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Abstract

Thrombin is the pivotal serine protease enzyme in the blood cascade system. Phe-Pro-Arg-
chloromethylketone (PPACK), phosphate and phosphonate ester inhibitors form a covalent bond
with the active-site Ser of thrombin. PPACK, a mechanism-based inhibitor, and the phosphate/
phosphonate esters form adducts that mimic intermediates formed in reactions catalyzed by thrombin.
Therefore, the dependence of the inhibition of human a-thrombin on the concentration of these
inhibitors, pH, and temperature was investigated. The second-order rate constant, ki/K;, and the
inhibition constant, K;, for inhibition of human o-thrombin by PPACK are (1.1 +£0.2) x 10’ M1
s1and (2.4 +1.3) x 1078 M at pH 7.00 in 0.05 M phosphate buffer, 0.15 M NaCl, and 25.0 + 0.1°C,
and in good agreement with previous reports. The activation parameters at pH 7.00, 0.05M phosphate
buffer 0.15 M NaCl, are AH* = 10.6 + 0.7 kcal/mol and AS* = 9 + 2 cal/mol deg. The pH dependence
of the second-order rate constants of inhibition is bell shaped. Values of pK,1 and pK,2 are 7.3 +
0.2 and 8.8 + 0.3, respectively, at 25.0 + 0.1 °C. A phosphate and a phosphonate ester inhibitor gave
higher values, 7.8 and 8.0, for pK;1 and 9.3 and 8.6 for pKz2. They inhibit thrombin over six orders
of magnitude less efficiently than PPACK does. The deuterium solvent isotope effect for the second-
order rate constant at pH 7.0 and 8.3 at 25.0 + 0.1°C is unity within experimental error in all three
cases, indicating the absence of proton transfer in the rate-determining step for the association of
thrombin with the inhibitors. But in a 600 MHz IH NMR spectrum of the inhibition adduct at pH 6.7
and 30 °C, a peak at 18.10 ppm with respect to TSP appears with PPACK, which is absent in

the IH NMR spectrum of a solution of the enzyme between pH 5.3-8.5. The peak at low field is an
indication of the presence an SSHB at the active site in the adduct. The deuterium isotope effect on
this hydrogen bridge is 2.2 + 0.2 (¢ = 0.45). The presence of an SSHB is also established with a signal
at 17.34 ppm for a dealkylated phosphate adduct of thrombin.
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Thrombin is the pivotal serine protease enzyme in the blood cascade system.(1-6) Thrombin
is a highly specific and efficient catalyst of the hydrolysis of one or two peptide bonds in large
precursor proteins of blood clotting.(6-11) In fact, thrombin fulfills a dual role: procoagulant
and anticoagulant. The two are coordinated in a sophisticated manner. As the control of blood
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clotting has broad implications in human health, the regulation of human a-thrombin by a broad
range of inhibitors has been a main target of investigations and drug design.(12-15) Small-
molecule inhibitors, which may not be efficient enough from a medical point of view, serve as
great probes of the mechanisms of thrombin action. PPACK is the most effective mechanism-
based affinity label of a serine protease. It forms a covalent bond with the active-site Ser of
thrombin and cross links with His57 at the active site.(16-19) PPACK forms a tetrahedral
adduct with thrombin, which should be a good mimic of intermediates formed in the acylation
of thrombin in the reactions it catalyzes. The great potency of PPACK lies in the composition
of the peptide portion of the inhibitor, which complements the S1-S3 subsites of thrombin: a
critical Arg inthe P1 position, a Pro in the P2 position, and a hydrophobic Phe in the P3 position.

The mechanism of inhibition of thrombin by these small-molecule inhibitors begins similarly
to the binding of the normal substrate. Thrombin, as a serine protease, contains a catalytic-triad
consisting of Ser195, His57 and Asp102.(3;20-24) Ser195 is the nucleophile which is activated
by general-base catalysis of proton removal by His57. Asp102 acts in tandem as it holds His57
in place via a hydrogen bond. Nucleophilic attack by Ser195 at the amide carbonyl group of
the substrate results in the formation of a tetrahedral intermediate, which is stabilized by main-
chain amides in the oxyanion hole for binding the oxyanion. A proton from His57 is then
donated to the N of the leaving group in the tetrahedral intermediate, which causes its collapse
and release of the first product peptide/protein and the formation the acylenzyme intermediate.
The acylenzyme intermediate is attacked by water with general-base assistance from His57
and Asp102 to form another tetrahedral intermediate. The collapse of this tetrahedral
intermediate leads to the release of the second product regenerating the starting enzyme. In
laboratory experiments, especially enzyme activity assays, chromogenic or fluorogenic
activated oligopeptide substrates are used.(23) Upon thrombin-catalyzed hydrolysis, these
peptide amides release the leaving group in stoichiometric amount to substrate loss.

