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ABSTRACT: The kinetic mechanism of the cleavage of four p-nitroanilide (pNA) substrates by human 
a-thrombin has been investigated by using a number of steady-state kinetic techniques. Solvent isotope 
and viscosity effects were used to determine the stickiness of the substrates a t  the pH optimum of the reaction; 
a sticky substrate is defined as one that undergoes catalysis faster than it dissociates from the Michaelis 
complex. Whereas benzoyl-Arg-pNA could be classified as a nonsticky substrate, D-Phe-pipecolyl-Arg-pNA 
was very sticky. The other two substrates (tosyl-Gly-Pro-Arg-pNA and acetyl-D-Phe-pipecolyl-Arg-pNA) 
were slightly sticky. The pH profiles of k,,/K, were bell-shaped for all substrates. The pKa values determined 
from the pH dependence of k,,/K, for benzoyl-Arg-pNA were about 7.5 and 9.1. Similar pKa values were 
determined from the pH profiles of k,,/K, for tosyl-Gly-Pro- Arg-pNA and acetyl-D-Phe-pipecolyl- Arg-pNA 
and for the binding of the competitive inhibitor Na-dansyl-~-arginine-4-methylpiperidine amide. The groups 
responsible for the observed pK, values were proposed to be His57 and the a-amino group of Ile16. The 
temperature dependence of the pKa values was consistent with this assignment. The pK, values of 6.7 and 
8.6 observed in the pH profile of k,,/K, for D-Phe-pipecolyl- Arg-pNA were displaced to lower values than 
those observed for the other substrates. The displacement of the acidic pKa value could be attributed to 
the stickiness of this substrate. The basic pK, value of 8.6 was caused by preferential binding of substrate 
molecules with protonated a-amino groups. The pH dependence of k,, for benzoyl-Arg-pNA was consistent 
with the binding of the substrate decreasing the pKa of His57 by more than 1 unit. The pH dependence 
of k,, for the other three substrates was more complicated and suggested that the rate of catalysis was 
influenced by the ionization of groups not directly involved in catalysis. 

Z r o m b i n  is a serine protease with considerable homology 
to chymotrypsin in trypsin in terms of both primary and 
tertiary structure (Bode et al., 1989). Like trypsin, thrombin 
shows a preference for cleaving substrates C-terminal to a basic 
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residue, but the substrate specificity of thrombin is more re- 
stricted than that of trypsin (Chang, 1986; Lottenberg et al., 
1981). In addition, thrombin appears to use sites that are 
distant from the active site in order to achieve specific in- 
teractions with macromolecular substrates, cofactors, and 
inhibitors (Fenton, 1981; Fenton & Bing, 1986). The recently 
determined crystal structures of D-Phe-Pro-ArgCH2-thrombin 
(Bode et al., 1989) and hirudin-thrombin complexes (Rydel 
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et al., 1990; Griitter et al., 1990) provide some idea of the 
structural basis for thrombin's specificity. An insertion loop 
(Tyr60A-Trp60D)' of thrombin restricts the active site and 
this probably explains why so few macromolecular substrates 
and inhibitors of serine proteases bind well to thrombin. In 
addition, hydrophobic regions within the active-site cleft would 
appear to be important for the binding of substrates and in- 
hibitors (Bode et al., 1989). The inhibitor hirudin also uses 
binding sites distant from the catalytic center. The C-terminal 
region of hirudin is bound to a surface groove that has been 
termed the anion-binding exosite, and it seems likely that this 
region of thrombin also interacts with the substrate fibrinogen 
and the cell-surface protein thrombomodulin (Rydel et al., 
1990; Griitter et al., 1990). 

The kinetic mechanism of cleavage of p-nitroanilide sub- 
strates by thrombin has not been extensively investigated. The 
careful studies by Lottenberg et al. (1981, 1983) have docu- 
mented the substrate specificity of the enzyme, and a recent 
study has investigated the pH and salt dependence of the 
kinetic parameters (De Cristofaro & Di Cera, 1990). How- 
ever, a number of points remain to be established; for example, 
which catalytic step is rate limiting in the cleavage of p -  
nitroanilide substrate (acylation or deacylation) and to what 
extent the binding step preceding the catalytic step comes to 
equilibrium with different substrates. In the present paper, 
we report the results of investigations designed to answer such 
questions. A range of steady-state kinetic techniques, including 
the study of viscosity, solvent isotope, and pH effects, has been 
used to determine the kinetic mechanism of the thrombin- 
catalyzed cleavage of four p-nitroanilide substrates. 

EXPERIMENTAL PROCEDURES 
Materials. The substrates Bz-Arg-pNA,2 tos-Gly-Pro- 

Arg-pNA (Chromozym TH), and D-Phe-Pip-Arg-pNA (S- 
2238) were obtained from Bachem (Bubendorf, Switzerland), 
Boehringer-Mannheim (Mannheim, Germany) and Kabi- 
Vitrum (Molndal, Sweden), respectively. Ac-D-Phe-Pip- 
Arg-pNA was prepared from D-Phe-Pip-Arg-pNA by acety- 
lation with p-nitrophenyl acetate followed by purification by 
reversed phase HPLC with a CI8  column. Human a-trombin 
was prepared and characterized as described previously (Stone 
& Hofsteenge, 1986). The preparation used was fully active 
as determined by active-site titration with 4-methylumbelliferyl 
pguanidinobenzoate (Jameson et al., 1973) and was essentially 
free from degraded forms as assessed by gel electrophoresis 
and Edman degradation. 

