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Abstract

The catalytically inactive mutant S195A was used to study the interaction of thrombin with substrates under
equilibrium conditions. By monitoring changes in intrinsic fluorescence, we measured dissociation constants for a
variety of synthetic substrates, PAR peptides and the inhibitor PPACK. The S195A mutant retains"the Na -binding
properties of the wild type, and substrate binding to the mutant is enhanced by the presence of Na . Temperature
dependence studies allowed calculation of the thermodynamic parameters of substrate binding at the active site and
showed a negligibleAC,,. Titration of synthetic substrates carrying substitutions at the P1-P3 positions revealed
energetics consistent with the specificity hierarchy identified in hydrolysis by the wild type. Titration with PAR
peptides, which interact with both the active site and exosite | of thrombin, also showed consistency with the results
obtained with the wild type at steady state. These findings demonstrate that inactive mutants of enzymes make it
possible to dissect the equilibrium components linked to substrate binding and complement information on the kinetic
properties of the wild type.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction forms of the enzymes are required for these studies.
Anhydro-derivatives of thrombin, chymotrypsin
Substrate binding to enzymes such as serineand trypsin, in which the catalytic S195 is chemi-
proteases is not easily accessible to experimentalcally modified to dehydroalanine, have been syn-
measurements under equilibrium  conditions. thesized and characterized1—4]. Anhydro-
Because substrates are hydrolyzed, inactivatedihrombin has been studied in terms of its interac-
* |t is a privilege to contribute to the special issue honoring tions with both natural substrates and inhibitors. It
the memory of John T. Edsall. Ours is a small tribute to one pinds the substrates factor VIII and fibrinogen in
who was a great scientist, mentor and friend. . . T
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314-747-5354. the presence of Na[4], and it binds the inhibitor
E-mail address: enrico@biochem.wustl.ediE. Di Cera. hirudin with a minor(2.6-fold) increase in disso-
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ciation constant compared to the wild tyfa].
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previous results obtained by kinetic and structural

These studies indicate that anhydrothrombin has experiments.

properties analogous to the wild type. Mutants of

thrombin, trypsin and tissue plasminogen activator 2. Materials and methods

in which the catalytic S195 is mutated to Ala have

been used as tools in the analysis of how natural

inhibitors bind to serine proteases. Binding kinetics
of the high-affinity reversible inhibitor hirudin to

S195A thrombin are similar to those for the wild
type [5]. S195A thrombin can induce conforma-
tional changes in antitrypsin upon binding,

Site-directed mutagenesis of humasthrombin
was carried out in a HPC4-pNUT expression vec-
tor, using the Quikchange site-directed mutagene-
sis kit from Stratagene. Expression of S195A
thrombin was carried out in baby hamster kidney
cells, as previously describeflll]. S195A and

although the changes are not as pronounced as forwild-type thrombin were activated with the proth-
the wild type [6]. However, S195A mutants bind rombinase complex for 60 min at 3T. Further
serpin-type covalent inhibitors poorly, indicating activation of S195A was carried out using the
that covalent binding to S195 is crucial for stable immobilized snake-venom enzyme ecarin for 5 h
inhibitor—protease complexe47,8]. Therefore, at 37°C, with rotation. Enzymes used in activation
inactive derivatives seem to be adequate substituteswere supplied by American Diagnostica. Activated
in interactions with substrates and non-covalent S195A and wild-type thrombin were purified to

inhibitors, but they do not emulate wild-type inter-
actions with large-molecule irreversible inhibitors.

homogeneity by FPLC using Resource Q and S
columns with a linear gradient from 0.05 to 0.5 M

Thrombin possesses nine Trp residues, and ischoline chloride(ChCl), 5 mM MES, pH 6, at

thus amenable to experiments utilizing the intrinsic

fluorescence of the enzyme. Four of these residues,

w60d, W96, W148 and W21&chymotrypsinogen
numbering, are located near or within the active
site and unprimed specificity pockef8]. There-

room temperature.