It has been proposed that the hydrogen bond donor-acceptor distances across the catalytic triad
contract during catalysis, which lowers the activation barrier for the subject reaction.(25-27)
Because thrombin is a very efficient catalyst of the breakdown of its natural and analytical
substrates, it is likely to employ such structural change to stabilize the transition states for
hydrolysis of its substrates. This notion is supported by the observed large solvent deuterium
isotope effects in the hydrolysis of many thrombin substrates.(22;28) These isotope effects
between 2.5 and 3.5 are most likely primary effects, meaning that protons are transferred in
the rate-determining step of the hydrolysis reaction. The origin of this difference between
proton and deuteron transfer at the transition state lies in the loss of the difference in zero-point
energies existing in the ground state vibration of H/D in bonds to heavy atoms. (25;26;29-
32)

Another probe of hydrogen bridges occurring at the active site of enzymes in transition-state
analogs has been used. A unique signal appears in high-resolution 1H NMR spectra at low field
between 14 and 21 ppm, in many cases of transition-state-analog adducts of enzymes with
inhibitors that form tetrahedral intermediates.(33-45) The low-field signals can also be
observed with some native enzymes at pH below 6. The phenomena have been interpreted as
the presence of a short-strong-hydrogen bond (SSHB) at the active site of the enzyme. It forms
upon protonation of a key base catalyst, which occurs even at pH above 6 when interacting
with a modifier. It was shown that the hydrogen bond is most likely one formed between
His576NH and Asp102yO in serine proteases.(46—-49) The best affinity label of thrombin is
PPACK.(16;18;19) When Ser195 adds to the carbonyl group on PPACK, the tetrahedral
intermediate formed freezes as no bond can be cleaved around the central carbonyl C. In fact,
due to the vicinity of the nucleophilic His57¢N, the methylene C subsequently cross links by
alkylating His57 and displacing the chloride ion leaving group, as shown on Figure 1. This
results in irreversible inhibition of the enzyme by PPACK. The correspondence between the
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subsites of the enzyme and the positions of the amino acid residues on the inhibitor enforce
tight interactions at the active site. In turn, the H-bonds in the catalytic triad may become
compressed, which may be detected by high-resolution TH NMR measurements.(34)

Phosphate and phosphonate esters have been broadly used for the inhibition of serine
hydrolases. They also attach covalently to the active site Ser and the resulting ester generally
resists nucleophilic attack at P due to the surrounding negative charge density, which is further
exacerbated if one of the ligands dealkylates or hydrolyzes from the central P atom shown in
Figure 2 for 4-nitrophenyl diethylphosphate (paraoxon).(51) The covalent phosphate or
phosphonate adducts resemble the tetrahedral intermediate formed after water attack on the
acyl enzyme in the hydrolysis of substrates.(52-59)

In this work, the main goal was to find and characterize SSHBs that a-human thrombin forms
with mechanism-based inhibitors that mimic intermediates occurring in its catalytic reaction
with its natural substrates. The dependence of the inhibition of human a-thrombin by PPACK
on inhibitor concentration, pH, and temperature were investigated first. The pH dependences
of inhibition by a phosphate and a phosphonate ester inhibitor were also investigated to
determine the pH optimum for Kinetic solvent isotope effect studies. One salient result of this
study is that Kinetic solvent isotope effects are near one on the second-order rate constants for
inhibition indicating the absence of proton transfer in the rate-determining step for the
association of thrombin with PPACK and with the weaker phospohonate ester inhibitors,. But
in a 600 MHz IH NMR spectrum of the covalently modified thrombin at pH 6.7 and 30 °C, a
peak at 18.10 ppm appears with PPACK and one at 17.34 ppm with paraoxon after deethylation,
which are absent in the 1H NMR spectrum of a solution of the enzyme between pH 5.3 and
8.5. The peak at low field is typical of a SSHB forming at the active site in the adduct. The
deuterium isotope effect on this hydrogen bridge is 2.2 + 0.2 in the PPACK-modified thrombin.
The SSHB is robust as proven in temperature studies of the line width of the resonance.

