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The thrombin inhibitors argatroban, efegatran, NAPAP, CH 1091, CH 248, inogatran and 
melagatran have been characterised with respect to their mechanism of binding to human a- 
thrombin. Stopped-flow spectrophotometry was used to follow thrombin-catalysed hydrolysis 
of the chromogenic substrate S-2238 in the presence of inhibitors. The rate of onset or decay 
of inhibition was evaluated using progress curve analysis. It was possible to obtain apparent 
association and dissociation rate constants from the dependence of the rates on the inhibitor 
concentrations. Inhibition constants calculated from the association and dissociation rate con- 
stants were in good agreement with those calculated from steady-state rates. The binding of 6 
inhibitors was also monitored directly using stopped-flow spectrofluorimetry when two kinetic 
components were found with all inhibitors. The faster component accounted for the largest 
part of the change in the intrinsic fluorescence of thrombin induced by inhibitor binding and 
was dependent on the inhibitor concentration. The slower component was independent of the 
concentration of the inhibitor. The concentration dependence of the Faster component was 
linear with the compounds argatroban, NAPAP, CH 1091 and melagatran and hyperbolic with 
the compounds CH 248 and inogatran. The values of the apparent second-order rate constants 
at pH 7.4 and 37°C range from slow to rapid binding in the interval 16-78 x 106M-’s-I, 
which is somewhat higher than 1-34 x 106Mul-’s-I obtained from progress curve analysis of 
the onset of inhibition. 

The present results support a mechanism that includes rearrangement of a weak initial 
thrombin-inhibitor complex towards a tighter complex, Moreover, at least one additional 
step is required in the mechanism. In this model, the rate-limiting step for the binding of the 
inhibitor at concentrations in the nanomolar range depends on the primary interaction 
between the inhibitor and native thrombin. 
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12 T. NILSSON et al. 

Keywords: Thrombin; Tight-binding; Progress phase analysis: Conformational change; 
Fluorescence spectroscopy; Enzyme inhibitor 

Abbreviations: argatroban - (R,S)Trnq-SO2-Arg-(R)Pic(4-(R)Me); Aze - L-azetidine-2-car- 
boxylic acid; BSA - bovine serum albumin; Cgl ~ cyclohexylglycine; CH 1091 - HOOC-CH2- 
(R)Cha-Pro-(R,S)Arg[CH,-O-CH,-CF,]; CH 248 - H-(R)Cha-Pro-Arg[CHzOCHZCF3]; Cha ~ 

cyclohexylalanine; efegatran - Me-(R)Phe-Pro-Arg[H]; Hepes ~ N-[2-hydroxyethyl] piperazine- 
N’-(2-ethane-sulphonic acid]; inogatran ~ HOOC-CH,-( R)Cha-Pic-Nag; melagatran ~ HOOC- 
CH>-(R)Cgl-Aze-Pab; Nag - noragmatine; NAPAP - N‘”-(2-naphthylsulphonylglycyl)-DL-p- 
amidino-Phe-piperidide; Pab - para-amidino-benzylamine; PEG - polyethylene glycol 6000; 
Pic - L-piperidine-2-carboxylic acid]: S-2238 ~ H-( D)-Phe-L-Pip-L-Arg-p-nitroanilide . HCI; 
Tmq ~ 3-methyl-I ,2,3,4-tetrahydro-8’-quinolinyl. 

INTRODUCTION 

The trypsin-like serine protease thrombin (EC 3.3.21.5) has a central role 
in the regulation of thrombosis and haemostasis, by converting fibrinogen 
into clottable fibrin. The efficiency of thrombin inhibitors as antithrom- 
botic drugs depends both on their affinity for the target and their rate of 
binding.’ It is therefore desirable to include kinetic studies of inhibitor 
binding to thrombin in the characterisation of compounds developed as 
thrombin inhibitors. Classical reversible enzyme inhibition is characterised 
by rapid equilibrium between the enzyme and inhibitor and the enzyme- 
inhibitor complex, with the equilibrium dissociation constant, Ki .  Further- 
more, inhibitors can be slow binding, such that steady-state is not reached 
during the initial reaction with the substrate.’-’ It is clear that the defini- 
tion “slow” or “rapid” binding is relative. The reason for slow inhibition, 
although dependent on the reaction mechanism,2 is generally a low second- 
order association rate constant, k0,,194 but it can also depend on a low 
value for ken, as found for the thrombin inhibitors of the boroarginine 

In the present study, we have characterised the binding properties of dif- 
ferent active site inhibitors, see Figure 1, with regard to inhibition of 
thrombin. It was found that several potent thrombin inhibitors can be 
classified as moderately slow binding, competitive, reversible thrombin 
inhibitors. For these compounds, we were able to determine the k,, and 
kom for the formation of the inhibited enzyme, using stopped-flow spectro- 
photometry for monitoring progress curves. The use of this rapid technique 
allowed the characterisation of the binding kinetics of the compounds 
argatroban, CH 1091, CH 248, inogatran and melagatran on the time scale 
of seconds. Progress curve analysis is, however, an indirect method that 

