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Summary 

Human thrombin (EC 3.4.21.5) binds tightly to p-chlorobenzylamido-e- 
aminocaproyl agarose, and is not  eluted by 2 M NaC1 at pH 8. Its zymogen, 
human prothrombin,  does not  bind to the same adsorbent. 2 M NaC1 partially 
elutes DFP-treated thrombin. For native human and bovine thrombins, protein 
and activity are quantitatively eluted by 25% dioxane, and upon rechromatog- 
raphy the active human enzyme exhibits the same binding properties. Equally 
tight binding of  human thrombin occurs with derivatives of the m- and p-chlo- 
robenzylamines. With the o-chloro derivative or benzylamine itself insolubilized 
to e-aminocaproyl agarose, thrombin is eluted by high ionic strength. 

Bovine trypsin and bovine factor Xa bind less tightly than thrombin to 
p-chlorobenzylamido-e-aminocaproyl agarose, being eluted by high ionic 
strength. It is proposed that the specific thrombin adsorption is related to a 
secondary binding site of high affinity and with hydrophobic  properties. This 
site is not available in the zymogen. Furthermore, the less specific protease, 
trypsin, and the more specific protease, factor Xa, lack this binding site. 

Introduct ion 

Bovine thrombin (EC 3.4.21.5) is adsorbed to p-chlorobenzylamido-e- 
aminocaproyl agarose which enabled further purification from inactive con- 
taminant protein [1] .  The same adsorption has been used in the purification of 
human thrombin [2] .  The amino group of this ligand is acylated, however, 
such that its interaction with thrombin cannot be explained by active site 
binding as with the inhibition of  trypsin by benzamidine where the charged 
amidino group binds to ASpl 77 [3] .  The p-chlorobenzyl moiety is strongly 

* Present address: Hematology, U.S. Public Health Service Hospital, Seattle, Wash. 98114 (U.S.A.). 



201 

hydrophobic,  suggesting a nonpolar interaction with the thrombin molecule. 
Hydrophobic  interactions appear to be important  to the inhibition of  thrombin 
by low molecular weight compounds  [4] .  In comparative studies, however, no 
inhibitor was found with a clear preference for thrombin over trypsin [ 5]. 

Since the binding of  thrombin to p-chlorobenzylamido-e-aminocaproyl 
agarose was remarkably stable at high ionic strength, the present study was 
undertaken to examine the hydrophobic  nature of this interaction. The pres- 
ence and posit ion of  the chloro group have been investigated as were properties 
of  native and DFP-treated thrombin.  A qualitative specificity for thrombin was 
demonstrated by comparing binding of  prothrombin,  trypsin and factor Xa. 

Materials and Methods 

Proteins. Human thrombin was generously provided by Dr. John Fenton,  
Research Laboratories, State Department  of  Health, Albany, New York, 
12201; as an extrinsically activated human Cohn fraction III paste which had 
been chromatographed over a CG-50 resin as previously described [6,7] .  This 
material was 85--95% active by p-nitrophenyl-p '-guanidobenzoate active site 
titration [8] .  Samples were shipped on dry ice and were stored a t - - 7 0 ° C  in 
0.75 M NaCl until use. Resin purified bovine thrombin was prepared as pre- 
viously described [9] .  Bovine trypsin was purchased from Sigma Chemical 
Company (grade 1) St. Louis, Mo., and bovine factor X~ a was a gift of  Dr. 
Kazuo Fujikawa as Russell's viper venom activated product  [ 10,11].  

Human prothrombin was prepared from human cryosupernate plasma 
using barium citrate absorption-elution [ 12] ,  DEAE-Sephadex chromatography 
and chromatography over heparin agarose. The latter two steps were as pre- 
viously described for bovine factor IX [13] ,  using the void volume fraction 
from the last step. It cop tained no detectable factor IX, X or VII and was 
homogeneous by immunoelectrophoresis and on 7.5% polyacrylamide-sodium 
dodecyl  sulfate gel electrophoresis (apparent molecular weight of  71 000). 
Samples were 0.4--0.8 mg/ml dialyzed against 0.75 M NaC1 prior to use. An 
extinction coefficient of Kisiel and Hanahan, 13.8 [ 14] ,  was used to determine 
prothrombin concentration.  