Materials and Methods

Materials

Instruments

Anhydrous dimethyl sulfoxide (DMSO), heavy water with 99.9 % deuterium content and
anhydrous methanol, were purchased from Aldrich Chemical Co. All buffer salts were reagent
grade and were purchased from either Aldrich, Fisher, or Sigma Chemical Co. The proton
sponge 1,8-bis(dimethylamino) naphthalene was from Sigma Chemical Co. H-D-Phe-Pip-
Arg-4-nitroanilide.2HCI (pNA) (S-2238) 99% (TLC) was purchased from Diapharma Group
Inc.. PPACK was purchased from BioMol. Paraoxon was from Aldrich Chemical Co. and the
sarin analogue, 4-nitrophenyl-2-propyl methylphosphonate (NPMP) was synthesized in this
lab previously.(35;60) Human a-thrombin, 36,500 Da, 3181 NIH u/mg activity (~98% purity)
in pH 6.5, 0.05 M sodium citrate buffer, 0.2 M NaCl, 0.1% PEG-8000 was purchased from
Enzyme Research Laboratories.

Spectroscopic measurements were performed with a Perkin-Elmer Lambda 6 or Lambda 35
UV-Vis Spectrophotometer connected to a PC. The temperature was monitored using a
temperature probe connected to a digital readout device. Either a Neslab RTE-4 or a Lauda 20
circulating water bath was used for temperature control. 1H NMR spectra of inhibited human
a-thrombin were obtained by a Varian Inova 600 MHz NMR instrument at Olson Labs,
Department of Chemistry, Rutgers University, Newark, NJ.
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Buffer solutions were prepared from the appropriate analytical grade salts using double distilled
deionized water. Buffers were prepared by weight from Tris-base and Tris-HCl at 0.02 M, 0.15
M NaCl, 0.1% PEG4000 at pH 8.0 for enzyme assays. All other buffers were 0.05 M of the
respective buffer salt and 0.15 M of NaCl with 0.1% PEG-4000 added. Calculated amounts of
HCI or NaOH were used to adjust the buffer pH when needed. All buffers were further filtered
using a 0.2 um Nylon Membrane Filter. Buffers for pH-dependence studies were as follows;
phosphate for pH 6.03 — 7.47, citrate for pH 6.52, HEPES for pH 7.49 — 7.79 and barbital for
pH 8.07 and 8.54, while 0.05 M Tris or Bis-Tris was used between pH 8.20 and 9.60. For the
isotope effect study D,O buffers were made identically to the aqueous buffer with phosphate
at pH 7.47, pD 8.25 and with Tris at pH 8.07, pD 8.87. pD values were calculated from the pH
electrode reading plus 0.4.(22;29-32) A Delta electronic pH meter was used for pH
measurements.

Thrombin Activity Assay—Assays were carried out in the absence or presence of inhibitors
in 1.0 mL total volume with 10 uL injection of each an appropriate stock solution of the
substrate in DMSO and a thrombin stock solution. Initial rates of hydrolysis of 3-5 x 107> M
(>10 K;,y) S-2238, were measured by monitoring the release of 4-nitroaniline at 400 nm for
10-60 sec. Thrombin concentrations, [E], were then calculated from the Vi, Values using
Keat = 95 + 20 s in pH 8.0, 0.02 M Tris buffer at 25.0 + 0.1 °C.(22)

Kinetic Procedures Using Discontinuous Sampling

Inhibition of thrombin with PPACK: The thrombin stock solution was diluted in the
appropriate buffer to result in a 20 mL solution of 3 - 5x10~1 M concentration. An aliquot of
980 pL was incubated in a cuvette in the temperature-controlled cell compartment of the
spectrophotometer to reach thermal equilibrium. Thrombin inhibition was initiated by injecting
10 pL of a thermally equilibrated 1.1 x 10~/ to 3.65 x 10~/ M PPACK solution and mixing.
The reaction mixture was promptly incubated for a time interval between 15 to 200 sec after
which 10 pL of 3-5 x 1073 M solution of S-2238 substrate in DMSO was quickly added to
measure the remaining enzyme activity. Pseudo-first-order rate constants were calculated by
fitting the exponential function to the remaining enzyme activity versus time of inhibition for
ten successive incubation times. Thrombin activity remained constant for the duration of the
experiment in the 288-308 K temperature range.

Inactivation of a-thrombin with paraoxon and MPNP: In a typical experiment, 250 pL of
a~5x 1077 M solution of thrombin buffered at the desired pH was prepared An aliquot of 180
UL of the resultant solution was drawn, 10 pL of either 0.014 M paraoxon solution in methanol
or 0.0014 M MPNP solution in 1073 M HCI was added and the reaction mixture was incubated
under temperature control. Ten uL aliquots were drawn at appropriate time intervals and the
reaction was quenched by dilution into a cuvette containing 980 uL pH 8.00, 0.02M Tris buffer.
Ten pL of 3-5 x 1073 M S-2238 in DMSO was added and the cell inverted several times to
initiate the assay reaction. Pseudo-first-order rate constants for inhibition were calculated from
the declining activities of thrombin for 4 half-lives. The second-order rate constants were
calculated from kyps divided by the concentration of the inhibitor.