Jo
ur

na
l o

f 
E

nz
ym

e 
In

hi
bi

tio
n 

an
d 

M
ed

ic
in

al
 C

he
m

is
tr

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
H

IN
A

R
I 

on
 1

2/
17

/1
1

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



LOW M, INHIBITORS OF HUMAN (Y-THROMBIN 13 

w 

Argatroban 

lnogatran 

Chiral 
Efegatran 

CH 1091 

FIGURE I Specific inhibitors of thrombin. 

relies on monitoring changes in the rate of thrombin-catalysed hydrolysis 
of a chromogenic substrate. A more direct approach was therefore used 
for the study of inhibitor binding, applying the technique of stopped flow 
fluorescence. When the present study was in progress Parry et al.’ also 
showed that binding of a series of inhibitors to thrombin is accompanied 
by a change in the intrinsic fluorescence of the protein. 

The aim of the present work was to investigate these techniques to char- 
acterise and to compare binding of different active site inhibitors to human 
0-thrombin. All compounds tested induced a fluorescence change in 
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14 T. NILSSON et al. 

thrombin sufficiently large to allow the use of stopped-flow with fluores- 
cence detection to monitor binding. With this technique it was possible to 
detect two kinetic components with all inhibitors. The faster component, 
which accounted for the larger part of the fluorescence change, was found 
to be linearly dependent on the inhibitor concentration with the inhibitors 
argatroban, NAPAP, melagatran and CH 1091, and hyperbolically depen- 
dent on the inhibitor concentration with inogatran and CH 248. The rate 
constants found for the slower kinetic component did not depend appreci- 
ably on the concentration of the inhibitor. The hyperbolic concentration 
dependence of the observed rate constant for the rapid component indi- 
cates that the initial binding takes places in two steps. The results are 
therefore consistent with inhibitor binding taking place in at least three 
steps: a relatively weak initial binding in two steps, followed by a con- 
formational change that leads to tighter binding. 

MATERIALS AND METHODS 

Chemicals 

BSA (bovine albumin fraction V) was from ICN Biomedicals Ltd. (High 
Wycombe, Bucks, Great Britain). All other chemicals were reagent grade. 
All solutions were made with Super-Q Plus water, Millipore Co. (Bedford, 
MA, USA). 

Buffers 

The pH of the buffers was adjusted to 7.4 at 20°C. The buffer used in the 
fluorescence measurements was 0.05 M N-[Zhydroxyethyl] piperazine-N'- 
[Zethane-sulphonic acid] (Hepes) containing 0.15 M NaCl and 0.1 % poly- 
ethylene glycol 6000 (PEG). In the pre-steady-state experiments the buffer 
contained 0.1% (w/v) BSA, instead of PEG. The buffer used in the steady- 
state measurements, performed with the Cobas Bio, consisted of 0.05 M 
Tris and 0.1% BSA, and the ionic strength was adjusted to 0.15M with 
NaCI. 

Inhibitors 

N"-(2-naphthylsulphonylglycyl)-DL-p-amidino-Phe-piperidide ( NAPAP) 
was obtained from Sigma Chemical Company (St. Louis, MO, USA). 
(R,S)Tmq-S02-Arg-(R)Pic(4-(R)Me) (argatroban) was obtained from 
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LOW M, INHIBITORS OF HUMAN a-THROMBIN 15 

Mitsubishi Kasei Dai i Chi (Tokyo, Japan) as a 0.98 mM solution in water 
containing sorbitol. The enriched epimers of CH 1091 ( HOOC-CH2-(R)Cha- 
Pro-(R,S) Arg-CH2-O-CH2-CF3) (S)-CH 1091 and (R)-CH 1091 and the 
compounds ( H-(R)Cha-Pro-Arg-CH2-0-CH2-CF3) (CH 248) were synthe- 
sised at Ferring Research (Chilworth, UK). Me-(R)Phe-Pro-Arg-H . H2S0.4 
(efegatran, Patent Application US4703036), HOOC-CH2-(R)Cha-Pic- 
Nag (inogatran, Patent Application WO9311152-A1) and HOOC-CH2- 
(R)Cgl-Aze-Pab (melagatran, Patent Application W09429336-A) were 
synthesised at Astra Hassle AB (Molndal, Sweden). The structures of 
the inhibitors are presented in Figure 1. The inhibitors were diluted in 
0.12 M NaCl in sterile filtered water to a stock solution, filtered through a 
0.22 pm sterile filter (Millipore Co., Bedford, USA) and stored in aliquots at 
-20°C. All further dilutions were made with the buffer used in the particular 
assay. 

