r L e u G I n  5.4 
( D - P h e ) P r o A r g P r o g G l y ) ~ s p G | y A s p T y r G l u P r o l  l eProG luCih-~ - C h a ( D - G l u )  0.3 

K, values were de te rmined  as  repor ted in sect ion 2. Assays were pe r fo rmed  a t  23-25°C with a 0.05 M ~,~dium borute ,  p H  8.4, buf fe r  c o n t a i n i n g  
0 . |  M NaCI.  
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F i g .  i .  B i n d i n g  e n e r g y  d e c r e a s e  f o r  h i r u l o g  p e p t i d e s  a s  c o m p a r e d  w i t h  
h i r u l o g - l .  T h e  i n h i b i t o r y  a c t i v i t i e s  o f  h i r u l o g  p e p t i d e s  t o w a r d  t h r o m -  
b i n - c a t a l y z e d  h y d r o l y s i s  o f  c h r o m o g e n i c  s u h s t r a t e s  w e r e  m e a s u r e d  a s  
d e s c r i b e d  in  s e c t i o n  2 a n d  p r e v i o u s l y  [6]. F r e e  e n e r g y  o f  b i n d i n g  v a l u e s  
were  c a l c u l a t e d  u s i n g  the  d e t e r m i n e d  K, v a l u e s  f o r  t h r o m b i n  in a m i d o -  

ly t i c  a s s a ys .  

new h i r u l o g  d e r i v a t i v e s ,  h i r u l o g - f l 3  s h o w e d  the  g r e a t e s t  
i m p r o v e m e n t  in a c t i v i t y  ( K  i =- 0.3 n M ) ,  a f i n d i n g  c o n -  
s i s t en t  w i th  i ts  e n h a n c e d  e x o s i t e  a f f in i ty .  A s  w i t h  t y -  
r o s i n e  s u l f a t i o n  in h t r u l o g - l ,  t he  i n c r e a s e d  a c t i v i t y  o f  
h i r u l o g - ~ 3  w a s  a l s o  o b s e r v e d  in  c o a g u l a t i o n  a s s a y s  
( F i g .  2). H o w e v e r ,  w h i l e  s u l f a t e d  h i r u l o g - l  a i id  h i r u l o g -  
,03 s h o w e d  s i m i l a r  K i ' s  fo r  t h r o m b i n  in a m i d o l y t i c  as -  
s ays ,  t h e  l~ t t e r  w a s  u n e x p e c t a n t l y  m o r e  e f f ec t ive  in  c l o t -  
t i n g  t i m e  a s s a y s .  A t  ! . 0 /ug /mi ,  h i r u l o g - f l 3  p r o l o n g e d  t h e  
A P T T  t o  4 9 8 %  c o n t r o l ,  a n  e f fec t  w h i c h  e x c e e d e d  s ign i f -  
i c a n t l y  t h a t  f o r  h i r u l o g - l ,  s u l f a t e d  h i r u l o g - l ,  a n d  rec -  
h i r u d i n .  A d i s c o n t i n u i t y  b e t w e e n  a n t i t h r o m b i n  a n d  
a n t i c o a g u l a n t  a c t i v i t i e s  h a d  b e e n  o b s e r v e d  p r e v i o u s l y  
f o r  o t h e r  h i r u l o g  d e r i v a t i v e s  [! 7]. 