Low-field IH NMR measurements—The samples were prepared by mixing 0.2-0.5 mM
thrombin with three-fold excess of PPACK or 10-fold excess of paraoxon or NPMP in pH 6.7,
0.02 M citrate buffer, 0.01 M phosphate buffer, 0.2 M NaCl, 0.1% PEG8000. The D,O content
was ~7% in general and ~ 45-55% for the isotope effect studies. Thrombin activity was
measured before and after inhibition. A 99% loss of activity was achieved with PPACK and
90% loss of activity was obtained with paraoxon and NPMP. The 1H NMR samples were
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probed for protein aggregation by SDS-PAGE-electrophoresis. Only one band corresponding
to the 36,500 Da of thrombin was obtained.

A5 mm triple resonance probe was used. Water excitation was avoided by using a 1331 pulse
sequence and a 90° pulse width of 30 ps was applied for a 512 ms acquisition time including
a 2.5 s relaxation delay. One dimensional *H NMR spectra were acquired for free and
covalently modified thrombin at 5 — 40 °C with 1000-4000 transients. The phosphate and
phosphonate ester-inhibited thrombin samples were allowed to "age" for 50 hours and were
then reexamined. D/H fractionation factors were measured from deshielded resonances at
maximal sensitivity by dividing samples identically into two, one in buffered H,O and the
other in identically buffered D,0O. The proton sponge 1,8-bis(dimethylamino) naphthalene was
dissolved in CD3CN then titrated with HoSOy4. It was placed in a capillary to serve as an external
chemical shift reference for quantitation of deshielded resonances.

Data Analysis

The irreversible inhibition of thrombin by the covalent inhibitors (1) can be modeled by the
following equation:(18;61)

K-
1 k‘
E+l 2 EI — Elx Equation 1

In this model K; is an equilibrium constant, ky/k,, where kj is the rate constant for the
association of the enzyme and the inhibitor to form the enzyme inhibitor complex (EI) while
kq is the rate constant for the dissociation of the enzyme and inhibitor from the EI complex.
After the El complex is formed, k; is the first-order rate constant for bond formation between
the enzyme and inhibitor to result in EI*, the covalently modified thrombin. This is a
minimalistic approach especially for thrombin inhibition with a chloromethyl ketone as
PPACK, which forms a hemiketal anion ensued by cross alkylation.(62) However, we have
not employed the requisite mechanistic probes for an elucidation of the relative rates of
individual steps of inhibition leading to loss of enzyme activity.

The rate constant observed in the experiments has a hyperbolic dependence on [1] according
to the Michaelis-Menten formalism shown in equation 2:(23)

Kobs =(k; [ 11)/(K;+[11) Equation 2
Alternatively, as the concentration of the inhibitors were typically well below K, the observed
rate constant was modeled by equation 3:(18)
Kobs /[ 1]1=Kki/K; only if [1] < K; Equation 3
Activation parameters were calculated by nonlinear fitting of the Eyring equation (Eq 4) to the
temperature dependence of the second-order rate constants, measured with 1.47 x 1072 M
PPACK at pH 7.0.
ki/Ki=((k, T)/h) exp(~AH* /(RT)) exp(AS* /R) Equation 4
where kg is the Boltzman constant, h is Planck’s constant, R is the gas constant, T is the

temperature, AS¥ is the activation entropy and AH¥ is the activation enthalpy to reach the
transition state.(63) The data were plotted according to the linearized Eyring equation:
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In(ki/K;T) - In(k, /h)=(AS*/R) — (AH* /RT) Equation 5

The pH dependence of the pseudo-first-order rate constant of inhibition by PPACK, paraoxon
and MPNP was plotted and evaluated according to a single pK, and to a two-pK, model (Eq
6).(23) The latter gave more consistent and precise results.

Kops =L/(1+10®KI-PH 1 o(pH-PK2)) Equation 6

All fitting was at the 95% confidence level using simple robust or explicit error propagation
(from the inverse of the errors in the dependent variable) using GraFit 5.(64) Structures were
drawn using program VMD, Visual Molecular Dynamics.(65)

NMR data analysis was performed with the Mestrelab Research software or using SpinwWorks.
Fractionation factors (¢)were calculated from the integrated signals in 7% and 55% D,O buffers
as follows:

I = [Imax(X)] ¢/(1-X)+X], where X = mole fraction of H,O; | = observed intensity and Imax
is maximal intensity at X = 1.0.