Thrombin Solutions 

Lyophilised human a-thrombin (T6759; lot 103H9308) was obtained from 
Sigma Chemical Company (St. Louis, MO, USA). For the steady-state 
assays, thrombin was reconstituted in the appropriate buffer to approxi- 
mately 0.4 pM. For the pre-steady-state kinetics, thrombin was reconstituted 
with 0.15 NaCl containing 0.1% (w/v) BSA. For the fluorescence studies, 
thrombin was reconstituted to produce a 10 pM stock solution in 0.05 M 
sodium citrate buffer with 0.15 M NaCl at pH 6.5. All stock solutions of 
thrombin were stored in 1 ml Eppendorf tubes at -70°C. On the day of the 
experiment, the solutions were rapidly thawed at 37°C and kept on ice until 
the working solution was prepared by dilution with the buffer. 

Chromogenic Substrate 

The thrombin substrate S-2238, H-(D)-Phe-L-Pip-L-Arg-p-nitroani- 
lide . HCI (Chromogenix, Molndal, Sweden), was dissolved in water, 25 g/L, 
to a nominal concentration of 40mM. The stock solution was further 
diluted with assay buffer to final concentrations of 0.16, 0.24 and 0.50mM 
for the steady-state experiments, unless otherwise indicated, or 1.18 or 
1.5 mM for the stopped-flow experiments. The concentration of S-2238 used 
in the stopped-flow experiments was measured from the absorbance at 
3 16 nm and ~ 3 1 6  = 12.7. (mM)-' cmpl .8 

We determined a KM of 5.4pM for thrombin for S-2238 in the buffer 
used for the stopped-flow experiments (Hepes buffer at pH 7.4, at 37°C) 
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16 T. NILSSON ef ul. 

from a Hanes plot, using the average values obtained for six different sub- 
strate concentrations (4.5-45 pM) at three different enzyme concentrations 
(0.7, 1.4 and 2.1 nM) (not shown). The value 5.4pM was used throughout 
in the calculation of k,, and kofF and for the calculation of Ki in the pre- 
steady-state phase. It has been shown before that the K M  is extremely sen- 
sitive to changes in the buffer conditions.8 This may explain why this value 
is slightly lower than that reported by the manufacturer of the chromogenic 
substrate (7pM at 3TC, in Tris-buffer at pH 8.3, with an ionic strength of 
0.15 M), but higher than reported in the absence of BSA with a mixture of 
Tris and Hepes buffer.839 

Optical Absorbance Measurements 

An LKB Ultrospec spectrophotometer from LKB-Pharmacia Biotechnology 
(Uppsala, Sweden) was used for the determination of the K M  of S-2238. The 
data collection software used was LKB 4073-420, Reaction Rate Software 
from LKB Biochrom (Uppsala, Sweden). Absorbance spectra of the protein 
solutions were recorded with a Shimadzu UV-160 and a Shimadzu UV-3000 
from Shimadzu Co. (Tokyo, Japan). The Cobas Bio Centrifugal Spectro- 
analyzer was from Roche (Basel, Switzerland). Kinetic measurements, using 
1 : 1 mixing, were made with an SX17MV stopped-flow spectrophotometer/ 
spectrofluorimeter from Applied Photophysics (Leatherhead, UK). The dead 
time of the instrument was 1.1 ms, determined from the reaction between 
dichlorophenolindophenol and ascorbate, as described by the manufacturer. 
For absorbance measurements versus time for pre-steady-state kinetics, the 
wavelength was set at 405 nm. 

Fluorescence Measurements 

Fluorescence spectra were recorded on a Perkin Elmer LSSOB spectro- 
fluorimeter. The excitation and emission slits were set at 10 and 5nM, 
respectively. The equilibrium change in the fluorescence emission spectra 
was first determined by steady-state fluorescence measurements. Aliquots 
of a concentrated inhibitor solution were added to the thrombin solution 
to a maximum volume change of 0.4% and a final 20-fold excess of inhib- 
itor over thrombin. In the kinetic fluorescence measurements, the excitation 
wavelength, A,,, was set at 280nm with a bandwidth of 14nm. Emission 
was detected at a right angle to the exciting light using a 320nm cut-off 
filter. The temperature was 37°C throughout. In total 1000 data points were 
collected in each transient, and all time courses shown are averages of 
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LOW M, INHIBITORS OF HUMAN e-THROMBIN 17 

18-20 individual transients. Fluorescence emission intensities are expressed 
in relation to the fluorescence intensity of free thrombin, determined 
by mixing thrombin with buffer under the same conditions. This intensity 
was corrected for a small background caused by scattered excitation light 
reaching the photomultiplier. At least five-fold molar excess of inhibitor 
over thrombin was used in all experiments with the stopped-flow fluori- 
meter. The change in fluorescence in time was analysed for different kinetic 
models (see below) using curve-fitting, carried out with software from 
Applied Photophysics, or the Igor Pro software package (Wavemetrics, 
Inc., Lake Oswego, OR, USA). 