Other materials. Benzylamine and 2,3- and 4-chlorobenzylamines were 
purchased from the Aldrich Chem. Co. (Milwaukee, Wi.), e-aminocaproic acid, 
dithiothreitol, sodium dodecyl  sulfate and DFP came from Sigma Chem. Co. 
(St. Louis, Mo.). For DFP inhibition, 0.2 ml of 1 M stock solution (in redis- 
tilled isopropanol) was added to 15 mg human thrombin in 10 ml 0 . 3 8 M  
NaC1/60 mM NaH2PO4 (pH 8) and incubated for 40 min at 37°C at which 
point  less than 1% clotting activity remained*. Sepharose 4B and G-25 Sepha- 
dex were purchased from Pharmacia (Piscataway, N.J.), and 1-cyclohexyl-3/2- 
morphol ino/4/e thyl /carbodi imide came from Kand K. Laboratories (Plainview, 
N.Y.). Cyanogen bromide was purchased from Matheson, Coleman and Bell 
(Norwood,  Ohio), and 1,4 dioxane was a product  of J.T. Baker (Phillipsburg, 
N.J.). Other chemicals and solvents used were of the highest grade available. 

* In 0.75 M NaCI, inactivation was much slower. 
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Clotting assays. Thrombin clotting activities were determined as previous- 
ly described [9] and factor Xa was assayed by a modification of the method of 
Bachman [15,16,10] using factor X-deficient bovine plasma (Seitz filtered), 
Centrolex-P as the phospholipid source and Veronal buffer for sample dilution. 
Preincubation at 37°C for 30 s was followed by the addition of 35 mM CaC12. 

Preparation o f  adsorbent, p-Chlorobenzylamido-e-aminocaproyl agarose 
was prepared by attaching e-aminocaproic acid to CNBr-treated agarose and 
then coupling the inhibitor-amine by a carbodiimide reaction. Agarose was 
activated by CNBr according to Cuatrecasas [ 17], then c-aminocaproic acid, in 
a ratio of 50 pmol ligand per ml packed agarose, was added. In a typical 
experiment, 40 ml Sepharose 4B was reacted with 5--10 g CNBr (dissolved in 
5 ml 5,10-N,N-dimethylformamide) and, following a 0.1 M NaHCO3 (pH 9) 
wash, 2 mmol ligand in 40 ml bicarbonate buffer was rapidly added to the 
activated agarose and reacted overnight at 4°C with gentle stirring. After thor- 
ough washing with 1 M NaC1, the product gave a light orange color reaction to 
picrylsulfonic acid [16,17]. Agarose was then washed with 50% dioxane and 
taken up in an equal volume (40 ml) 50% dioxane containing 1 g (8 mmol) 
p-chlorobenzylamine. The pH was adjusted to 4.7 with 6 N HCL and 1 g (2.3 
mmol) 1-cyclohexyl-3/2-morpholino/4/ethyl/carbodiimide in 4 ml 50% diox- 
ane was slowly added over 5 min at 25°C. The reaction was stirred 12 h and the 
gel was then washed on a column with 50% dioxane until the absorbancy (280 
rim) was zero (about 100 ml). The substituted gel was then washed with 2 M 
NaC1/0.1 M NaH2PO4 (pH 8). It was stored at 4°C in 30 mM sodium azide. 
The carbodiimide conditions were adapted from the coupling of estradiol to 
amino-ethyl agarose, according to Cuatrecasas and Anfinsen [18]. 

Chromatography o f  human thrombin. Human thrombin in 0.75 M NaC1 
was first diluted with one-tenth volume to a final concentration of 30 mM 
Nail2 PO4 (pH 8). The adsorbent gel with a column height of 3--4 cm, was 
equilibrated with the same phosphate/NaC1 buffer. Flow rates were 1 ml per 
min and 1--3 ml fractions were collected at 23°C. All chromatography experi- 
ments were run at least three times with essentially identical results. Simul- 
taneous controls were run with native human thrombin over p-chlorobenzyl- 
amido-e-aminocaproyl agarose. 