Kinetic Experiments

The time dependence of decreasing thrombin activity in the presence of PPACK in the
concentration rage of 1.1 x 1072 M to 3.7 x 10~° M was exponential approaching first order
as shown in Figure 3. The second-order rate constant calculated from the observed rate constant
is ki/Kij=1.1+0.2 x 10’ M1 s71 at pH 7.00, 0.05 M phosphate buffer, 25.0 + 0.1 °C. This is
in very good agreement with an estimate of Kettner and Shaw, ki/K; of 1.15 x 10’ M~1s71, at
pH 7.0, 0.05 M PIPES buffer and 25 °C for bovine thrombin.(16;18) More recent studies of
the inhibition of human a-thrombin with PPACK using different methods gave similar results.
(19) However, the observed first-order rate constants showed a non-linear dependence on
PPACK concentration and equation 2 was fitted to the data to obtain values of kj =0.25 £ 0.12
stand K= (2.4 + 1.3) x 108 M (Figure 4). The large errors in these parameters are due to
the difficulty in obtaining rate constants by conventional methods at concentrations of PPACK
above the range on Figure 4, which would reach saturation of the enzyme with PPACK.

The temperature dependence of the inhibition of thrombin with PPACK at pH 7.00 was
evaluated from the Eyring equation and is shown in linear form in Figure 5. The values of
AH* and AS* were calculated to be 10.6 + 0.7 kcal/mol and 9 + 2 cal/mol K, respectively.

The pH dependence of the first-order inhibition rate constants was bell shaped and gave a
maximum of 4.7 £ 0.8 x 1072571, corresponding to 2.15 x 10 “ M1 s at pH 8.1, as shown
on Figure 6. The calculated pKjs are 7.3 £ 0.2 and 8.8 £ 0.3. Fitting a single pK; model to the
data gave a 0.2 unit smaller pK, but the parameters had greater errors than those calculated
with the two pK;,; model.

Figure 7 shows similar pH dependence of the inhibition of human a-thrombin by paraoxon and
MPNP. The maximal second-order rate constants are 0.47 + 0.05 M~ s~ for paraoxon

inhibition, and 6.2 + 1.0 M~1 s1 for MPNP inhibition of thrombin at pH 8.3. The two pK,-s
calculated from the data are 7.8 £ 0.1 and 9.3 + 0.2 for paraoxon inhibition and 8.0 £ 0.1 and
8.6 + 0.2 for MPNP inhibition. Again, the single-pK, model for MPNP gave larger errors than
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did the double-pK, model and pK, was 0.2 unit lower than the first pK, calculated with the
double pK, model..

Low-field IH NMR spectra

A high-resolution IH NMR spectrum obtained from the PPACK-inhibited human o-thrombin
isshown in Figure 8. The spectrum is focused on the SSHB formed at the active site of thrombin
when the covalently bound and cross-linked adduct with PPACK is formed. The peak for the
adduct is at 18.10 = 0.05 ppm in 7% D,0 and in 55% D,0, while the peak is positioned at
18.60+0.05 ppm is for the integration standard proton sponge in acetonitrile-ds. Scans identical
to the one shown were obtained in three repeats with PPACK-inhibited thrombin.

The fractionation factor for PPACK-inhibited human a-thrombinis 0.45 £ 0.09 calculated from
two values of the integrated resonance at 18.10 ppm at 30.0 £ 0.1°C. The estimated precision
in the integration is 20%

The H-bridge in the adduct of thrombin with PPACK was further tested for robustness. The
temperature dependence of the line width of the 18.10 ppm signal for PPACK-inhibited
thrombin in comparison with the line width of the proton sponge signal, showed sharper signals
with rising temperature, presumably due to faster exchange.

The H NMR signal with paraoxon-inhibited thrombin at 17.34 ppm in 7% D,0 emerged
slowly and was maximal after 50 hours. This signal is associated with the dealkyklated adduct
which has additional negative charge accumulation on the oxygen in P after the departure of
one ethyl group. Control samples of thrombin at several pH in the range 5.3-8.5 did not reveal
a signal between 14 and 21 ppm after several thousand scans.

Discussion

Two types of intermediate analogs occurring in thrombin-catalyzed reactions have been studied
here with special focus on the H-bridges formed accompanying covalent modification of
thrombin. Inhibition of thrombin with PPACK results in a tetrahedral hemiketal anion which
forms without the departure of a fragment from the central carbonyl C and thus resembles the
tetrahedral intermediate formed after nucleophilic attack on a substrate of thrombin. The other
intermediate mimic is of the tetrahedral intermediate formed in deacylation in the substrate
reaction sequence after water attack on the acyl enzyme. The analogs of this intermediate are
the phosphate and phosphonate ester adducts of thrombin especially after dealkylation (aging).
(°1-53;55:58:59:66) Significant negative charge accumulation at the oxygen ligands of the
central P is the hallmark of these adducts, which is consistent with the charge distribution at
the intermediate for deacylation in a natural reaction of thrombin.(67)

Results from Kinetic Studies

Table 1 summarizes the parameters calculated from the data obtained with kinetic
measurements.