Determination of Ki by Steady-State Measurements 

A Cobas Bio centrifugal analyser was used for these measurements. The 
inhibitor samples were analysed at three different initial substrate con- 
centrations, 16, 24, or 50pM S-2238, with 0.7nM thrombin at 37°C. The 
steady-state rates at 405 nm, V,, for thrombin were determined after the lag 
phase was reached, and the actual substrate concentration was calculated 
by correction for a decrease caused by product formation. The various 
concentrations of the inhibitor ([I] >> [El) were preincubated for 300 s with 
thrombin before substrate was added or the inhibitor was added together 
with the substrate solution. The value for the Ki was determined from the 
rate at steady-state, by non-linear regression of the steady-state function for 
a reversible, competitive i n h i b i t ~ r , ~ . ~  using the software package Grafit ' I  

(Erithacus Software Lim., London, UK). 

Determination of Ki, k,, and kofr from Pre-Steady-State Measurements 

The increase in absorbance was followed versus time with the stopped-flow 
technique during the first 2-70 seconds of product formation at 37°C. The 
observation time was adapted for each inhibitor. The progress phase was 
followed in two ways: either thrombin was preincubated with the inhibitor 
for 15min at 37°C to ensure that equilibrium was established, and the 
reaction was initiated by mixing with the substrate; or, the substrate solu- 
tion containing the inhibitor was mixed with the thrombin. The final con- 
centrations of thrombin in the assay were chosen in the range 7-70nM 
depending on the inhibitor. The inhibitor was present in the range 0.5-5 pM, 
with substrate concentrations in the assay of 0.5-1.5 mM, as indicated for 
each experiment. 

Using the curve-fitting program included in the stopped-flow control 
program, the /cobs and V, for each inhibitor concentration were determined 
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18 T. NILSSON ef al. 

from the average of six or seven traces by non-linear regression, based on 
the Levenberg-Marquardt algorithm, using either equation (2a) or (2b). 
When thrombin was mixed with substrate without pre-incubation with the 
inhibitor, the integrated equation (la) is valid, assuming that [I] >> [El and 
[ S ]  >> K M :  

Here Po and P, represent product concentration at time to and t, while Vs 
and Vo represent the final steady-state and the initial velocities of the reac- 
tion, respectively, whereas kobs denotes the apparent first-order rate con- 
stant for approach to steady-state. The meaning of this parameter varies 
with the mechanism. When the reaction was started by addition of substrate 
to the inhibited enzyme, regression analysis was performed applying equa- 
tion (lb) for evaluation of the dissociation of the ~omplex.’.~ 

With an excess of inhibitor, the initial velocity ( Vo) after pre-incubation 
will be zero when the rate-limiting step is the binding of the inhibitor to 
the enzyme. From the kohs values, obtained from the progress curve analy- 
sis, the steady-state kinetic parameters V,, Vo, Ki, and the apparent values 
for koff and k,,, were calculated by linear regression applying the following 
equations. Assuming a mechanism where the attainment of equilibrium 
between the enzyme and enzyme-inhibitor complex’ is rate-limiting then: 

From the k”,P and the k:ip, the K i  for the pre-steady-state phase can be 
calculated according to the relation: Ki = k:’,P/kgiP. The Ki values in the 
analysis of the first minute of the progress phase have been determined from 
this ratio and, moreover, compared with the values for V, obtained for a 
competitive inhibitor. 

RESULTS 

Binding of Inhibitors Monitored by Progress Curve Analysis 

The substances studied in the present investigation were known from 
preliminary steady-state characterisation to behave as classical reversible 
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19 LOW M, INHIBITORS OF HUMAN tr-THROMBIN 

competitive inhibitors (not shown). The substances CH 1091 and efegatran 
are exceptions, since they exhibited slow binding behaviour".' ' in the time 
scale of these experiments. The primary aim of the present work was to 
study the general mechanism of inhibitor binding. We have therefore 
extended the method of progress curve analysis to faster time scales using 
stopped-flow spectrophotometry to study the reaction" rates. 