Synthesis of Na-Dansyl-~-arginine-4-methylpiperidine 
Amide ( D A M P A ) .  The mixed anhydride of N-t-Boc-di- 
Cbz-L-arginine (3.68 mmol) was prepared by standard 
methods and reacted with 4-methylpiperidine (4.78 mmol). 
The neutral fraction was purified by chromatography on a 
column of silica gel and the t-Boc protecting group was re- 
moved by reaction with trifluoroacetic acid. The product (3.02 
g) was reacted with dansyl chloride (4.39 mmol) for 4 h at 
0 "C in 15 mL of chloroform containing 11 mmol of tri- 
ethylamine. The neutral dansylated product was purified on 
a column of silica. The Cbz groups were removed by reduction 
in 30 mL of methanol containing 2.5 mL of acetic acid, 340 
mg of ammonium formate and 150 mg of Pd (10%) on active 
carbon. The catalyst was removed by filtration and the 
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I The sequence numbering for thrombin is that of Bode et al. (1989) 
and is based on chymotrypsin numbering. 

* Abbreviations: Ac, acetyl; Bz, benzoyl; Cbz, benzyloxycarbonyl; 
DAMPA, Ne-dansyl-~-arginine-4-methylpiperidine amide; Pip, pipecolyl; 
pNA, p-nitroanilide; t-Boc, terr-butyloxycarbonyl; tos, 4-toluenesulfonyl. 

product was recovered by lyophilization. Yield: 1.1 g (49%). 
The final product gave one spot (Rf = 0.58) on TLC with 
butanol-acetic acid-water (3: 1: 1) which was fluorescent under 
long-wavelength UV light. The absorption spectrum showed 
maxima at 246 and 330 nm. 

Amidolytic assays were performed in a three-buffer system 
containing 0.1 M MES, 0.05 M Tris, 0.05 M ethanolamine, 
0.2 M NaCI, 0.2% (w/v) poly(ethy1ene glycol) of M, 6000, 
and substrate. The pH of the assay buffer was adjusted to 
the desired pH at about the temperature of the assay. The 
precise pH of the assay was measured later at the temperature 
used with a Radiometer PHM83 pH meter. In experiments 
in which assays were conducted in D20, the pD was taken to 
equal the pH meter reading plus 0.4 (Fersht, 1985). The 
three-buffer system was chosen because it provided adequate 
buffering capacity over the pH range used (pH 6-10) and the 
ionic strength varied only slightly over this range (Ellis & 
Morrison, 1982). 

The release of pnitroaniline due to cleavage of the substrates 
was monitored at 400-410 nm by using a Hewlett-Packard 
8452A spectrophotometer. The extinction change for the 
reaction under the conditions of the assay was determined to 
be 9300 M-' cm-'. The concentrations of the substrates were 
determined from their absorbance at 342 nm as described by 
Lottenberg and Jackson (1983). 

For the determination of k,,, and K, values, six different 
substrate concentrations that varied over an 1 1-fold range were 
used. Dilutions of substrate were made as recommended by 
Fromm (1979, and at least one concentration was above and 
one below the K, value. At pH values above 9, a significant 
nonenzymatic rate of hydrolysis of the substrates tos-Gly- 
Pro-Arg-pNA and Bz-Arg-pNA was observed and this rate 
was subtracted from the enzyme-catalyzed rate. The con- 
centration of thrombin used was chosen such that measurable 
initial rates would be obtained and less than 10% of the sub- 
strate would be utilized in the first 5 min of the assay. The 
concentration of thrombin used varied from 10 pM for assays 
with D-Phe-Pip-Arg-pNA to 0.2 pM for those with Bz-Arg- 
pNA. The inhibition of thrombin by the substrate analogue 
DAMPA was studied in the presence of 100 pM D-Phe-Pip- 
Arg-pNA and with 50 pM enzyme. 

For experiments examining the effect of viscosity on the 
kinetic parameters, the viscosity of the assay was determined 
at 37 OC by using an Ubbelodhe viscometer. 

THEORY AND DATA ANALYSIS 
The reaction catalyzed by thrombin can be represented by 

Scheme I, where E is the enzyme, S is the substrate, ES is the 
Michaelis complex, EP2 is the acyl-enzyme complex, and PI 
and P2 are the hydrolysis products [p-nitroaniline and peptide 
(or Bz-ArgOH), respectively]. 
Scheme I 

k kl k3 

k-1 
E + S&ES - pI + E P ~  - E + p2 

Under steady-state conditions, the dependence of velocity 
of the reaction (u)  on the substrate concentration can be de- 
scribed by the Michaelis-Menten equation: 

(1) 
kCa,[Sl - U - -  

[ E O ~  K m  + [SI 
where [E,] is the enzyme concentration. For the reaction 
mechanism presented in Scheme I, k,, (catalytic constant) 
and K, (Michaelis constant) can be defined by eqs 2a and 3a. 
For p-nitroanilide substrates, it is generally accepted that 
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acylation is rate limiting (k, >> k2), and if this is also the case 
for thrombin, the expressions for k,, and K, can be simplified 
to eqs 2b and 3b. If deacylation is rate limiting (k2 >> k3), 
the expressions for k,, and K, are given by eqs 2c and 3c 
(Polgiir, 1987). 