Gel electrophoresis. Polyacryamide gel electrophoresis in 0.5% sodium 
dodecyl sulfate was performed by the technique of Weber and Osborn [19]. 
Gels were 70--100 X 3 mm and 20--50 pg protein were applied and run for 
approximately 4--5 h at 8 mA per gel. They were stained with Coomassie 
brilliant blue, R-250, destained in 7% acetic acid/20% methanol and then 
stored in 7% acetic acid. For molecular weight estimates, a mixture of the 
following standards was used: phosphorylase (100 000), bovine serum albumin 
(69 000), ovalbumin (43 000) and carbonic anhydrase (27 000). 

Extinction coefficient. A sample containing 1 mg per ml human thrombin 
following dioxane elution was dialyzed extensively against 0.75 M NaC1/10 mM 
NaH~ PO4, pH 6.4. Protein concentration was determined by fringe pattern in 
the analytical ultracentrifuge, and absorbtivity in a Cary model 15 recording 
spectrophometer according to the method of Babul and Stellwagen [20]. The 
extinction coefficient of thrombin was E~s%onm = 19.17 and this value was 
used to determine protein concentrations for human thrombin. The correction 
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for light scattering by absorbancy at 320 nm was less than 5%. This value is 
comparable to that  of bovine thrombin [21],  but is higher than that found for 
a less pure human preparation [22].  

Results 

Examination of human thrombin on 8.5% polyacrylamide gels revealed a 
heavy band and variable amounts of faster, low molecular weight peptide mate- 
rial (Fig. la).  After adsorption to p-chlorobenzylamido-e-aminocaproyl agarose, 
only the heavy band with smaller amounts of one additional faster component  
(Fig. lb)  were observed. For non-reduced samples, the major band corre- 
sponded to a molecular weight of 37 000 when run with the standard proteins. 
After reduction with dithiothreitol,  a single heavy band corresponded to a 
molecular weight of 33 000. 
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Fig. 1. P u r i t y  of  h u m a n  t h r o m b i n .  S o d i u m  d o d e c y l  su l f a t e /8 .5% p o l y a c r y l a m i d e  gel e l e c t ropho re s i s  o f  

s t a r t i n g  m a t e r i a l  (85% p u r e  by  t i t r a t i o n )  and  m a t e r i a l  c h r o m a t o g r a p h e d  over  the  speci f ic  a d s o r b e n t ,  50 pg  

p r o t e i n  on  each  gel. 

Fig. 2. C o m p a r i s o n  of  t r y p s i n  and  t h r o m b i n .  C h r o m a t o g r a p h y  on  a 4 c m  X 1 c m  p - c h l o r o b e n z y l a m i d o - e -  

a m i n o c a p r o y l  aga rose  c o l u m n .  H u m a n  t h r o m b i n  ( o p e n  circles)  or b o v i n e  t r y p s i n  (c losed circles)  5 m g  in 
2 m l  0 .75  M N a C I / 3 0  m M  N a i l  PO4 ,  w e r e  app l i ed  s epa ra t e ly  and w a s h e d  w i t h  15 ml  0.3 N a H 2 P O  4 

(pH 8), 20 ml  2 M NaC1/O.1 M N a H 2 P O  4 ( p H  8) and  20 ml  25% d i o x a n e  in  0 .75  M NaC1/75 mM 
N a H 2 P O  4 (pH 8). F low ra te  w a s  1 m l / m i n .  A r r o w  ind ica t e s  po in t  o f  a p p l i c a t i o n  of  t he  d i o x a n e .  
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As shown in Figs. 2 and 3, as much as 5 mg human thrombin in 0.75 M 
NaC1 (pH 8) bound completely to as little as 4 ml substituted agarose and was 
not eluted when the salt concentration was increased to 2 M. The 1--2% of 
protein which eluted in the thrombin salt wash contained no fibrinogen clot- 
ting activity*. In preliminary experiments, 1 M benzamidine only eluted about 
10% human thrombin and no protein was removed by 10 mM p-toluenesulfonic 
acid. Slow desorption occurred at pH 6, with either low or high ionic strength. 
This presumably reflects the lower limit of pH stability of thrombin. Recovery 
of protein and activity was quantitative with 25% dioxane. The dioxane was 
removed by gel filtration through G-25 Sephadex in 0.75 M NaCI**. Following 
gel filtration, human thrombin exhibited the same binding properties on re- 
chromatography and was again quantitatively removed by dioxane. Bovine 
thrombin was also quantitatively recovered by the dioxane elution; the 44% 
inactive, contaminant  protein recovered in the salt wash before dioxane elution 
agrees well with the degree of purification previously described [1].  Either 
thrombin protein could also be quantitatively recovered in a denatured form by 
1 M acetic acid elution (not shown). 