Fluorescence experiments were carried out using
a QM-1 PTI spectrophotometer. Fluorescence titra-
tion of S195A and wild-type thrombin with Na
took place under experimental conditions of 5 mM

fore, intrinsic fluorescence measurements represent! s, 0.1% polyethyleneglycol (PEG), 800 mM

an ideal method for studying the interaction of
thrombin with both substrates and active site inhib-
itors. An additional advantage of intrinsic fluores-
cence measurements is that

exogenous

ionic strength, pH 8.0, at 258C. Titrations were

carried out as follows: a solution containing 100
nM enzyme, 5 mM Tris, 0.1% PEG and 800 mM
NaCl was incrementally added to a solution con-

fluorescence labels need not be used:; such moietied@Ning 100 nM enzyme, 5 mM Tris, 0.1% PEG

might alter the ligand specificity of the enzyme or

block the access of substrates to the active site.
Here we demonstrate that intrinsic fluorescence

can be used to study the interaction of small-
molecule substrates and inhibitors with thrombin
under equilibrium conditions. This approach
reveals how the process of equilibrium binding
without catalysis contributes to molecular recog-
nition by the active enzyme. The form of the

enzyme used is the mutant S195A. The structure

of this mutant is nearly identical to that of the
wild type [10]. The dissociation constants obtained

for synthetic chromogenic substrates, PAR peptides

and the inhibitor PPACK give key insights into
ligand recognition by thrombin and shed light upon

and 800 mM ChCI. lonic strength and enzyme
concentration were held constant, while the*Na
concentration was varied. Excitation was at 284
nm and emission was measured at 333 nm. Appro-
priate corrections were made for buffer fluores-
cence and photobleaching. The value of thrombin
intrinsic fluorescence as a function of Na con-
centration was fitted according to the equation:

FotF, o
0 1Kd

F= (D

1+
Kqy

whereF is the intrinsic fluorescence at a particular
Na* concentrationFy is the intrinsic fluorescence
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in the absence of Na E; is the intrinsic fluores-
cence under saturating Nax js the Na concen- g

Xiot— Kg— etot"‘\(xtot K4 eto) +4K & tor

tration a?d Kda isbthde equilibrium dissociation Xiot+ Kg— €rort \/fﬁ(xtot_Kd_eto)2+4K€xlot

constant for N inding. (3)
Ligands were obtained as follows: FRIRI—D- . o .

Phe—Pro—Argp-nitroanilide), FPK (H—-p-Phe— whereF is the intrinsic fluorescence at a particular

total ligand concentrationy,, F, is the intrinsic
fluorescence in the absence of ligardg, is the
intrinsic fluorescence under saturating ligarid,
is the equilibrium dissociation constant for ligand
binding ande,, is the total thrombin concentration.
The ionic strength dependence of FPR binding
to S195A was analyzed according to the
expression:

Pro—Lys—p-nitroanilide), FGR (H-b-Phe-Gly—
Arg—p-nitroanilide), FGK (H-p-Phe—-Gly—Lys—
p-nitroanilide), VPR  (H-p-Val-Pro—Arg—
p-nitroanilide), VPK  (H-b-Val-Pro-Lys—
p-nitroanilide), VGR  (H-bp-Val-Gly—-Arg—
p-nitroanilide and VGK (H-bp-Val-Gly—Lys—
p-nitroanilide) from Midwest Biotech; AAPF
(N-succinyl-Ala—Ala—Pro—Phegr-nitroanilide)
from Sigma; protease-activated receptd?AR) —InK4=Ao+I'In[salf 4)
peptides[12] from Biomolecules Midwest; and  Thjs is the Taylor expansion of the functionln
PPACK  (H-p-Phe—Pro—Arg—chloromethylketo- g around the logarithm ofsalf =1 M, where —

ne) from Calbiochem. Fluorescence titration of |n g, =A,. T is the phenomenological coefficient
S195A with |igand5 took place under experimental quantifying the Change irIn Kd due to a Change
conditions of 5 mM Tris, 0.1% PEG, 800 mM salt, in In [salf.

pH 8.0, at 25°C. Salts used included LiCl, NaCl, Site-specific thermodynamic parameters were
KCl and ChCl. Experiments measuring ionic derived from the dissociation constants as follows
strength dependence of FPR binding varied the [13,14:

NaCl concentration from 100 mM to 800 mM. EPK

Experiments measuring temperature dependence ofAG, = RTInKFPR (5a)
FPR binding were carried out at pH 8.0 over the Kq

temperature range from 5 to 4&. Titrations were KFCR

carried out as follows: a solution containing 50 AG,=RTIn KEPR (5b)

nM enzyme, ligand, 5 mM Tris, 0.1% PEG and

VPR

800 mM salt was incrementally added to a solution

AG3=RTIn— (50)
containing 50 nM enzyme, 5 mM Tris, 0.1% PEG K§
and 800 mM salt. Enzyme concentrations of 10 KFGKKFPR
nM were used when measuring dissociation con- AG12=RTInK‘;TK2GR (5d)
stants below 10 nM. Thus, ionic strength and d Td
enzyme concentration were held constant, while AG..— RTIN KYPKKEPR (50
the ligand concentration was varied. Excitation 137 KEPRK YPR €
was at 284 nm and emission was measured at 333 VGR » FPR
nm. Appropriate correction_s were made for buffer AG,,— RT'”?KVPR (5f)
fluorescence, photobleaching and absorbance or Kq7K g
intrinsic fluorescence of ligands. Since dissociation KYCKKFPRK EPR
constants were frequently of the same order of AGi23=RTIn K—FPKKFGRKVPR (59

magnitude as enzyme concentrations, the value of
thrombin intrinsic fluorescence as a function of WhereR is the gas constant anfl the absolute

ligand concentration was fitted according to the temperature. All changes were calculated relative
equations: to FPR to avoid any ambiguity in the definition of

the absolute free energy under conditions of equi-
F=Fo+0(F,—F) (2 librium with the substrateAG,, AG, and AG are
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the changes in binding energy due to single-site
substitutions at P1, P2 and P3, respectivaly, ,,
AG3 and AG,; are the second-order coupling free

energies for substitutions made at the three possible

pairs of sites, andG,,;is the third-order coupling
free energy for the triple substitution. These cou-
pling energies reflect interactions between substi-
tutions made at different sites that may reduce
(AG>0) or enhance(AG<0) binding beyond
simple additivity.

The equilibrium dissociation constant reflecting
product inhibition, K, for the hydrolysis of FPR
by wild-type thrombin was determined from pro-
gress curves gp-nitroaniline release at 405 nm in
800 mM salt, 5 mM Tris—HCI, 0.1% PEG, pH
8.0, at 25°C. The relevant Michaelis—Menten
scheme, involving the conversion of substrate S
into product P by the enzyme E in the presence of
product inhibition is:

ky ko

E+S2ES—»>E+P+P (63
k-1
k3

E+P2EP (6b)
k—3

where k, is the second-order rate constant for
substrate bindingk_, is the first-order rate con-
stant for substrate dissociatiah, is the first-order
rate of turnover and the ratib_,/k; defines the
product inhibition constantk,. P denotes the
substrate leaving group;nitroaniline, that serves
as a chromophore for the analysis. The velocity of
the reaction in the presence of product inhibition,
under the steady-state approximation, is:

dp(z) ds(r)
e T e Y
S(1)
=kca€ to
‘ Kqo|l1+ P() +5(1)
ok,
p
, S(1)
=k caf totK,m+S(t) (7)

where P(r) and S(¢) are concentrations of product
and substrate at time e, is the total enzyme
concentration and
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. (8a)

K,m:Km

K car=k cai K (8b)

1—--—m
Kp

Eqg. (7) cannot be integrated to yield a closed-
form solution for P(z) or S(r) as an explicit
function of timer. However, the value oP(¢) or
S(r) can be calculated at any time from the
absorbance readings via the extinction coefficient,
and the derivative in Eq(7) can be numerically
calculated from the slope of the progress curve at
any point. Hence, at any given timga progress
curve can return both the value Bfr) or S(¢) and
the derivative @(r)/dr or dS(z)/dr. This yields a
Michaelis—Menten plot of the velocity of the
reaction vs. the substrate concentratibrat any
time along the progress curve in a straightforward
manner, without the need for numerical integration.
Progress curves obtained at different substrate
concentrations and transformed for analysis
according to Eq(7)—Eq. (8b) yield the Michae-
lis—Menten parameters for substrate hydrolysis
corrected for product inhibition, and the value of
K, for the equilibrium dissociation constant of
product binding to the enzyme.