(2a) 

(2b) 

(2c) 
(3a) 

(3b) 

If k2 >> k3, then K, = [(k-, + k2)k3]/k,k2 (3c) 

Viscosity Effects. A sticky substrate is defined as one that 
dissociates from the Michaelis complex more slowly than this 
complex undergoes catalysis, Le., k2 > k-, (Cleland, 1977). 
For a nonsticky substrate, dissociation from the Michaelis 
complex is faster than reaction (k-, > k2) and the binding step 
comes to equilibrium. The stickiness of a substrate can be 
determined from the effect of viscosity on k,,/K, (Brouwer 
& Kirsch, 1982; Cleland, 1986). For the mechanism presented 
in Scheme I, the value of kca,/K, will be given by 

kcat = k2k3 / (k2 + k3) 
If k3 >> k2, then k,, = k2 

If k2 >> k,, then kcat = k3 

Km = [(k-, + k,)k,l/[k,(k, + k3)I 
If k3 >> k2, then K, = (k-, + k2)/kl 
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If deacylation is rate limiting (k2 >> k,), Dkcat will be given 
by eq 9, while eq 8 will still describe D(k,,/K,): 

Dk,t = k3/Dk3 (9) 

In this case, the value of D(k,t/Km) will equal 1.0 for a sticky 
substrate and it will be significantly greater than 1 .O but will 
not necessarily equal Dk,t when the substrate is not sticky. 

pH Dependence of the Interaction with Substrates and 
Inhibitors. The pH profiles of k,,/K, for p-nitroanilide 
substrates with thrombin were bell-shaped and could be de- 
scribed by 

(4) 

This equation applies irrespective of whether acylation (k2 << 
k,) or deacylation (k2 >> k3) is rate limiting. The magnitudes 
of both k,  and k-, will be dependent on the viscosity of the 
assay and it has been shown that the dependence of k,,/K, 
on the relative viscosity of the solution (qrcl) is given by 
(Brouwer & Kirsch, 1982) 

where qrel is the viscosity of the assay with added viscogenic 
reagent relative to that of the assay without any such reagent. 
When eq 5 is written in the double-reciprocal form (eq 6 ) ,  it 
is apparent that a plot of K,/kcat against qrcl will be linear with 
a slope of I l k ,  and a horizontal intercept of -k-,/k2: 

Initial velocity data obtained by varying the substrate at a 
particular viscosity were fitted to eq 1 by using weighted, 
robust linear regression (Cornish-Bowden & Endrenyi, 198 1). 
The resulting values of kca,/K, were weighted according to 
the inverse of their variances and fitted to eq 6 to obtain 
estimates for kl and k2/k-,. 

Solvent Isotope Effects. The general base catalysis involving 
the catalytic histidine of thrombin is expected to proceed more 
slowly in D20  (PolgPr, 1987). If acylation is rate limiting (k, 
<< k3, Scheme I), the observed solvent isotope effects on k,,, 
(Dkca,) and kca,/K, [D(kcat/K,)] will be given by 

Dkcar = k2/Dk2 (7) 

where Dk2 is the rate of acylation in the presence of D20. 
When the substrate is not sticky (k-, >> k2), D(k,,/K,) will 
equal Dk,t. In contrast, there will be no solvent isotope effect 
on k,,/K, for a sticky substrate (k-, << k2), i.e., D(kc,,/K,) 
will equal 1.0. 

where k,,/K,(opt) is the pH-independent value of k,,/Km 
and K ,  and K2 are acid dissociation constants. Initial-velocity 
data for substrates obtained at a particular pH were fitted to 
eq 1 as described above to obtain estimates for k,,, K,, and 
k,,/K,. The values of kca,/K, obtained from these analyses 
were weighted according to the inverse of their variances and 
fitted to eq 10 by weighted, nonlinear regression in order to 
obtain estimates for pK, and pK,. 

Estimates for the enthalpy of ionization (AHion) of the 
groups responsible for the observed pKa values can be obtained 
from a plot of the pKa values against the reciprocal of absolute 
temperature (l/n; the slope of such a plot is AHiOn/2.303R, 
where R is the gas constant (Cleland, 1977; Tipton & Dixon, 
1979). The slope of the plot of the pKa values against 1 /T  
was determined from data obtained at three temperatures with 
tos-Gly-Pro-Arg-pNA by weighting the estimates of pKa values 
according to the inverse of their variances and using weighted 
linear regression. For D-Phe-Pip-Arg-pNA, pKa values were 
only obtained at two temperatures and estimates of AHiOn for 
the groups responsible were calculated by using the formula 
Mion = 2.303RApKa/A(1/n (Tipton & Dixon, 1979). 

The pH dependence of kat was in general more complicated 
than that observed for k,,/K,. A simple half-bell-shaped 
profile that could be described by eq 11 was, however, observed 
with Bz-Arg-pNA: 

where k,,(opt) is the pH-independent value of kat. Estimates 
of k,, determined at different pH values were weighted ac- 
cording to the inverse of their variances and fitted to eq 11 
by weighted, nonlinear regression in order to obtain an estimate 
for pK,. 

The pH dependence of the dissociation constant (Ki) for the 
competitive inhibitor DAMPA exhibited a bell-shaped profile 
that could be described by 

Ki = Ki(opt)(l + [HI/K, + K2/[HI) (12) 

where Ki(opt) is the pH-independent value of Ki. Initial-ve- 
locity data for the inhibition of thrombin by the competitive 
inhibitor DAMPA were fitted to the Dixon equation by using 
weighted, robust linear regression (Cornish-Bowden & En- 
drenyi, 1981) to yield estimates of the apparent dissociation 
constant (Kit) at each pH. Estimates for Ki were calculated 
by using the following relationship together with the concen- 
tration of substrate and its K, value at the particular pH: 

The values of Ki were weighted according to their inverse 
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Table I: pK, and pH-Independent Values Derived from the Variation of k,,/K, for p-Nitroanilide Substrates' 

substrate pH-independent value (M-I S-I) PK1 PK2 
37 O C  

Bz-Arg-pNA (1.34 f 0.07) X lo3 7.57 f 0.03 9.09 f 0.05 
9.10 f 0.03 tos-Gly-Pro- Arg-pNA 