The role of the p-chloro group on the ligand was then investigated. 2 mg 
of human thrombin were applied to a 4.5 cm × 1 cm column of benzylamido- 
e-aminocaproyl agarose. A trace of protein eluted with a 0.3 M sodium phos- 
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Fig. 3. C o m p a r i s o n  o f  f ac to r  Xa  and  t h r o m b i n .  C h r o m a t o g r a p h y  on a 3 c m  X 1 c m  p - c h l o r o b e n z y l a m i d o -  
e - a m i n o c a p r o y l  agarose  c o l u m n .  H u m a n  t h r o m b i n  ( o p e n  circles,  5 rag) or  b o v i n e  f a c t o r  Xa (c losed circles,  
1.5 rag) in 3 m l  0.1 M Tris  (pH 7.5)  w e r e  app l i ed  s epa ra t e ly  and  w a s h e d  w i t h  5 m l  0.3 M N a H 2 P O  4 (pH 

7.8) ,  t h e n  10 m l  each  of  0 . 7 5 M  NaC1/75 r am N a H 2 P O  4 (pH 7.8),  2 M  NaC1/0.1 M N a H 2 P O  4 (pH 7.8)  
a n d  (at  a r r o w )  25% d i o x a n e  in NaC1 and  p h o s p h a t e  b u f f e r  as in  f igure  2. 

* Presence  of  c lo t t ing  ac t iv i ty  w a s  only  seen  w h e n  add i t i ona l  p r o t e i n  or  less gel w e r e  used  or  i f  t h e  

gel had  b e e n  used  several  t imes .  In  the  l a t t e r  case,  up  to  10% o f  a 5 m g  load gradua l ly  e lu ted  d u r i n g  
ex t ens ive  2 M NaCI washes ,  p r i o r  to  d i o x a n e  e lu t ion .  

** P r o t e i n  p r e c i p i t a t e d  u p o n  t h a w i n g  if f rozen  in the  p r e sence  of d ioxane .  T h r o m b i n  was  read i ly  
e lu ted  b y  d i o x a n e  a lone  b u t  0 .75  M NaC1 w a s  r o u t i n e l y  i n c l u d e d  i n  t h e  d i o x a n e  e l u t i o n  b u f f e r  t o  

insure  s tab i l i ty  u p o n  gel f i l t ra t ion .  
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phate (pH 8) wash but contained no clotting activity. With 20 ml 1.5 M 
NaC1/0.15 M sodium phosphate (pH 8) wash (I -~ 2), 70% of the protein and 
clotting activity were eluted in a broad, continuous peak. Acetic acid (1 M) was 
added at that point  and the remaining 30% of protein eluted in a sharp peak. 
Ortho and m-chloro derivatives were then studied. With the former, human 
thrombin was eluted by high ionic strength identically to the unsubstituted 
benzylamine derivative; whereas the m-chloro derivative bound thrombin as 
tightly as in the p-chloro experiments, requiring 25% dioxane. 