The maximal second-order rate constant, ki/K;j, for the inhibition of human a-thrombin with
PPACK was determined to be 2.15 x 10’ M1 s~ at pH 8.1 and 1.07 x 10’ M1 s~ 1 at pH 7.00
and 25.0 + 0.1 °C. The value of AH* = 10.6 + 0.7 kcal/mol and AS* = 9 + 2 cal/mol K are for
the activation barrier for the enzyme-catalyzed inhibition reaction. From the second-order rate
constant at pH 7.00 and 25.0 + 0.1 °C, AG* = 7.85 kcal/mol can be calculated using the Eyring
equation. The value of TAS¥, the difference between AG¥ and AH* is 2,753 cal/mol, which
gives AS* = 9 cal/mol K in full agreement with the value obtained from the nonlinear fit of the
temperature dependence of the second-order rate constant. The transition state of the rate-
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determining step for kj/K; has more favorable entropy than the free enzyme and 1 M inhibitor
have. This result seems consistent with a favorable electrostatic environment for the transition
state associated with formation of the hemiketal anion rather than with a transition state for a
simple noncovalent association of the enzyme and the inhibitor. The value of AH* between
10.21 and 11.14 kcal/mol was determined for the acylation rate constant (ky) for the thrombin-
catalyzed hydrolysis of S-2238, the structural substrate analog of PPACK, under similar
conditions.(68) It seems reasonable to propose that the transitions state for the two reactions
have similarity, because they both have a quasi-tetrahedral character with similar charge
distribution.

From the pH dependence of thrombin inhibition by PPACK, pK,1 and pK,2 of the enzyme are
7.3+ 0.2 and 8.8 £ 0.3, respectively. A pK, of 7.3 is consistent with catalysis by His57, as the
unprotonated His base is needed to promote the reaction. The second pK, of 8.8, is consistent
with the pK, of the amino terminal 1le16 residue, which is engaged in a salt bridge with Asp194
thereby keeping the oxyanion hole in the correct conformation for catalysis. The participation
of 1le16 has been reported in other thrombin-catalyzed reactions. (7,22,69)

The K; value for PPACK inhibition of thrombin is significantly, over 100 fold, smaller than
the Ky, value for the best chromogenic substrate of thrombin, S-2238 at pH 8.(70-71) The
tripeptide segment of the two structures are nearly identical as Pip is a Pro analog. Although
K is a complicated constant with contributions from rate constants for elementary chemical
steps, its numerical value is identical to the dissociation constant for the reaction of S-2238
with thrombin. The implication is then that K; for thrombin inhibition by PPACK includes
terms that pertain to events ensuing the binding step (Eq.7). It is almost certain that formation
of the hemiketal anion, ky, precedes alkylation of His57 by the methylene group and the
departure of CI™ ( Kgk).

K kfko Katk
E+l 2 EI 2 Elx — Elxx Equation 7

Stein and Trainor(62) have carried out decisive solvent isotope effect and proton inventory
measurements on the kinetics of inhibition of human leukocyte elastase by MeOSuc-Ala-Ala-
Pro-Val-chloromethyl ketone. On the basis of their results, they ascertain that formation of the
hemiketal determines the rate of elastase inhibition by the peptidyl choloromethyl ketone at
[11 < K| and k;j represents the alkylation step, kg, at saturating levels of [I].

The second-order rate constant of thrombin inhibition by PPACK is ~ 630 fold greater than
the one for elastase inhibition by the peptidyl chloromethyl ketone of Stein and Trainor.
Moreover, keat/Ky, for thrombin-catalyzed hydrolysis of S-2238 at pH 8.0 and 25 °C is 2.75 x
10"’ M1 571, (70-71) and nearly identical to ki/K; = 2.2 x 10’ M1 s71 for thrombin inhibition
by PPACK under identical conditions. The encounter between thrombin and S-2238 is also
known, it is k; = 1.0 x 108 M~1 s71, which may include a conformational change. The value
of kq is modified by the ratio ky/(k_1 + ky) = 101/(101+280) = 0.27 t0 2.75 x 10’ M1 s71,
(70-71) A crude estimate of the partitioning ratio of hemiketal formation over return to the
enzyme-inhibitor complex plus proceeding to alkylation gives 115 for PPACK inhibition of
thrombin. Judging from the rate constant for nucleophilic attack on S-2238 by Ser195 of
thrombin, 101 s1 at 25 °C, k;, for hemiketal formation is probably < 100 s~1. The inhibition
of thrombin by PPACK is so efficient that its rate under saturation of the enzyme with PPACK
cannot be obtained accurately using conventional methods. Nevertheless, the k;j value in this
work is at least 10 times greater than the value reported for elastase inhibition by the peptidyl
chloromethyl ketone. The relative order of magnitude of rates between reversal of the hemiketal
anion to ketone and alkylation cannot be foretold. Additional insight will have to wait for a
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more extensive elucidation of the mechanism of inhibition of thrombin by PPACK, which is
a future goal of this project.