D-Phe-Pip-Arg-pNA (8.62 f 0.37) X IO7 6.71 f 0.03 8.63 i 0.03 
Ac-D- Phe-Pip- Arg-pNA (2.30 f 0.04) X lo6 7.30 k 0.03 9.15 f 0.05 

tos-Gly-Pro- Arg-pN A (4.34 0.29) x 107 7.64 f 0.05 9.31 f 0.06 

tos-Gly-Pro- Arg-pN A (2.98 * 0.13) X lo7 7.57 f 0.02 9.70 f 0.07 
D-Phe-Pip- Arg-pNA (4.77 f 0.32) x 107 6.94 f 0.04 9.43 f 0.06 

'Estimates for k,,,/K, were determined between pH 6 and 10 as described under Experimental Procedures. These values were fitted by weighted 

7.28 f 0.02 (3.34 f 0.09) X IO7  

25 OC 

15 OC 

nonlinear regression to eq 10 to obtain the estimates of the parameters, which are given together with their standard errors, 

variance and fitted by linear regression to eq 12 in order to 
obtain estimates of pK, and pK2 for the inhibition by DAMPA. 

RESULTS 
pH Dependence of k,,/K,. Values for k,,/K, and k,, were 

determined with four substrates over the pH range 6.0-10.0 
at 37 O C .  The ionic strength was maintained constant at 0.3 
M by using a three-component buffer mixture as recommended 
by Ellis and Morrison (1982). At this ionic strength, thrombin 
was stable over the entire pH range for at least 30 min. At 
the lower ionic strength of 0.15 M, a slight loss of thrombin 
activity was detected over time periods greater than 20 min. 
The pH profile of k,,/K, for each of the substrates examined 
was bell-shaped (Figure 1). However, the pK, values de- 
termined from the profiles varied. For the poor substrate 
Bz-Arg-pNA, pK, values of 7.57 f 0.03 and 9.09 f 0.05 were 
observed (Table I). Similar pK, values (7.28 f 0.02 and 9.10 
f 0.03) were obtained for tos-Gly-Pro-Arg-pNA (Chromozym 
TH). In contrast, analysis of the pH dependence of k,,,/K, 
for D-Phe-Pip-Arg-pNA (S-2238) yielded pK, values (6.71 f 
0.03 and 8.63 f 0.03) that were displaced in relation to those 
obtained for the above two substrates. This displacement was 
not seen when the a-amino group of D-Phe-Pip-Arg-pNA was 
acetylated; the pK, values obtained from the pH dependence 
of k,,/K, for Ac-D-Phe-Pip-Arg-pNA were 7.30 f 0.03 and 
9.15 f 0.05 (Table I). 

The pH dependence of k,,/K, for tos-Gly-Pro- Arg-pNA 
was also investigated at 15 and 25 O C  (data not shown). The 
determined pK, values were higher at the lower temperatures 
(Table I). The temperature dependence of the pK, values was 
analyzed as described under Theory and Data Analysis to yield 
estimates of AH,,, for the groups involved. Values of 22 f 
8 and 43 f 7 kJ mol-' were determined for the AHion of the 
groups responsible for pK, and pK2, respectively. These values 
of AH,,, are consistent with a histidine or sulfhydryl being 
responsible for pKl and a primary amino group for pK2 (Tipton 
& Dixon, 1979). A sulfhydryl group can be excluded for pKl 
since thrombin contains no free cysteines. 

The pH dependence of k,,/K, for DPhe-PipArg-pNA was 
also determined at 15 O C  and values o f  6.94 f 0.04 and 9.43 
f 0.06 were obtained for pK, and pK2, respectively (Table I). 
Estimates for AHion were determined from the changes in the 
pK, values as described under Theory and Data Analysis. The 
values of AH,,, of 18 and 62 kJ mol-' derived from the change 
in pK, and pK2, respectively, are also consistent with a histidine 
being responsible for pKI and a primary amino group for pK2. 

p H  Dependence of k,, for  p-Nitroanilide Substrates. In 
contrast to the normal bell-shaped pH profiles for k,,/K,,,, the 
pH dependence of k,, was in general more complex (Figure 
2). A simple pH dependence of k,, was seen only in the case 
of Bz-Arg-pNA, where catalytic activity appeared to depend 
on the ionized form of a group with a pK, value of 6.34 f 0.04. 

I I I I I 1 

k I I I I I 
5 6 7 8 9 10 11 

- d  

t 1 
7 

5 6 7 8 9 10 1 1  

4 I I I I I 1 

A 
1 I I I I I 

5 6 7 8 9 10 11 

PH 
FIGURE 1: Variation with pH of log(k,,/K,,,) for the cleavage of 
p-nitroanilide substrates by thrombin. The units of k,,/K, are M-' 
s-' and the values are plotted for (A) D-Phe-Pip-Arg-pNA (0), (B) 
Ac-D-Phe-Pip-Arg-pNA (V), tos-Gly-Pro-Arg-pNA (O), and (C) 
Bz-Arg-pNA (A). The curves represent the fit of the data to eq 10 
and were drawn using the values of the parameters given in Table 
I. 

The pH-independent value of k,, was 0.186 f 0.003 s-*. The 
value of k,,, for tos-Gly-Pro-Arg-pNA increased gradually 
between pH 6 and 9 (Figure 2). A similar pH dependence 
of k,, for tos-Gly-Pro-Arg-pNA was also seen at 15 and 25 
O C  (data not shown). The variation of k,, for D-Phe-Pip- 
Arg-pNA and for Ac-D-Phe-Pip-Arg-pNA with pH at 37 O C  

did not reflect the ionization states of any groups that were 
essential for catalysis (Figure 2). The value of k,, for these 
two substrates was relatively constant over the pH range tested. 
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7 ,  I I I I I 

6 -  0 

-2  
5 6 7 8 9 10 11 

B 1  
I I I I 

3 

1 
I I I I I J 

5 6 7 8 9 10 1 1  

PH 
FIGURE 2: Variation with pH of log(k,,) for the cleavage of p -  
nitroanilide substrates by thrombin. The units of k,, are s-' and values 
are plotted for (A) Bz-Arg-pNA (A), Ac-D-Phe-Pip-Arg-pNA (V), 
D-Phe-Pip-Arg-pNA (0), and (B) tos-Gly-Pro-Arg-pNA ( 0). The 
curve drawn for Bz-Arg-pNA represents the fit of the data to eq 1 I .  