To examine the properties of  the enzyme necessary for binding, DFP- 
inhibited thrombin and then prothrombin were studied. Thrombin was treated 
with DFP until less than 1% activity remained (see methods), and applied to a 
3.5 cm X 1 cm column of p-chlorobenzylamido-e-aminocaproyl agarose. The 
column was washed with 10 ml 0.75 M NaC1 in 75 mM sodium phosphate (pH 
7.8), then 20 ml 2 M NaC1/0.15 M sodium phosphate (pH 7.8). For a 5 mg 
sample, 3 mg were slowly eluted beginning with the first wash and the remain- 
ing 2 mg were then recovered as a sharp protein peak with 25% dioxane elu- 
tion. With one-half the load, 70% was eluted by dioxane as was 90% of a 1.3 
mg sample. Human prothrombin was likewise applied to the specific adsorbent, 
but, as shown in Fig. 4, failed to bind when applied in 0.75 M NaC1 at pH 8. 
Although no detectable fibrinogen clotting or thrombin protein was observed 
in the starting prothrombin preparation, it is of interest that trace clotting 
activity (about 0.03 NIH units/ml) was found in the dioxane eluate peak. 
Sodium dodecyl sulfate gels of this fraction revealed a single faint protein band 
with intermediate migration to that  of prothrombin and thrombin. Mixtures of 
thrombin and prothrombin were then chromatographed and demonstrated 
separation of the enzyme from its zymogen due to the tight adsorption of the 
former (not shown). 

Bovine trypsin and factor Xa were compared with thrombin as they repre- 
sent serine proteases of differing specificities. The results with trypsin are 
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Fig, 4. H u m a n  p r o t h r o m b i n .  E l u t i o n  f r o m  a 4 e m  X 1 c m  c o l u m n  ofp-chlorobenzylamido-e-aminoeaproyl 
a g a r o s e .  6 m l  c o n t a i n i n g  5 m g  p r o t h r o m b i n  in 0 .75  M NaC1/30 m M  N a H 2 P O  4 (pH 8), w e r e  a p p l i e d .  T h e  
c o l u m n  w a s  t h e n  w a s h e d  w i t h  10 ml  e a c h  o f  0 . 7 5  M N a C I / 7 5  m M  N a H 2 P O  4 ( p H  8), 2 M NaC1/0.1 M 
N a H 2 P O  4 ( p H  8) a n d  (a t  a r r o w )  2 5 %  d i o x a n e  as in  Fig.  2. 
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Fig. 5. C h r o m a t o g r a p h y  of  a m i x t u r e  of  h u m a n  t h r o m b i n  and b o v i n e  f a c t o r  Xa. H u m a n  t h r o m b i n  (0.3 
rng) and  b o v i n e  f ac to r  Xa (0.1 rag) were  m i x e d  (2.1 ml) ,  and  added  to a p - c h l o r o b e n z y l a m i d o - c - a m i n o -  
cap roy l  a~arose c o l u m n  (4 cm X 1 cm) .  Washes were  as in Fig. 4, i nc lud ing  5 m l e a c h  of  0 .75  M NaC1, 2 M 
NaCl and  (at a r r o w )  d i o x a n e / N a C l  bu f f e r s .  

shown in Fig. 2. The trypsin elution (solid circles) was similar to that of pro- 
thrombin, with essentially no binding when applied (ionic strength ~-1). In two 
other experiments about  20% of the trypsin protein was eluted in 0.75 M 
NaC1/75 mM Nail2 PO4 (pH 8) and the balance with 20 ml 2 M NaC1/0.1 M 
Nail2 PO4 (pH 8) (not shown). 

The elution profile of bovine factor Xa was then compared with that of  
thrombin (Fig. 3). Again, the majority of the protein which contained potent  
factor Xa activity was eluted by the salt washes at pH 8 (ionic strength ~-1, 

T A B L E  I 

R E L A T I V E  B I N D I N G  TO p - C H L O R O B E N Z Y L A M I D O - e - A M I N O C A P R O Y L  A G A R O S E  

5 m g  samples  were  used  e x c e p t  for  bov ine  t h r o m b i n  (3 rag) and  f ac to r  Xa  (1 .5  rag) .  D a t a  was  t a k e n  f r o m  

e x p e r i m e n t s  de ta i led  in Figs.  1--4 and ,  for  D I P - t h r o m b i n  and  bov ine  t h r o m b i n ,  f r o m  the t ex t .  Bovine  
t h r o m b i n  (resin p u r i f i e d ) c o n t a i n e d  44% inac t ive  c o n t a m i n a n t  in  the  salt wash .  Values  for  h u m a n  t h r o m b i n  
and  p r o t h r o m b i n  exc lude  the  1--2% p ro t e in  in  the  sample  vo id  or  d i o x a n e  elute ,  r e spec t ive ly .  In  the  for- 