3. Results and discussion

Na* binding to thrombin elicits an increase
(10-15% in the intrinsic fluorescence of the
protein, allowing direct measurement of a titration
curve [15]. Fluorescence titration of Na binding
yields dissociation constantsk,) of 19 and 15
mM for S195A and the wild type, respectively.
Furthermore, the fluorescence signal of S195A is
comparable to that of the wild type. Therefore,
S195A exerts little or no perturbation on the
solution structure or monovalent cation binding
properties of thrombin. As a result, we can distin-
guish between the slow(Na*-free and fast
(Na* -bound forms of S195A under equilibrium
conditions.
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Fig. 1. Representative titration curves of the chromogenic sub-
strates FPR@®) and AAPF(0J) with S195A thrombin. Satu-

rating concentrations of AAPF, a chymotrypsin substrate,
reduce thrombin intrinsic fluorescence by approximately 9%,
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concentrations of Na (800 mM) for experiments
involving the fast form ensured that any changes
in occupancy of the Na site were too small to
measurably affect titration curves. Titration with
the chymotrypsin substrate AAPF, towards which
thrombin has poor specificity, brings about a neg-
ligible fluorescence change compared to FPR, the
most specific thrombin substrate examinégg.

1). The sequences of the eight thrombin substrates
titrated against S195A allow determination of the
relative contributions of the P1—P3 substrate sub-
sites to binding at equilibrium(Table 1. The
dissociation constants of the substrates increase
with the number of subsite perturbations, approx-
imately paralleling the decrease in enzyme speci-
ficity observed going from FPR to VGK16].
Calculation of the free energy values due to per-
turbation of the P1-P3 residues of the substrate,

whereas thrombin-specific substrates such as FPR causehowever, reveals that the positive subsite cooper-
decreases of at least 50%. Best-fit parameters were determinedativity observed for the transition state by kinetic

from Egs.(2) and(3) in the text: FPRF,/F,=0.219+0.004

and K4=26.5+0.8 nM; AAPF, F,/F,=0.91+0.01 andK 4=
2.5+ 0.3 uM. F,/F,values indicate the fractional intrinsic flu-
orescence change in thrombin that would be caused by
saturating ligand.

Fluorescence titration of the synthetic thrombin
substrates FPR, FPK, FGR, FGK, VPR, VPK,
VGR and VGK with S195A brings about a sub-
stantial decreas€50—75% in the intrinsic fluo-
rescence of the protein, allowing direct
measurement of titration curvéBig. 1). Substrate
binding does not appreciably alter the peak emis-
sion or excitation wavelengths of the enzyme. The
magnitude of the fluorescence change is similar
for the fast and slow forms. Use of saturating

Table 1
Values ofKy for S195A thrombin and./K ., for wild type

measurements does not exist for equilibrium bind-
ing (Table 2. In fact, the third-order coupling
energies for the fast and slow forms of S195A are
strongly negative, whereas the corresponding par-
ameters are strongly positive for the wild-type
transition state. Substrate binding at equilibrium
thus appears to be characterized in part by negative
cooperativity.

The affinity of FPR for thrombin was measured
as a function of ionic strength in the range from
100 to 800 mM NaCl(Fig. 2). The dissociation
constant increases minimally with ionic strength;
the value ofT" in Eq. (4) is —0.25, implying a
small contribution from electrostatic forces to sub-
strate binding at the active site. This contribution

FPR FPK  FGR VPR FGK VGR VPK VGK
Site(s) perturbed None P1 P2 P3 P1, P2 P2, P3 P1, P3 P1, P2, P3
K, fast form(uM) 0.026 0.35 6.4 0.26 65 30.5 3.4 15.3
kea/ K fast form(uM—1s=1) 90 7.9 2.0 100 0.021 0.34 2.1 0.0047
Kg, slow form (uM) 0.28 6.3 18.2 2.6 62 62 5.1 42
kead/ K Slow form (WM —1s™1) 3.0 0.35 0.86 6.7 0.0026 0.17 0.11 0.00079

Conditions for dissociation constant determination were 800 mM N&Gk form) or 800 mM ChCl(slow form), 5 mM Tris,
pH 8.0 at 25°C, 0.1% PEGk../K , values are those reported by Vindigni et @l6]; conditions were 200 mM NadGlfast form)
or 200 mM ChCl(slow form), 5 mM Tris, pH 8.0 at 25C, 0.1% PEG. Errors arg-10% or less.
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Table 2
Free energy of perturbation of subsites P1-P3 of FPR

M.M. Krem, E. Di Cera / Biophysical Chemistry 100 (2003) 315-323

Free energykcal mol~?1)

AG, AG, AG, AGy, AGy4 AGas AGias
Ky, fast form 1.5 33 1.4 -0.2 0.0 -0.5 -2.4
kea/ K o, fast form 1.4 2.3 -0.1 1.3 0.8 1.1 2.2
K, slow form 1.9 2.5 1.3 -12 -15 -0.6 -3.2
kea/ Ky Slow form 1.3 0.7 -05 2.2 1.2 1.4 3.3