1 
5 1  I I I I I I 

5 6 7 8 9 10 11 

PH 
FIGURE 3: Variation with pH of log(&) for DAMPA. The units of 
Ki are M and the curve drawn represents the fit of the data to eq 12. 

Optimal catalytic activity was observed between pH 7.5 and 
8 .5 ;  a small decrease in k,, of 2-fold or less was seen at  pH 
values above 8.5 and below 7.5 (Figure 2). A similar pH 
dependence of k,,, for D-Phe-Pip-Arg-pNA was also seen at 
15 "C (data not shown). 

pH Dependence of Inhibition by DAMPA. The pH de- 
pendence of the dissociation constant ( K J  for the substrate 
analogue DAMPA exhibited a bell-shaped profile as shown 
in Figure 3. Analysis of these data yielded values of 7.56 f 
0.06 and 8.96 f 0.08 for pK, and pK2, respectively. The 
pH-independent value of Ki was 9.7 f 1.2 nM. 

Viscosity Effects. The effect of the viscosity on the reaction 
catalyzed by thrombin has been determined with the substrates 
Bz- Arg-pN A, tos-Gly-Pro- Arg-pN A, and D-Phe-Pip-Arg-pNA 
at pH 7.9 and 37 "C. The value of k,, did not vary with 
viscosity for any of the substrates. The value of k,,/K,,, for 
Bz-Arg-pNA was also found to be independent of the viscosity 
of the assay (data not shown). In contrast, the magnitude of 

1 I I I I 
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FIGURE 4: Effect of viscosity on k,,/K, for pnitroanilide substrates. 
The data for D-Phe-PipArg-pNA (A) and tos-Gly-Pro-Arg-pNA (0)  
are plotted according to eq 6 and the lines drawn represent the fit 
of the data to this equation. 

Table 11: Effect of Viscosity on the Reaction Catalyzed by 
Thrombin with the Substrates o-Phe-Pip-Arg-pNA and 
tos-Gly-Pro- Arg-pNA" 

parameter 
substrate 10-7kl (M-I s-1) kdk-1 

tos-Gly-Pro- Arg-pN A 9.95 i 1.20 0.32 i 0.06 
D-Phe-Pip- Am-pNA 9.85 f 0.84 10.6 f 13.7 

"The data illustrated in Figure 4 were analyzed according to eq 6 to 
yield the estimates of the parameters. The standard errors of the pa- 
rameters derived from the analysis are also given. 

Table 111: Solvent Isotope Effects on Reactions Catalyzed by 
Thrombin" 

parameter 
substrate Dk,, D(k,t/Km) 

tos-Gly-Pro- Arg-pN A 2.6 f 0.2 2.0 h 0.1 
2.9 f 0.3 Bz- Arg-pNA 3.1 f 0.2 

1.0 i 0.1 2.7 & 0.1 D-Phe-Pip- Arg-pNA 
Ac-D-Phe-Pro-Arg-pNA 3.2 f 0.4 2.4 & 0.1 

Estimates for k,, and k,,/K, were determined from data obtained 
in H20 or D20 buffers as described under Experimental Procedures, 
and the ratios of the estimates are given together with the standard 
errors of the ratios. 

k,,/K,,, for tos-Gly-Pro-Arg-pNA and for D-Phe-PipArg-pNA 
decreased with increasing viscosity (Figure 4). The horizontal 
intercept for the plot of K,,,/k,, against relative viscosity (71,~) 
with D-Phe-PipArg-pNA approached zero, indicating that this 
substrate is very sticky (see Theory and Data Analysis). In 
contrast, the data for tos-Gly-Pro-Arg-pNA indicate a limited 
stickiness for this substrate. Analysis of the data of Figure 
4 according to eq 6 yielded estimates of k,  and k2/k-, for both 
substrates (Table 11). Values of 0.32 f 0.06 and 10.6 f 13.7 
were determined for the ratio k2/k-, with tos-Gly-Pro-Arg- 
pNA and D-Phe-Pip-Arg-pNA, respectively. Estimates of 
about lo8 M-' s-l w ere obtained for k ,  with both substrates 
(Table 11). 

Soluent Isotope Effects. The D20 solvent isotope effects 
on k,, and k,,/K,,, were determined at pH 7.9 and 37 O C  for 
each of the substrates (Table 111). At this pH, each of the 
substrates showed a similar solvent isotope effect of 2.6-3.2 
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on k,, (Dk,t, Table 111). In contrast, the solvent isotope effect 
on k,,/K, varied from 2.9 with Bz-Arg-pNA to 1.0 with 
D-Phe-PipArg-pNA; an intermediate effect was observed with 
tos-Gly-Pro-Arg-pNA and Ac-D-Phe-Pip-Arg-pNA (Table 
111). 