mer ,  the  t h r o m b i n  void  c o n t a i n e d  no c lo t t ing  ac t iv i ty  whereas  the  p r o t h r o m b i n  d i o x a n e  e lua te  c o n t a i n e d  
an i n t e r m e d i a t e  p r o t e in  spec ies  on gel e l ec t ropho re s i s  and  a t race  of  c lo t t i ng  ac t iv i ty .  F o r  D F P - t r e a t e d  
t h r o m b i n ,  a re la t ive  increase  in d i o x a n e  e lua te  p r o t e i n  was  seen w i t h  dec reased  sample  size (see tex t ) .  

P ro te in  Pe rcen t  r ecove ry  

I -~ 1 a I -~ 2 b D i o x a n e  

Thr  o m b i n  (bov ine)  0 0 100 
T h r o m b i n  ( h u m a n )  0 0 100 
D I P - T h r o m b i n  ( h u m a n )  0 10 - -60  4 0 - - 9 0  
P r o t h r o m b i n  ( h u m a n )  100 0 0 
T r y p s i n  (bov ine)  98 0 2 
F a c t o r  Xa  (bov ine )  15 70 15 

(a) Ion ic  s t r e n g t h  of  0 . 8 7 : 0 . 3  M N a H 2 P O  4 (pH 8), or  0 . 9 8 : 0 . 7 5  M N a C 1 / 7 5 m M  N a H 2 P O 4  (pH 8). 

(b) Ion ic  s t r e n g t h  of  2 . 2 9 : 2  M NaCl /0 .1  M N a H 2 P O  4 (pH 8). 
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then 2). To examine the ability of the specific adsorbent  to separate thrombin 
and factor Xa, a mixture of  these clotting enzymes (0.3 mg thrombin,  0.1 mg 
factor Xa) was applied to another column (Fig. 5). The salt washes gave 2 peaks 
of  factor  Xa activity wi thout  fibrinogen clotting and could account  for essen- 
tially all the factor Xa absorbancy units applied. The dioxane elution (3rd 
peak) contained po ten t  fibrinogen clotting activity, the equivalent absorbancy 
units of  the applied thrombin and no evidence of factor Xa protein on sodium 
dodecyl  sulfate gel electrophoresis. 

Table I summarizes the relative binding of  the above proteins to p-chloro- 
benzylamido-e-aminocaproyl agarose. It should be noted that only native 
thrombin remained completely bound before dioxane elution. 

Discussion 

The adsorption of  bovine thrombin to p-chlorobenzylamido-e-amino- 
caproyl agarose resulted in additional purification of the enzyme from inactive 
contaminants.  The binding to the resin was quite strong, however, and 1 M 
benzamidine was required to elute the enzyme. In the interaction of  bovine 
thrombin with an insolubilized derivative of p- or m-aminobenzamidine, 
Schmer eluted with 0.2 M benzamidine [23] and Hixon and Nishikawa were 
able to elute with 50 mM benzamidine [24] .  These results occurred despite the 
fact  that  p-aminobenzamidine is by 4-fold a bet ter  esterase inhibitor of  throm- 
bin than p-chlorobenzylamine [ 5].  Therefore, the tight binding of thrombin to 
the insolubilized derivative of  p-chlorobenzylamine involves an alternative bind- 
ing site. 

In the present study, human thrombin was bound even more tightly to 
p-chlorobenzylamido-e-aminocaproyl agarose than bovine as high concentra- 
tions of either benzamidine or NaC1 failed to elute it. Using an insolubilized 
benzylamine or o-chlorobenzylamine, high ionic strength eluted the thrombin. 
The presence of the chloro group in the meta or para position was associated 
with binding that could no longer be broken by high ionic strength alone. 
Quantitative recovery of  active human and bovine enzymes was readily ob- 
tained with 25% dioxane, a non-polar solvent (Table I). Since thrombin retains 
full activity in this solvent, the most  reasonable explanation is that  the insolu- 
bilized ligand bound to a hydrophobic  site or " p o c k e t "  in the thrombin mole- 
cule*. 