In Figure 2 ,  the thrombin-catalysed hydrolysis of the chromogenic sub- 
strate S-2238 was followed in the stopped-flow apparatus in the presence 
of the inhibitor inogatran. The upper trace (A) was obtained on mixing 
thrombin with a mixture of substrate and inhibitor, the lower trace ( B )  on 

A 

0- 
0 1 2 3 4  

I I [hogatran] (pM) 
0 2 4 6 8 10 

Time (s) 

FIGURE 2 Thrombin-catalysed hydrolysis of S-2238 in the presence of inogatran. The 
stopped-flow technique was used to monitor product formation. The final assay contained 
27 nM thrombin. 1.3 n ~ M  S-2238 and 2.76 pM inogatran in buffer A. The reaction was started 
without pre-incubation of thrombin with inogatran (trace A), or with pre-incubation (trace B) 
of thrombin with inogatran for ISmin at 37°C. The displayed traces could be fitted by non- 
linear regression (equations I and 2). The inset shows the apparent rate constant found for 
approach to steady-state, k,,hh as a function of the inogatran conc. (a)= ISmin of pre- 
incubation of thrombin with inogatran and (A) = without pre-incubation. Each data point is 
the average of the koh, obtained from 6 individual progress curves. The K ,  = 19.4nM was 
calculated from the valucs obtained for k,,,.,- and ken. 
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20 T. NILSSON et ul. 

TABLE I Kinetic parametersa for inhibitor binding obtained by progress curve analysis 

Argatroban 33 0.25 1.6 10 

Efegatran 0.85 0.002 2.3 I .8 
NAPAP NA NA NA 6.6' 

Melagatran 12 0.05 4.2 4.1 
(S)-CH 1091 4.6h 0.06 13 6.0 
CH 248 4.8 0.049 10.2 13 
Inogatran 20 0.44 22 17 

In 0.05M Hepes (pH 7.4) containing 0.1% BSA and 0.15 M with NaCl at 37°C. 
bThe value shown here was calculated assuming the S-epimer to be the active constituent. The experiment 
was performed with an 80/20 mixture of the S- and R-epimers," and the actual expcrimental value 
obtained for the mixture was k:Ep = 3.4 x lo6 M-ls - ' .  
'From reference [7]. 

mixing substrate with thrombin that had been preincubated with the inhib- 
itor. In the absence of inhibitor, a linear trace was obtained (not shown). 
It was possible to fit the.displayed traces to the expressions given by 
Morrison2 (equations 1 and 2): 

The apparent rate constants for approach to steady-state, obtained by 
fitting equations (1) or (2) to the data, are shown as a function of the inhib- 
itor concentration in the inset in Figure 2. From the slope and ordinate 
intercept of the straight line, an apparent second-order rate constant for 
inhibitor binding (kt:P) and an apparent first-order rate constant for inhib- 
itor dissociation (ktkp) are obtained. 

The inhibitors argatroban, efegatran, melagatran, NAPAP, CH 109 1 
and CH 248 also gave rise to linear dependence of the rate constants for 
approach to steady-state on the inhibitor concentrations. The apparent 
second-order rate constants for binding, (k:!P) and the apparent first-order 
rate constants for dissociation (k",p,p) are summarised in Table I. From these 
values kinetically determined values for the dissociation constants Ki of the 
enzyme-inhibitor complex ( k ~ ~ p / k t ~ P )  are obtained, see Table 1. The depen- 
dence of the final steady-state reaction rates on the concentration of the 
competitive inhibitor allows an independent calculation of the steady-state 
inhibition constants (Ki-values included in Table I), according to classical 
enzyme kinetics. The Ki-values obtained from the rate constants and those 
obtained from the steady-state rates are in good agreement. 

Binding of Inhibitors Monitored by Changes in the 
Intrinsic Fluorescence of Thrombin 

Although the results shown above demonstrate the usefulness of progress 
curve analysis on a fast time scale for monitoring the reaction rate, the 
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LOW M, INHIBITORS OF HUMAN tr-THROMBIN 21 

approach remains an indirect one and is limited to relatively slow rates of 
inhibitor binding. The use of stopped-flow spectrofluorimetry was therefore 
investigated to follow the reaction between inhibitors and thrombin. Recent 
work by Parry rt d7 where changes in the intrinsic fluorescence of throm- 
bin were found after binding of the inhibitor argatroban, used the same 
direct approach. 

To investigate the possibility of using the intrinsic fluorescence of throm- 
bin to monitor the binding of a variety of inhibitors, static fluorescence 
spectra of thrombin in the presence and absence of inhibitors were recorded 
with Xex = 280 nm. We found that all the inhibitors tested induced changes 
in the intrinsic fluorescence of thrombin. The relative fluorescence changes 
induced by the addition of inhibitors at  concentrations well above their Ki 
values are summarised in the first column of Table 11. The changes shown 
are all results of general increases or decreases in the quantum yield with- 
out changes in the position of the emission peak (340 nm) or the shape of the 
spectrum. Repeated additions of inhibitors did not produce any further 
changes in the fluorescence spectra. The largest relative fluorescence change 
(-25%) was found for argatroban, which is in good agreement with Parry 
et ul.’ The other compounds exhibited positive or negative changes in the 
range -26% to +lo%. The (R)-epimer of CH 1091 at  2pM produced a 
smaller fluorescence increase than was seen with the (S)-epimer, but in this 
case further additions of the ligand did result in additional changes. At a 