DISCUSSION 
Kinetic Mechanisms for the Cleavage of p-Nitroanilide 

Substrates. The general mechanism for the cleavage of p- 
nitroanilide substrates by thrombin is given in Scheme I. A 
variety of techniques has been used to determine the magnitude 
of the rate constants for the cleavage of four p-nitroanilide 
substrates. In order to assess the results of pH studies, it is 
necessary to know whether catalysis is rate limiting and 
whether the magnitude of k-l is greater than that of k2. 
Viscosity and solvent isotope effects have been used to assess 
the relative magnitude of k-' and k, in the region of the pH 
optimum (pH 7.9). The effect of viscosity on an enzyme- 
catalyzed reaction could be due either to a general effect of 
viscosity on the structure of the enzyme or to a specific effect 
on diffusion-controlled steps. The fact that the k,,/K, value 
for Bz-Arg-pNA was independent of viscosity provides an 
assurance that the effects observed with other substrates were 
not due to a general perturbation of the enzyme's structure 
(Brouwer & Kirsch, 1982). The lack of an effect of viscosity 
on k,,/K, for Bz-Arg-pNA indicates that it is a nonsticky 
substrate (Cleland, 1986). Analysis of the effects of viscosity 
on k,,/K, for DPhe-PipArg-pNA and tos-Gly-Pro-Arg-pNA 
provided estimates for k, and the ratio k2/k.., (Table 11). 
While both substrates associated with the enzyme at about 
the same rate (k, = lo8 M-' s-,), D-Phe-Pip-Arg-pNA was 
very sticky ( k2 >> k-,) and tos-Gly-Pro-Arg-pNA displayed 
limited stickiness (k2 = k-'). Solvent isotope effects on k,,/Km 
also provide an indication of the stickiness of the substrate. 
The value of 1.0 for D(k,,/K,) with D-Phe-Pip-Arg-pNA 
allows this substrate to be classified as sticky also on the basis 
of solvent isotope effects. For Bz-Arg-pNA, D(k,a,/K,) was 
about equal to Dk,t, which is expected for a nonsticky substrate 
when acylation is rate limiting (see Theory and Data Analysis). 
The other two substrates (tos-Gly-Pro-Arg-pNA and Ac-D- 
Phe-Pip-Arg-pNA) exhibited values of D(k,,/K,) that were 
significantly greater than 1.0 but less than that observed for 
Bz-Arg-pNA, which suggests that the degree of stickiness of 
these substrates is limited. For tos-Gly-Pro-Arg-pNA, the 
suggestion is consistent with the observed viscosity effects 
(Table 11). The large solvent isotope effects seen on k,, (Table 
111) indicate that catalysis rather than product release was rate 
limiting for all substrates (Cleland, 1977, 1986). 

p H  Dependence of k,,/Km. The most useful pH profiles 
for determining the pKa values of groups involved in binding 
and catalysis are those for a poor substrate and for a com- 
petitive inhibitor. Although pKa values determined from a 
k,,/K, profile for a good substrate may be displaced due to 
the stickiness of the substrate, the analysis of the pH depen- 
dence of k,,/K, for a poor substrate and Ki for a competitive 
inhibitor will always yield the correct pKa values (Cleland, 
1977, 1986). On the basis of the observed viscosity and D 2 0  
solvent isotope effects (Tables I1 and 111), Bz-Arg-pNA can 
be classified as a nonsticky substrate. Thus, the pKa values 
of 7.57 and 9.09 observed in the k,,,/K, profile for Bz-Arg- 
pNA should represent the true pKa values of the groups in- 
volved in binding and catalysis (Table I). Analysis of the pH 
dependence of the Ki value for the competitive inhibitor 
DAMPA yielded similar estimates of 7.56 and 8.96 for the 
pKa values, and this result confirms the correctness of the pKa 
values observed in the k,,/K, profile for Bz-Arg-pNA. The 
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pKa values determined from the k,,/K, profiles for tos-Gly- 
Pro-Arg-pNA and Ac-D-Phe-Pip-Arg-pNA were not signifi- 
cantly displaced from those observed with Bz-Arg-pNA (Table 
I). These observations indicate that these two substrates have 
limited stickiness in accordance with the viscosity and solvent 
isotope effects seen with these substrates (Tables I1 and 111). 
pKa values of about 7.0 and 9.0 have previously been observed 
in the k,,/Km profiles for other serine proteases and have been 
attributed to the active-site histidine (His57) and the a-amino 
group of Ile16 (Fersht, 1985). It seems probable that these 
groups are also responsible for the pKa values observed with 
thrombin. The temperature dependence seen for the pKa 
values is consistent with this assignment. From the temper- 
ature dependence of pK, for tos-Gly-Pro-Arg-pNA, an esti- 
mate for AHio,, of 22 f 8 kJ mol-' was determined; this value 
is within the range expected for an imidazole group. The 
estimated AH,,, for the other group was 43 f 7 kJ mol-', 
which is consistent with the ionization of a primary amino 
group being responsible for pK, (Tipton & Dixon, 1979). 

In comparison to the pKa values for the other three sub- 
strates, those observed for the k,,/K, profile of D-Phe-Pip- 
Arg-pNA were displaced. The values observed for pK, and 
pK, were respectively 0.9 and 0.5 unit lower than those ob- 
served with Bz-Arg-pNA (Table I). The lower pKa value for 
pK, is consistent with the stickiness of D-Phe-Pip-Arg-pNA 
(Tables I1 and 111). The observed pKa for a sticky substrate 
is related to the true value by (Cleland, 1977, 1986) 