Paraoxon and MPNP react with thrombin seven and six orders of magnitude slower than
PPACK does. The pH dependence of these reactions are quite different. The lower pKj, for
inhibition by the phosphate and phosphonate esters is a half unit above the lower pK, found
for PPACK inhibition. The pK, of, presumably His57, approaches 8.0 indicating the effect of
the negative charge accumulating in the phosphonate oxygen of the ester adduct near the
catalytic His in the reactant state. The higher pKj for the inhibition of thrombin by paraoxon
and MPNP are 9.3 and 8.6, respectively, bracketing the value for PPACK inhibition.

The second-order rate constants are nearly identical in H,O and D50 in all three inhibition
experiments indicating no isotope effect on the second-order rate constant. Because the isotope
effect is near unity, the rate-limiting step for the association of thrombin with PPACK and the
phosphate and phosphonate esters does not include a direct proton transfer. The solvent isotope
effect is also 1.0 £ 0.2 for kcai/Kpy, for the thrombin-catalyzed hydrolysis of S-2238,
consequently the fractionation factor for the transition state of the association of thrombin with
S-2238 or that of the ensuing conformational change is one.(22) The fractionation factors for
the encounter between thrombin and PPACK is 1.0 at pH 7.45 and 0.93 at pH 8.00 within ~
10% experimental error. These results with thrombin deviate from the solvent isotope effect
obtained for elastase inhibition by the peptidyl chlormethyl ketone, which is 0.65 at [1] <K;.
(62). However, Stein and Trainor leave the possibility open to a transition-state fractionation
factor of 1.0 for their system, which is then compensated by terms from the contribution of
solvent reorganization in elastase inhibition by the petidyl cholormethyl ketone.

SSHB in covalent adducts

The presence of an SSHB in the covalent adducts of thrombin has been established by the
observation of highly deshielded 'H NMR signals at 18.10 and 17.34 ppm respectively for the
analogs of the tetrahedral intermediate for acylation and the intermediate for deacylation.

Notably, the resonances for the two cases are nearly identical to those observed in the
corresponding analogs of tetrahedral intermediates in serine proteases(37—42) and in the double
displacement mechanism of ester hydrolysis catalyzed by cholinesterases.(34-36) In most
cases a signal was also observed with the native enzymes below pH 6, which can be assigned
to the protonated His. In contrast, we have not found a signal with the native enzyme between
pH 5.3 and 8.5. The active site of native thrombin appears to be more restricted than that of
other serine proteases, yet proton exchange seems to be faster. This may be due to the vicinity
of residues around the proton bridge between the His-Asp pair, which can serve as catalysts
of proton transfer in the pH range studied.

One critical measure of SSHBs is a resonance signal for 1H below 14 ppm. The resonances
measured here were used for calculating bond length using an empirical relationship between
chemical shifts and N-H-O bond distances in small crystals(34—36) to give 2.62-2.64 A for
the SSHB in the PPACK and paraoxon adducts of thrombin, respectively. The distances
compare very well with the crystallographic data for the donor acceptor distance in His576NH
and Asp102yO or Asp102yO and Ser214yOH in PPACK-inhibited thrombin.(50) The precision
of the recent protein X-ray data is now comparable to the precision in the correlation of
chemical shifts with distances measured by X-ray crystallography for small molecules.

An isotope effect of 2.2 £ 0.2 associated with the formation of a proton bridge is calculated
from signal intensities of the 18.10 ppm resonance of the inhibition complex in different
isotopic mixtures of buffered water. This isotope effect again denotes the presence of an SSHB.
The D/H fractionation factor (¢) for a H-bridge is essentially an equilibrium constant for the
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exchange of H/D between a site on a protein and the protic solvent, i.e. L,O (L=H,D). In this
case, the active site is where covalent modification occurs resulting in the formation of proton
bridging. The equilibrium constant for the process can be defined as follows;