H i r u l o g  p c p t i d e s  d e s c r i b e d  p r e v i o u s l y  [6] e m p l o y e d  
t h e  s e q u e n c e  D - P h e - P t o - A r g - P r o  a s  t he  a c t i v e  s i t e - b i n d -  
ing  n~oiety.  In  t h e  p r e s e n t  s tudy~ we f o u n d  t h a t  t h e  
f u n c t i o n  o f  th i s  m o i e t y  c a n  be  a c h i e v e d  w i t h  a d i v e r g e n t  
p e p t i d e  s e q u e n c e  o r ,  in fac t ,  a n o n - p c p t i d i c  s u b s t i t u t i o n .  
T h e  f i b r i p o p e p t i d e  A ( F P A )  f r a g m e n t  a r i s e s  f r o m  
t h r o m b i n ' s  c l e a v a g e  o f  the  An t - cha in  o f  f i b r i n o g e n ,  a n d  
is k n o w n  t o  b i n d  n e a r  o r  a t  t he  a c t i v e  c e n t e r  o f  t h r o m b i n  
[18]. A s e g m e n t  o f  F P A  c o r r e s p o n d i n g  t o  r e s i d u e s  6 - 1 6  
w a s  u s e d  t o  r e p l a c e  the  s e q u e n c e  D - P h e - P r o - A r g  in t he  
s y n t h e s i s  o f  h i ru log-n t  1. A s  w i t h  h i r u l o g -  I ,  t he  nt I d e r i v -  
a t i v e  i n h i b i t e d  t h r o m b i n - c a t a l y z e d  h y d r o l y s i s  o f  a c h r o -  
m o g e n i c  s u b s t r a t e  w i t h  a Ki in  t he  l o w  n M  r a n g e  ( T a b l e  
1). T h e  s i m i l a r i t i e s  in  t h r o m b i n  i n h i b i t i o n  b y  h i r u l o g - I  
a n d  - ~ !  w o u l d  i n d i c a t e  t h a t  t h e  D - P h c - P r o - A r g  t r i p e p -  
t i de  a n d  the  F P A  u n d e c a l ~ p t i d e  t h e m s e l v e s  bi~ad t o  t h e  
a c t i v e  c e n t e r  w i t h  c o m p a r a b l e  a f f i n i t y  a n d ,  p e r h a p s ,  
s i m i l a r  loci .  

S i n c e  h i g h l y  d i v e r g e n t  s e q u e n c e s  c o u l d  b e  u s e d  a s  
a c t i v e  s i t e - b i n d i n g  m o i e t i e s  in  h i r u l o g  p e p t i d e s ,  t h e  p o s -  
s i b i l i t y  o f  r e p l a c i n g  t h i s  s e g m e n t  w i t h  a n o n - p e p t i d i c  
s u b s t i t u e n t  w a s  cons ide rec l  in  d e s i g n  o f  h i rulog-cz2.  T h e  
p e p t i d o m i m e t i c  f u n c t i o n  e m p l o y e d  w a s  p - g u a n i d i n o -  
b e n z o i c  a c i d  ( G B A ) .  b a s e d  o n  t h e  o b s e r v a t i o n s  t h a t  
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ree-Hirudin Hirulog-1 S-Hirulog- 1 Hirulog-133 
Fig. 2. Anticoagulant activities of rec-hirudin and hirulog 10~ptides. All 
a s s a y s  were p c r f o r m ~ l  wi th  p o o l e d ,  n o r m a l  h u m a n  p l a s m a  w i t h  roe- 
h i r u d i n  o r  h i r u l o g  p e p t t d e  c o n c e n t r a t i o n s  o f  1.0 ~ug/ml. D a t a  a r c  ex- 

p r e s s e d  a s  n~ean ( S E M  < 10%). 