pKl(obs) = pK1 - log (1 + k,/k-,) (14) 
Thus, the difference between the pK, values for Bz-Arg-pNA 
and D-Phe-Pip-Arg-pNA can be used to calculate an estimate 
of 6.2 f 0.9 for the ratio k2/kl. This estimate for k2/k-, is 
within the same range as that obtained from the viscosity 
effects (Table 11). The accuracy of the estimate from the pH 
studies is, however, considerably better. The value of pK2 
determined from the k,,/K, profile for D-Phe-Pip-Arg-pNA 
is expected to show a simlar displacement to that seen for pK1 
but the observed pKa should in this case be higher than the 
one seen with Bz-Arg-pNA (Cleland, 1977, 1986). The 
predicted value for pK,(obs) would be 9.95 and this pKa value 
might not be observed with the pH range used. The estimate 
for pK2 obtained for D-Phe-Pip-Arg-pNA was actually lower 
than the one found with Bz-Arg-pNA (Table I). Examination 
of the crystal structure of the D-Phe-Pro-ArgCH2-thrombin 
complex indicates that the a-amino group of the D-phenyl- 
alanine of the inhibitor makes a hydrogen bond to the carbonyl 
of Gly216 and possibly also weak salt bridges with the car- 
boxylates of Glu192 and Glu217 (Bode et al., 1989). Similar 
interactions should also be possible with the a-amino group 
of D-Phe-Pip-Arg-pNA. Hydrogen bonds in which one of the 
partners is charged are known to be stronger than those in 
which both partners are uncharged (Fersht, 1987), and thus, 
it seemed possible that the pK, observed in the k,,/K, profile 
could be due to a preferential binding of D-Phe-Pip-Arg-pNA 
molecules with protonated a-amino groups. The observed 
value for this pKa of 8.6 is consistent with an a-amino group 
being responsible. In order to test this hypothesis, Ac-D- 
Phe-Pip-Arg-pNA was synthesized and its pH kinetics were 
determined. After acetylation of the a-amino group of D- 
Phe-Pip-Arg-pNA, the pKa of 8.6 was no longer observed 
(Table I). Moreover, the determined pKa values coincided with 
those for Bz-Arg-pNA because Ac-D-Phe-Pip-Arg-pNA was 
no longer a sticky substrate (Tables I and 11). Interactions 
with the protonated a-amino group of D-Phe-Pip-Arg-pNA 
would appear to contribute to stickiness of this substrate. 

An approximate estimate can be obtained for the contri- 
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pendence of k,, corresponds to that of the active-site histidine 
in the Michaelis complex, whereas the value determined from 
the k,,/Km profile corresponds to its pK, in the free enzyme. 
Comparison of the values for this group seen in the two profiles 
indicates that the binding of Bz-Arg-pNA has resulted in a 
decrease in the pK, of His57 by 1.2 units. 

For the other substrates, the pH dependence of k,, was more 
complicated and did not appear to reflect the ionization of any 
group that was essential for catalysis. Thus, the pK, of the 
active-site histidine seems to be displaced by the binding of 
these substrates to a value outside of the pH range used. With 
the substrate tos-Gly-Pro-Arg-pNA, the value of k,, decreased 
from pH 9 to 6, but the plot of log k,, versus pH did not 
approach a slope of 1 even at the lowest pH values tested 
(Figure 2). The value of k,, for D-Phe-Pip-Arg-pNA and 
Ac-D-Phe-Pip-Arg-pNA also varied little with pH; pH optima 
between 7.5 and 8.5 were observed with the value of k,, 
decreasing to new plateau values above and below this range 
(Figure 2). A similar pH dependence for k,, with D-Phe- 
Pip-Arg-pNA has previously been reported (De Cristofaro & 
Di Cera, 1990). A possible explanation for the observed 
variation of kc,, with pH for these three substrates is that, 
within the pH range tested, catalysis is affected by the ioni- 
zation of one or more groups that are not directly involved in 
catalysis but whose ionization states influence the rate of 
catalysis to a limited extent. In this case, when the nonessential 
groups ionize, the value of k,, changes from one plateau value 
to another. Alternatively, plots similar to those observed in 
Figure 2 can occur when the substrate is sticky and protons 
dissociate from the Michaelis complex more slowly than this 
complex undergoes catalysis, i.e., when both substrate and 
protons are sticky (Cleland, 1977, 1986). This kinetic ex- 
planation for the observed shape of the k,, profiles could apply 
to the sticky substrate D-Phe-Pip-Arg-pNA but it can be re- 
jected for the other two substrates, which are not sticky. 
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bution of the charged a-amino group to catalysis by applying 
the relationship (Fersht, 1985) 

AAG = -RT In [(kcat/Km)O/(kcat/Km)A~l (15) 

where AAG is the contribution of the a-amino group to 
transition-state stabilization and (kJKm)o and (kca,/Km)Ac 
are the pH-independent values of k,,/K, for D-Phe-Pip- 
Arg-pNA and Ac-D-Phe-Pip-Arg-pNA, respectively. By using 
eq 15 together with the values given in Table I, an estimate 
of 9.3 kJ mol-' can be calculated for AAG. It should be noted 
that the calculated value of AAG could under- or overestimate 
the contribution of the charged a-amino group depending on 
whether the acetyl group in Ac-DPhe-PipArg-pNA is involved 
in favorable or unfavorable interactions. The value calculated 
does not, however, seem an unreasonable estimate for the 
contribution of a hydrogen bond in which one of the partners 
is charged (Fersht, 1987). 