Free energy values were calculated from the dissociation and specificity constants of the substrates listed in Table 1 using Eq.
(5a—Eq. (59) in the text. Errors aret 0.1 kcal mol? or lessk../K ., values are from Vindigni et a[16].

likely comes from the salt bridge interaction

mol~1) andAS (—36 cal mol-* K1) for substrate

formed between the side chain of the S1 residue binding. The enthalpic contribution to substrate

D189 and the side chain of the P1 resideqg)

of the substrate. AI' value of —0.25 is also
observed for the interaction of Na with thrombin
[17], a binding event that also involves a single
charge.

The affinity of FPR for thrombin was measured
as a function of temperature in the range from 5
to 45°C in order to characterize the thermodynam-
ic parameters for substrate binding at the active
site (Fig. 3). FPR was chosen for these experi-
ments since it has the highest affinity for S195A
thrombin, and thus allows experiments over a
larger temperature range. The van't Hoff plot is
linear, allowing determination oAH (—21 kcal

-7.4 T T T T T T T T T T

log K, (M)

-0.6
log | (M)

Fig. 2. Salt dependence of the binding of FPR to S195A throm-
bin. The continuous line was drawn according to E4) in

the text, with best-fit parameter valuet;=7.52+0.04,T" =
—0.25+0.07.

binding agrees closely with the binding enthalpy
(—25 kcal mol?) calculated by comparing the
kinetically determined activation energy for FPR
binding and release by the fast forfi8]. The
linearity of the temperature dependence indicates
that there is ndAC, for substrate binding. This is
in contrast to the recent finding that active-site
inhibitors bind trypsin and the slow form of throm-
bin with strong negativeAC, values, although
smaller negativeAC, values are observed for the
fast form of thrombin[19].

The affinity of FPR for thrombin S195A was
measured in LiCl, NaCl, KCI and ChCI, and
compared to the values &, for FPR binding to

log K, (M)

3.3

3.4
1000/T

Fig. 3. van't Hoff plot for FPR binding to S195A thrombin.
Linear regression of the data yields thermodynamic parameter
values AH=—21+1 kcal mol* and AS=—-36+5 cal
mol~* K™%,
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Fig. 4. Comparison of substrate dissociation constékysand
product dissociation constarf&,) for FPR hydrolysis meas-
ured in various chloride salts. From left to right, data points
refer to NaCl, KCI, LiCl and ChCI. The correlation in the plot
is r=0.970.

wild-type thrombin(Fig. 4). The trend of binding

constants measured follows that observed for cat-

alytic efficiency in different chloride salt$15].
Furthermore, there is an excellent correlation
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in NaCl. The reduced binding affinity is in con-
cordance with thek, values observed in Fig. 4.
The AG=RTIn(KE{"ACK/KCTP is 3.0 kcal mot?
similar to the value calculated using product inhi-
bition constants. PPACK binds the Na -bound
form of S195A with much higher affinity than it
binds the Nd -free form; the dissociation constant
in ChCIl was found to be>100 wM, and thus
beyond the range of the present technique.
Fluorescence titration of PAR peptides was con-
ducted to characterize the interaction of S195A
with those substrates. PAR peptides bind S195A
with decreasing affinity in the order PARL
PAR3>PAR4 (Fig. 4). Affinity of PAR peptide
binding follows the same order as tl&&, values
determined for PAR peptide hydrolydi$2]. How-
ever, each PAR peptide has a different effect on
the intrinsic fluorescence of S195A. Addition of
PAR1 brings about a modest increase in intrinsic
fluorescence, while PAR3 elicits a smaller increase
in signal. PAR4, on the other hand, causes a
modest decrease in fluorescen€eig. 5). The
nature of the binding epitopes for the PAR peptides
may explain the variety of fluorescence changes

between the values, indicating that the energetics observed. Exosite | of thrombin plays an increas-

of substrate binding to S195A are very consistent
with the reversible binding of the product 8-
Phe—Pro—Arg to wild-type thrombin. The effect
of monovalent cation identity on thrombin speci-
ficity is mediated in significant part by substrate
binding, and the remainder of the enzyme mono-
valent-cation specificity is achieved in the transi-
tion state. The comparison also offers a
gquantitative assessment of the contribution of the
chromophore leaving groufp-nitroanilide) to sub-
strate binding aﬁG=RT|n(K§PR/KdFPF) . The val-
ues are 2.6 kcal mol in NaCl, 2.4 kcal mdl
in KCI, 2.1 kcal mol* in LiCl and 1.7 kcal
mol~* in ChCI.