TABLE I I  
spectrofluorimetry 

Kinetic parameters for inhibitor binding to thrombin obtained by stopped-flow 

hdiihiior E(luilihrium Rote constcmts 
,flirore.c.c.ence” 

AFIF (Yo) Fust component Slow componeni 
kohs (s-‘) 

k:ip x lo-’ k;Lp (s-I) 
(M-‘  s-I) 

Argatroban - 26 5.3 32 33 
NAPAP -24h 2.1 23 9 
Melagalran -8 2.8 24 20 
(S)-CH 1091 + 10 1.6‘ 14 10 
CH 248 + 10 1 . 8 d  6 
Inogatran f 8  7.8 27 

~ 

~ 

~~ ~ 

“Change in fluorescence upon addition of 2 pM inhibitor to 0.2 pM thrombin in 0.05 M Hepes ( p H  7.4) 
containing I l l ‘% PEG and 0.15 M with NaCl at 37°C. 

‘An 80/10 mixture of the S- and R-epimers w i l s  used.” The actual experimental value for the mixture 
was ! i i i p  : 3.4 x I0’M-I s I. The villue shown here was calculated assuming the S-isomer to be the active 
constituent. 
‘I Initial slopes of thc hyperbolic tits in Figure 5 .  

From reference [4]. 
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final concentration of 4pM the fluorescence change was the same as that 
obtained with the S-epimer. This may originate from a small amount of 
contaminating (S)-CH 1091 in the preparation of (R)-1091 used. 

When the reaction between thrombin and the inhibitors melagatran, 
NAPAP, CH 1091 and argatroban was studied with the stopped-flow 
apparatus using fluorescence detection, the time courses similar to that 
shown in Figure 3 for melagatran were obtained. Kinetic analysis of these 
traces showed that it was necessary to include two kinetic components in 
order to obtain a satisfactory fit. The slower component was, however, 
apparent only at low concentrations of the inhibitor, and accounted 

A o h  

C 

AFIF = O.O! 

I 
o 20 40 60 a0 100 120 140 

Time (ms) 

FIGURE 3 The reaction between melagatran and thrombin monitored using the intrinsic 
fluorescence of thrombin. Conditions were the-same as in Figure 2. and the concentration of 
melagatran was: I ,  2, 3, 4, 5. 6.5 and 8 pM in curves A, B, C, D, E. F and G resp. The traces 
have been displaced vertically, showing only the first 150 ms of the reactions, but A, B and C 
were recorded to 500ms, 200111s and 200ms. respectively. The inset shows the concentration 
dependence of the faster component of fluorescence decrease. The solid line with a slope of 
28 x I0'M-I s-'  and an ordinate intercept of 24s-I. was obtained by linear regression. 
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maximally for 10% of the total amplitude. The rate constant obtained for 
the faster component was found to be linearly dependent on the inhibi- 
tor concentration (inset in Figure 3), whereas little or no concentra- 
tion dependence was found for the slower component. The slope and 
ordinate intercept obtained in this plot provide a second- and a first- 
order rate constant which, in the case of inhibitor binding in one step, cor- 
respond to the association and dissociation rate constants, respectively.**' 
They will therefore be referred to as kt{P and k$,!'. The apparent second- 
and first-order rate constants obtained from the slope and ordinate inter- 
cepts of such plots are summarised in Table 11, together with the rate 
constant found for the slow component, when detectable. Moreover, when 
the reaction between the (R)-epimer of CH 1091 was investigated at  a con- 
centration of 2pM, we found only a very slow reaction (kobs=2s-') asso- 
ciated with a much smaller change in fluorescence (AF/F = + 3.7%) than 
that found with the S-epimer. This result is, again, consistent with the pres- 
ence of a small amount of contaminating (R)-epimer, as also suggested 
from the static fluorescence. 