As prothrombin failed to bind, this particular thrombin binding site must  
have become exposed upon activation. Thrombin alkylated by DFP bound 
tightly to the adsorbent,  although the capacity for the inhibited enzyme was 
decreased. In addition, one lower molecular weight band was purified with 
thrombin (Fig. 1), and this probably represents "fl-thrombin", a degradation 
product  which retains esterase activity [26] .  Thus an intact enzyme is required 
for binding, but  it is not  clear if this binding is specifically at the active site. 

* This  is o p p o s e d  to  a c e t i c  acid c l u t i o n  in w h i c h  irreversible  d e n a t u r a t i o n  e l u t e s  t h e  t h r o m b i n .  The  
p r e s e n c e  o f  the  e - a m i n o c a p r o y l  " spacer  a r m "  great ly  fac i l i ta ted  t h r o m b i n  b i n d i n g  [ 1 ]  and m a y  
c o n t r i b u t e  to  t h e  n o n - p o l a r  na ture  o f  t h e  i n t erac t ion .  T h e  presen t  b i n d i n g ,  h o w e v e r ,  d i f fers  f r o m  
" h y d r o p h o b i c  c h r o m a t o g r a p h y " ,  in w h i c h  e n z y m e  i n t e r a c t i o n  w i t h  t h e  s p a c e r  arm is d i s r u p t e d  by  
high i on ic  s t r e n g t h  [ 2 5 ] .  
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The serine proteases, trypsin, thrombin and factor Xa, share identical 
active site sequences and exhibit considerable homology [27] .  Quantitative 
differences in the specificities of these enzymes have been noted in compari- 
sons of inhibitors, either irreversible or competitive, or by studying esterase, 
peptidase or proteolytic activities. Some degree of  specificity for the inhibition 
of thrombin by p-chlorobenzylamine was suggested by Markwardt et al. [5] .  
They found this compound  to be by 50-fold a better  thrombin esterase inhibi- 
tor than benzylamine. The inhibiting trypsin, p-chlorobenzylamine was less 
active than benzylamine. The p-chloro derivative was the only compound in a 
series of substi tuted benzylamines and benzamidines with a lower K i for 
thrombin than trypsin. The presently described interaction of  thrombin with 
the insolubilized derivative of p-chlorobenzylamine is qualitatively distinct 
from that of either the less specific protease, trypsin, or a more specific en- 
zyme, factor Xa. Thrombin alone required a non-polar solvent for elution. 

A hydrophobic site unique to thrombin has not  previously been demon- 
strated, although there is evidence for non-polar interactions. Thrombin 
[28,29,30] ,  like trypsin [31] ,  will interact with neutral substrates and both 
enzymes prefer a hydrophobic  residue adjacent to the amino terminus of  the 
Arg-X [32,33] .  Only thrombin demonstrated specificity for the subsequent  
amino-terminal residue. In examining protein substances, trypsin is by far the 
least specific. For thrombin, a non-polar residue (Val or Ala) is found in either 
of the two adjacent amino-terminal residues [34,35] .  Factor Xa substrates 
frequently contain an acidic but  no hydrophobic  residue at this site*. Another 
potential hydrophobic  site is a Phe binding site as this residue is found 8 
positions from the carboxy-terminal Arg in fibrinopeptides A from several 
species [34,39] .  A binding of this residue with thrombin, is conceivably a 
component  of the enzyme~substrate complex. Indeed, p-chlorobenzylamido-6- 
amino caproic acid did inhibit fibrinogen clotting activity [1] .  Thus, the hy- 
drophobic interaction may interfere with the active site or other  substrate 
binding sites of  thrombin, bu t  at this time a relationship remains conjectural. 

Nevertheless, the adsorption of thrombin by p-chlorobenzylamido-e- 
aminocaproyl agarose represents a high affinity binding which is highly specific, 
and qualitatively differs from the interaction with its zymogen, trypsin and 
factor Xa. This binding is useful in the purification of  thrombin. Furthermore, 
this technique can successfully separate thrombin from its zymogen or from 
factor Xa. 
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