Fluorescence titration with the inhibitor PPACK

ingly important role in PAR catalysis in the order
PAR4<PAR3<PARL. The active site region, on
the other hand, plays an increasingly important
role in PAR catalysis in the order PARIPAR3<
PARA4 [12]. PAR4, which interacts primarily with
the active site region, elicits a fluorescence
decrease, as do the tripeptide chromogenic sub-
strates, which interact exclusively with the active
site region. PAR1 and PAR3 have sufficiently
strong interactions with exosite | to bring about
increases in intrinsic fluorescence. Hirudin, which
interacts strongly with exosite | of thrombin, elicits
an increase in intrinsic fluorescence in both wild
type [20] and S195A[5] of approximately 35%.
Residue W141, which lies buried beneath the

also produces a significant fluorescence decreasesurface residues of exosite I, is likely connected

PPACK and FPR differ in that FPR containga
nitroanilide leaving group, whereas PPACK con-
tains a much smaller chloromethylketone group

to this fluorescence increase associated with exo-
site | binding. Fluorescence titration with the
different PAR peptides thus demonstrates the

after the P1 residue. Measurement of PPACK and opposing fluorescence changes brought about by

FPR binding allows comparison of binding con-
stants obtained exclusively from S195A. PPACK
binds with a dissociation constant of 4.9 uM

interaction with the active site region and exosite
I. Accordingly, both the magnitude and sign of a
fluorescence change induced by a ligand can give
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Fig. 5. Representative titration curves @) PARL, (b) PAR3

and (c) PAR4 peptides with S195A thrombin. Curves shown
were measured in 800 mM NacCl; curves obtained in 800 mM
ChCl were similar. PAR1 and PAR3 cause fluorescence

Chemistry 100 (2003) 315-323

case of monovalent cation binding, the ground
state of the enzyme contributes part, but not all,
of the cation specificity. However, for the recog-

nition of PAR peptides, which provide information

on active site—exosite | interactions, the ground
state of the enzyme has properties practically
identical to the catalytic form. Thus, active site—

exosite | interactions are determined almost exclu-
sively by the equilibrium ground state of the

enzyme.

Intrinsic fluorescence titration with S195A rep-
resents a novel method for quantitatively measur-
ing ligand and substrate interactions with thrombin.
The range of measurable dissociation constants
varies from below 1 nM to 10gM and perhaps
higher, depending on the fluorescence and absorb-
ance properties of the ligands studied. Furthermore,
such experiments can be carried out with nanom-
olar concentrations of enzyme. In addition to
ascertaining equilibrium binding data, the method
enables the determination of which part of the
enzyme plays the most important role in binding
a particular substrate. Since S195A has been
shown to have similar small- and large-molecule
recognition properties as wild-type thrombin, dou-
ble mutants involving S195A and other residues
of interest can be constructed to study the equilib-
rium binding properties of those mutants.

increases, and PAR4 causes a fluorescence decrease. Best—fi‘tA‘Cknow'edgments

parameter values were determined from E@. and (3) in
the text: PARL(NaCl), F,/F,=1.12+0.01 andK,=0.5+0.1
wM; PAR1 (ChCI), F,/F,=1.19+0.02 andk ;=0.6+ 0.1 uM;
PAR3 (NaCl), F;/Fy=1.15+0.01 and K4=1.8+0.4 pM;
PAR3 (ChCl), F,/Fy=1.19+0.04 and K4;=2.5+1.0 pM;
PAR4 (NaCl), F,/F,=0.92+0.01 andK4=13+3 uM; PAR4
(ChCl), F,/F,=0.84+0.04 andk =30+ 10 .M.

basic information as to which domains of thrombin
are most important for recognizing that ligand.
The inactive mutant S195A, which cannot
access the transition state, makes it possible to
dissect the separate contributions of the ‘ground’
and transition states of thrombin to molecular
recognition. Equilibrium binding does not fully
account for the substrate specificity of the enzyme,
as positively cooperative substrate recognition is
achieved exclusively in the transition state. In the

This work was supported in part by NIH
research grants HL49413 and HL58141.
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