I t  has been suggested that the binding of argatroban takes place in two 
steps, one step accompanied by a decrease in fluorescence, followed by a 
structural change in the protein, accompanied by an increase in f l~orescence.~ 
We have therefore also studied the reaction at very high concentrations of 
argatroban in an attempt to isolate a second step. Time courses obtained 
in this experiment are shown in Figure 4. The major part of the first kinetic 
component, associated with the decrease in fluorescence, now occurs in the 
dead time of the instrument, and only a small part of it is visible as a rapid 
initial decrease, followed by a much slower phase of fluorescence increase. 
For the latter reaction, a rate constant of 33s-I was obtained, with an 
amplitude corresponding to a relative fluorescence increase of + 3.6%. 
Attempts were also made to detect slower components in isolation, analo- 
gous to that seen with argatroban (Figure 4), using high concentrations of 
melagatran and CH 1091. However, only very small fluorescence changes 
were found (lAF/Fl< 0.01), and it was not possible to obtain a sufficient 
signal-to-noise ratio for kinetic analysis. This kind of experiment was not 
feasible with NAPAP due to its intrinsic fl~orescence.~ 

Two kinetic components were found with both inogatran and with CH 
248, with the slower components accounting for a small part of the total 
amplitude and not dependent on the inhibitor concentration. Figure 5 
shows the time courses of the reaction between thrombin and inogatran. 
However, the concentration dependence of the rate constant for the faster 
components was not linear. This concentration dependence was found to 
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AFIF = 0.02 

A 

I I I 

Time (ms) 

FIGURE 4 Time courses in the reaction between argatroban and thrombin at very high 
inhibitor concentrations. The concentration of thrombin after mixing was 0.38 pM. Condi- 
tions were the same as in Figure 2. The concentration of argatroban was: 20,40 and 60pM in 
trace A, B and C, respectively. The traces have been displaced vertically. 

be satisfactorily described by a hyperbolic function: 

where k and k’ are limiting first- and second-order rate constants, respec- 
tively. The solid lines in the figure shows the best fits of this general 
equation to the data, obtained with the parameters given in the figure 
legend. Attempts to isolate the slow component using high inhibitor con- 
centrations were not successful; due to either an insufficient fluorescence 
change (inogatran) or too low a limiting value for the rate constant of the 
fast component (CH 248). 
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100 

50 

AFIF =0.05 0 4 8 1 2  
[Inogatran] (pM) 

0 50 100 150 
Time (ms) 

FIGURE 5 The reaction between inogatran and thrombin monitored using the intrinsic 
fluorescence of thrombin. Conditions were the same as in Figure 2,  and the concentration of 
inogatran was: I ,  2. 3, 4, 5. 6 and 7 pM in A, B, C, D, E, F and G, respectively: The traces 
have been displaced vertically and were recorded to 200 ms. The inset shows the concentration 
dependence of the faster component of fluorescence increase. The solid line shows the best fit 
of a hyperbolic function to the experimental data, obtained with a limiting first-order rate 
constant of 67s- I at high concentration and a limiting second-order rate constant, 
18 x IO‘M- Is-’ at low concentration of inogatran. 

DISCUSSION 

The rate of binding of different types of inhibitors to human thrombin 
has been studied here using two different approaches. In progress curve 
analysis, binding is monitored through the onset of inhibition, whereas 
changes in the intrinsic fluorescence is a more direct measure of ligand 
binding to the enzyme. As seen in Table 11, the two methods give reasonably 
consistent values for the second-order rate constant for inhibitor binding. 
The values obtained with the fluorescence method are, however, slightly, 
but consistently, larger than those obtained by progress curve analysis. A 
more pronounced difference is seen when comparing the k,ff values. The 
compounds that exhibited a linear concentration dependence of the faster 
component (argatroban, melagatran, NAPAP and (S)-CH 1091) exhibited 
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a substantially higher value for the ka,P,P by the fluorescence method than 
the values obtained from progress curve analysis. These differences are not 
expected if inhibitor binding and inhibition takes place in a single step, 
and indicate a more complex mode of interaction of thrombin and these 
inhibitors, consistent with the multiple phases observed when inhibitor 
binding was monitored through fluorescence changes. 

The presence of a structural change on the route to the final thrombin- 
inhibitor complex has been suggested earlier.7*'2-'4 The present finding 
that a slow kinetic component can be isolated, associated with a fluorescence 
change with the opposite sign of that associated with binding, strongly sup- 
ports a structural change. 

In the light of the above considerations, a minimal kinetic mechanism 
for inhibitor binding would be a two-step reaction: 

4 ,  k i ,  
E + I  EL EI, (Scheme 1) 

k-4 

This mechanism would give rise to two apparent rate constants, as 
observed. When the first reaction is much faster than the second, using 
relatively high concentrations of inhibitors, the relaxation of the first and 
second equilibria takes place on sufficiently different time scales as not to 
interfere with each other. The observed fast and slow kinetic components 
would then reflect the relaxation of the first and second step, respectively. 
However, the hyperbolic concentration dependence found for the fast com- 
ponent with CH 248 and inogatran (Figure 5 )  suggests that the situation is 
more complex. It has been pointed out by Fersht" that the observed behav- 
iour is common when a binding reaction takes place in two steps, with a 
high dissociation constant for the first step. The overall process of inhibitor 
binding may actually take place in three steps: 