b e n z a m i d i n e  a n d  b e n z a m i d i n e - r e l a t e d  c o m p o u n d s  c a n  
i n h i b i t  t h r o m b i n  a m i d o l y t i ¢  a c t i v i t y  b y  b i n d i n g  t o  the  
S t o r  "p r imary"  spec i f i c i ty  p o c k e t  [19]. F u r t h e r ,  b y  a n a l -  
o g y  w i th  t he  s t r u c t u r e  o f  t he  t h r o m b i n  c o m p l e x  w i th  
O - P h e - P r o - A r g - C H 2 C !  [20], t he  ( J B A  f u n c t i o n a l i t y  
w o u l d  be  e x p e c t e d  to  o c c u p y  the  p o s i t i o n  o f  t h e  Pt 
( n o m e n c l a t u r e  o f  S c h e c h t e r  a n d  Burge r  [21]) a r g i n i n e  
s ide  c h a i n  in  t he  S~ p o c k e t .  U s i n g  c a r b o d i i m i d e  c h e m i s -  
t ry ,  G B A  w a s  c o u p l e d  in  e s s e n t i a l l y  s t o i c h i o m e t r i c  y i e ld  
t o  t h e  r e s i n - b o u n d ,  p r o t e c t e d  i n t e r m e d i a t e  o f  a h e p t a -  
d e c a p g p t i d e  ( G l y s - A s n - G l y - A s p - P h e - G l u - G l u - I l e - P r o -  
G l u - G l u - T y r - L e u ) .  T h e  r e s u l t i n g  G B A - p e p t i d e  inh i -  
b i t e d  t h r o m b i n  h y d r o l y s i s  e r a  t r i p e p t i d y l  s u b s t r a t e  wi th  
Ki = 7 MM. In  c o n t r a s t ,  t he  u n m o d i f i e d  h e p t a d e c a p e p -  
t i de  d i d  n o t  i n h i b i t  t h r o m b i n  a m i d o l y t i c  a c t i v i t y  a t  c o n -  
c e n t r a t i o n s  e x c e e d i n g  50 / z M  [6]. T h u s ,  h i ru log - r -2  
m a i n t a i n s  b i v a l e n t  i n t e r a c t i o n s  w i th  t h r o m b i n  ae w i th  
o t h e r  h i r a l o g  p e p t i d e s ,  b u t  w i t h  a c t i v e  s i te  i n t e r a c t i o n s  
l i m i t e d  t o  t h e  S, p o c k e t .  T h e  a f f in i ty  o f  h i ru log-n t2  fo r  
a c t i v e  s i te  i n h i b i t i o n  d i f f e r e d  s u b s t a n t i a l l y  f r o m  t h a t  o f  
h i r u l o g -  1. w h e r e  a loss  in b i n d i n g  e n e r g y  o f  2 !.  1 k J / r ee l  
w a s  o b s e r v e d  ( F i g .  I) .  T h i s  r e d u c e d  a f f in i ty  c a n  F~e ex-  
p l a i n e d ,  i f  n o t  a n t i c i p a t e d ,  by  t h e  absence,  o f  i n t e r a c t i o n s  
a t  Pz a n d  P3 s i tes  in t he  a c t i v e  c e n t e r  o f  t h r o m b i n .  

T h e  p r e s e n t  f i n d i n g s  h i g h l i g h t  t h e  v e r s a t i l i t y  o f  hi -  
r u l o g  p e p t i d e  i n t e r a c t i o n s  wi th  t h r o m b i n .  A n u m b e r  o f  
d i v e r g e n t  s e q u e n c e s  c a n  be  e m p l o y e d  for  b i n d i n g  t o  the  
a n i o n - b i n d i n g  e x o s i t e ,  i n c l u d i n g  t h o s e  d e r i v e d  f r o m  hi-  
r u d i n  ~soforms.  I n t e r a c t i o n s  a t  t h e  a c t i v e  s i te  c a n  b e  
a c h i e v e d  u s i n g  b o t h  p e p t i d i c  a n d  n o n - p e p t i d i c  f u n c t i o -  
na l i t i e s .  By i n c r e a s i n g  the  a f f in i ty  fo r  a n i o n - b i n d i n g  ex-  
o s i t e  i n t e r a c t i o n s ,  t he  a n t i r t h r o m b i n  a n d  a n t i c o a g u l a n t  
a c t i v i t i e s  o f  h i r u l o g  c a n  be  i m p r o v e d .  T h e s e  s t u d i e s  
s h o w  t h a t  a w i d e  r a n g e  o f  p e p t i d e  a n d  n o n - p e p t i d e  
m o i e t i e s  c a n  fulfil l  b i v a l e n t  t h r o m b i n  i n t e r a c t i o n s  in  
h i r u l o g  p e p t i d e s .  

,4cknor,,ledgem~'nls: T h e  a u t h o r s  wi sh  t o  a c k n o w | c d g e  t he  adv i c~  a n d  
c r i t i c i s m s  o f  Dr .  J o h n  W .  I~enton I | ,  Dr .  K . L .  R a m a c h a n d r a n  a n d  Dr .  
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J a m e s  Powere.'.. The  edi torial  ass i s tance  o f  Dr .  K e n n e t h  Weins te in  wa~ 
indispensable ,  as w a s  the expert  admin i s t r a t ive  ass i s tance  o f  Ms.  
D o n n a  M c D o n a l d .  
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