pH Dependence of the Binding of the Substrate Analogue 
DAMPA. The dependence of the Ki value for DAMPA in- 
dicated that groups with pKa values of 7.56 and 8.98 had to 
be respectively unprotonated and protonated for optimal 
binding of the inhibitor. These pK, values correspond well with 
those observed in the pH profile of k,,/K,,, for Bz-Arg-pNA 
(Table I ) ,  and thus, the pK, values can be assigned with some 
certainty to His57 and the a-amino group of Ile16. DAMPA 
has no groups that could be expected to ionize with the ob- 
served pK, values. The observation that the a-amino group 
of Ile16 must be protonated for optimal binding of DAMPA 
is consistent with other studies that indicate that the protonated 
form of this residue is essential for the active conformation 
of serine proteases (Fersht, 1985). The requirement for His57 
to be unprotonated for DAMPA binding is consistent with the 
structures modeled by Bode et al. (1 990) of complexes between 
thrombin and the DAMPA-like inhibitors NAPAP [N"-[(2- 
naphthylsulfonyl)glycyl] -DL-(p-amidinophenylalany1)- 
piperidine) and MQPA [(2R,4S)-4-methyl-1-[Na-(3- 
methyl- 1,2,3,4-tetrahydro-8-quinolinesulfonyl)-~-arginyl]-2- 
piperidinecarboxylic acid]. In these structures, the piperidine 
rings of the inhibitors are packed tightly against His57. If 
DAMPA binds to thrombin in a similar way, the tight packing 
of its piperidine ring against His57 would lead to an uncom- 
pensated positive charge if the histidyl residue were protonated. 
Thus, the binding of DAMPA to the unprotonated form of 
His57 would be favored. 

p H  Dependence of kat. The pH profile of k,, for Bz- 
Arg-pNA displayed a half-bell-shaped curve with a pK, of 6.3. 
Such curves have been previously observed for serine proteases 
(Fersht, 1985). This pH dependence can be interpreted in 
terms of the mechanism presented in Scheme 11. Bz-Arg- 
pNA ( S )  can bind to the EH and EH, forms of the enzyme 
but cannot bind to the E form. This mechanism predicts that 
the pK, for the conversion of EH to E (the ionization of the 
a-amino group of Ile16) will be seen in the k,,/K, profile but 
will not be seen in the kc,, profile (Cleland, 1977, 1986); this 
was in fact observed. The pK, determined from the pH de- 
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Role of Interactions Involving C-Terminal Nonpolar Residues of Hirudin in the 
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ABSTRACT: The role of interactions involving C-terminal nonpolar residues of hirudin in the formation of 
the thrombin-hirudin complex has been investigated by site-directed mutagenesis. The residues Phe56, 
Pro60, and Tyr63 of hirudin were replaced by a number of different amino acids, and the kinetics of the 
inhibition of thrombin by the mutant proteins were determined. Phe56 could be replaced by aromatic amino 
acids without significant loss in binding energy. While substitution of Phe56 by alanine decreased the binding 
energy (AGL by only 1.9 kJ mol-', replacement of this residue by amino acids with branched side chains 
caused larger decreases in AG;. For example, the mutant Phe564Val displayed a decrease in AGL of 10.5 
kJ mol-'. Substitution of Pro60 by alanine or glycine resulted in a decrease in AGL of about 6 kJ mol-'. 
Tyr63 could be replaced by phenylalanine without any loss in binding energy, and replacement of this residue 
by alanine caused a decrease of 2.2 kJ mol-' in AGL. Substitution of Tyr63 by residues with branched side 
chains resulted in smaller decreases in AG; than those seen with the corresponding substitutions of Phe56; 
for example, the mutant Tyr63-+Val showed a decrease in binding energy of 5.1 kJ mol-'. The effects of 
the mutations are discussed in terms of the crystal structure of the thrombin-hirudin complex. 

H i r u d i n  is a specific tight-binding inhibitor of thrombin. 
Its tertiary structure in solution as determined by two-di- 
mensional NMR spectroscopy indicates that it is composed 
of a relatively compact N-terminal core domain (residues 
3-49) and a disordered C-terminal tail comprising residues 
50-65 (Clore et al., 1987; Folkers et al., 1989; Haruyama & 
Wiithrich, 1989). In the crystal structure of the complex, the 
C-terminal tail of hirudin is bound in a long groove on the 
surface of thrombin that is flanked by positively charged 
groups (Rydel et al., 1990; Grutter et al., 1990) and has been 
termed the anion-binding exosite (Fenton, 1989). Electrostatic 
interactions between the anion-binding exosite and acidic 
residues in the C-terminal region of hirudin appear to be 
important for the formation of the thrombin-hirudin complex 
(Braun et al,, 1988; Stone et al., 1989; Betz et al., 1991). In 
addition, 5 of the 11 C-terminal residues of hirudin are involved 
in nonpolar interactions with this exosite (Rydel et al., 1990). 
Phe56" is buried in a hydrophobic pocket as shown in Figure 
1 and makes 14 intermolecular contacts less than 4 A (Rydel 

et al., 1990). Moreover, the aromatic rings of Phe56' and 
Phe34 of thrombin are perpendicular to each other, and this 
arrangement is considered to be optimal for a favorable in- 
teraction between aromatic rings (Burley & Petsko, 1985). 
Synthetic peptides based on the sequence of the C-terminal 
tail have been shown to inhibit the cleavage of fibrinogen by 
thrombin (Krstenansky et al., 1990), and the aromatic nature 
of Phe56' appears to be important for the binding of these 
peptides to thrombin (Krstenansky et al., 1987). After Phe56', 
the most important nonpolar residues in the C-terminal region 
of hirudin appear to be Pr06O' and Tyr63' (see Figure 1). Both 
these residues make numerous nonpolar contacts with throm- 
bin; Pr06O' makes 7 intermolecular contacts less than 4 8, while 
Tyr63' makes 10 such contacts (Rydel et al., 1990). 

Although the crystallographic studies suggest that nonpolar 
interactions with the C-terminal region of hirudin are im- 
portant in the stabilization of the complex, quantitative data 
on the strength of these interactions for individual residues 
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Residues in rhir are distinguished from those in thrombin by the use 
of primed numbers; e.g., Phe56' represents the phenylalanine at position 
56 in rhir. The numbering of residues in thrombin is that of Bode et al. 
(1989) which is based on chymotrypsin numbering. 
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