(Scheme 2) 
k, kz 

E + I  

Although a hyperbolic concentration dependence was observed only for 
two of the compounds investigated, it is reasonable to assume that all the 
compounds investigated bind by a similar route. In this case, the first step 
would be entirely rate-limiting in the initial binding of argatroban, NAPAP, 
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CH 1091 and melagatran, whereas the second step becomes partially rate- 
limiting for initial binding at the high concentrations of inogatran and 
CH 248. Under the conditions used the first two steps take place on a 
much faster time scale than the third. When the first step is faster than the 
second, the apparent rate constants for binding then become: 

The hyperbolic dependence observed with inogatran and CH 248 sug- 
gests that the fast kinetic component observed here reflects 1/r2, if the 
change in fluorescence is associated mainly with the second step. The linear 
concentration dependence seen with the other compounds arises if k _  I /  

k l  >> [I] throughout the concentration range. In this case, the apparent 
second-order rate constant k"op,p obtained from the slopes of the straight 
line in Figure 3, or the initial slopes of the hyperbolas in Figure 5 thus 
becomes: 

whereas the ordinate intercept reflects the rate constant for the reverse 
reaction in the second step, k: , .  This reaction thus appears much faster for 
the compounds with linear concentration dependence than in inogatran 
and CH 248. When E, EIo and EII are at equilibrium, the third step then 
gives rise to the observed slow kinetic component with an apparent rate 
constant given by k2 multiplied by the fraction of EI, present. 

It is of interest to examine if the different rate constants obtained with 
progress curve analysis and the fluorescence method are consistent with 
Scheme 1. In the former experiments, substrate is present in large excess 
over inhibitor. This effectively slows down the forward reaction in the bind- 
ing step, and its effective rate constant is now expected to become the smal- 
lest of the microscopic rate constants. Under these conditions, the second 
step is much faster than the first step and is at equilibrium. Moreover, the 
first step is expected to be faster than the third due to a high value of k k l .  
These conditions are expectedt5 to result in two kinetic components that 
are linearly dependent on the inhibitor concentration: 
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where a (EII )  is the fraction of EII present when Ell and EIo are at equilib- 
rium. The values found for the apparent second-order rate constants by 
progress analysis are consistently smaller than those obtained with the 
fluorescence assay (Table 11). This suggests that the onset of inhibition under 
the conditions in the progress curve experiments takes place at  the rate 
given by the slower component in equation (6b). In this case the first- and 
second-order rate constants, obtained from the concentration dependence 
of the observed rate constant. become: 

The different values of k tgp and kt",P obtained by the fluorescence and 
progress curve methods (Table 11) can thus be seen as consequences of the 
stepwise character of the reaction, together with the widely different rates 
of initial inhibitor binding in the two experimental systems. 

The microscopic rate constants in Scheme 2 are related to the steady- 
state Ki value through: 

A comparison with equation 5 shows good correspondence between the 
experimental steady-state Ki values and those obtained from progress curve 
analysis calculated from k : ~ p / k ~ " , P .  This is consistent with the equilibrium 
position of the third step, being strongly shifted towards EI2. It is therefore 
likely that this step makes a major contribution to the overall thermo- 
dynamics of inhibitor binding. Furthermore, at a low inhibitor concentra- 
tion, the intermediates EIo and EII will not accumulate under the conditions 
used in progress curve analysis. In this case, the same apparent rate 
constants will be obtained for inhibitor binding and for dissociation of the 
enzyme-inhibitor complex, as observed. 

The recent studies by Parry et d7 show that the susceptibility of throm- 
bin to limited proteolysis was decreased considerably in the presence of 
both the reversible inhibitor argatroban and of the irreversible inhibitor 
D-Phe-Pro-Arg-CH2C1 (PPACK). These results suggest structural differ- 
ences, particularly in the so-called 149 insertion loopi4, between unliganded 
and inhibited thrombin. A possible origin of the slow kinetic component 
of inhibitor binding found in the present work is therefore rearrangement 
of this part of thrombin after the initial binding of inhibitor, with stronger 
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protein-ligand interactions as the result. The overall affinity of thrombin 
for an inhibitor is, in this case, determined by interactions between the 
inhibitor and the protein in its inhibited conformation. On the other hand, 
at inhibitor concentrations in the nanomolar range, the rate of binding will 
be determined by the forward rate constant for the structural change (k2),  
together with the equilibrium constants for the two first steps (equation 7a). 
The rate of binding will therefore in this case be influenced by the thermo- 
dynamics of interaction between the inhibitor and the enzyme in its 
uninhibited conformation. Both fast and tight binding, are important 
objectives in the design of therapeutic thrombin inhibitors. The present 
results suggest that the thermodynamics of interaction between inhibitors 
and thrombin in its uninhibited conformation could be useful as a design 
criterion for fast-binding thrombin inhibitors. 
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