¢ = [Active site-D][Hsolvent]/[Active site-H][Dsolvent], indicating the preference of the
active site for D over H in reference to the solvent, i.e. an inverse deuterium solvent isotope
effect. The shorter and stronger the H-bond, the smaller the value of ¢. The distance between
H-bond acceptor and donor atoms may be estimated from the value of ¢ by assuming a double
well model for potential energy of the proton vibration in the H-bridge, in which the minima
in the wells are centered at one covalent bond length from the donor and acceptor heavy atoms.
As the H-bond gets shorter the wells approach each other and become broader and shallower.
The broadening of the potential well decreases the zero point vibrational energy of the H-
bonded proton. Because of the 2-fold greater mass of a deuteron than a proton, its zero point
vibrational energy decreases (2)1/2 —fold less, resulting in a decreased preference for deuterium
over protium (¢) as the H-bond shortens. The minima are typically separated by distances
between 0.4 and 0.69 A.(45) This is empirically correlated to a third-order polynomial fit of
¢ to the distances between the minima of the two vibrational potential wells.(34;45;72;73) As
the covalent bond length in O-H and N-H bonds are close to 1.00 A, two covalent bond length
(2.00 A) are added to the distance between the minima of the wells to yield the distance between
donor and acceptor of an H-bond. The precision of this estimate is similar to the one mentioned
above and it gives the same bond length of 2.62 A as estimated from the correlation for chemical
shifts for the PPACK- inhibited thrombin.

The small-molecule modifiers of the thrombin active site lack critical remote interactions of
natural substrates at exosites. The exosites, especially the fibrinogen binding site, determine
the substrate selection, which is in turn regulated by Na* binding at an adjacent location.(50)
The regulation is mediated by water channels, which presumably involves H-bridges and may
exhibit solvent isotope effects of two or greater when thrombin performs its role of hydrolyzing
its natural substrates. This was found for the first step of hydrolysis of fibrinogen to
fibrinopeptide A.(28) On the basis of our findings, the transition state for binding the small
inhibitors doesn't show changes in the status of the H-bridges, but the stable adducts of the
inhibitors with thrombin show one unique SSHB at the active site. These SSHBs presumably
also occur in tetrahedral intermediates on the reaction path catalyzed by thrombin. Proton
bridges with SSHBs appear to contribute to the remarkable catalytic prowess of thrombin and
other enzymes that employ acid-base catalysis.

Abbreviations

KSIE kinetic solvent isotope effect;

NPMP 4-nitrophenyl 2-propyl methylphosphonate
oD optical density

paraoxon 4-nitrophenyl-diethylphosphonate

pNA para-nitroaniline

RS reactant state

Pip pipecolyl

PPACK Phe-Pro-Arg-Chloromethylketone

S-2238 H-D-Phe-Pip-Arg-pNA.2HCI

SSHB short-strong hydrogen bond
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thin-layer chromatography
transition state
3-(trimethylsilyl)propionate-2,2,3,3-dg
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Figure 1.
Structure of PPACK covalently linked to the catalytic triad of thrombin (modified from
Brookhaven Protein Data Bank entry 1SHH).(50)
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Figure 2.
The structure of paraoxon-inhibited thrombin after deethylation (modified using Brookhave
Protein Data Bankd structure 1SHH).(50)
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Figure 3.

Time-dependent decline in human a-thrombin activity in the presence of 2.2 x 10~ M PPACK
at pH 7.47, 0.05 M phosphate buffer NaCl 0.15 M, and 25.0 + 0.1 °C. One standard deviation
in the data is indicated by the diameter of the circle
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Figure 4.

Dependence of the observed rate constants on the concentration of PPACK at pH 7.00, 0.05
M phosphate buffer, NaCl 0.15 M, and 25.0 = 0.1 °C. One standard deviation in the data is
indicated by the diameter of the circle.
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Figure 5.

Temperature dependence of the second-order rate constants for the inhibition of thrombin by
PPACK at pH 7.00, 0.05 M phosphate buffer NaCl 0.15 M. One standard deviation in the data
is indicated by the diameter of the circle.
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Figure 6.

pH dependence of the pseudo first-order rate constants for the inhibition of human a-thrombin
by PPACK at NaCl 0.15 M and 25.0 £ 0.1°C. One standard deviation in the data is indicated
by the diameter of the circle.
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Figure 7.

pH dependence of the pseudo-first-order rate constant for the inhibition of thrombin with
paraoxon (left) and MPNP (right) at NaCl 0.15 M and 25.0 + 0.1°C. One standard deviation
in the data is indicated by the diameter of the circle.
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Figure 8.

Low-field sections of 3000 scans of 600 MHz H NMR spectra of the covalently modified
human a-thrombin by PPACK at pH 6.7, 0.02 M citrate buffer, 0.01 M phosphate buffer, 0.2
M NacCl, and 0.01% PEG800 at 30.0 = 0.1°C and; 7% D,O on the left side and 55% D,0O on

the right side.
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