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Rio de Janeiro, Cidade Universitária, CT, Bloco A, lab. 609, Rio de Janeiro, RJ 21949-900, Brazil

Received March 19, 2002

Thrombin is a serine protease responsible for blood coagulation. Since thrombin inhibitors
appear to be effective in the treatment and prevention of thrombotic and embolic disorders,
considerable attention has been focused on the structure and interactions of this enzyme. In
this work, to evaluate the relative free energies of hydration and binding to thrombin for some
benzamidine derivatives, we used the finite difference thermodynamic integration (FDTI)
algorithm within the Discover program of MSI. By this method, two possible orders of hydration
for the candidates were obtained: p-amidinophenylpyruvate > p-(2-oxo-1-propyl)benzamidine
> p-methylbenzamidine > p-ethylbenzamidine > p-(1-propyl)benzamidine > benzamidine and
p-amidinophenylpyruvate > p-(2-oxo-1-propyl)benzamidine > p-methylbenzamidine > p-
ethylbenzamidine > benzamidine > p-(1-propyl)benzamidine. We also obtained the following
order for thrombin binding: p-(2-oxo-1-propyl)benzamidine > p-ethylbenzamidine > p-(1-
propyl)benzamidine > p-methylbenzamidine > benzamidine > p-amidinophenylpyruvate.

Introduction
Clot formation results from a complex sequence of

biochemical events that comprise the coagulation cas-
cade, which involves the interaction of specific blood
proteins followed by platelet aggregation.1-3 Although
this process occurs in blood vessels to repair minor
internal injuries, exaggerated clot formation leads to
several cardiovascular disorders such as venous and
arterial thrombosis, atrial fibrillation, stroke, and myo-
cardial infarction.4 Thrombin is a serine protease that
plays a central role in the coagulation cascade through
the conversion of fibrinogen to fibrin and platelet
activation.5 As the most potent stimulator of platelet
aggregation, thrombin has become the principal target
in the development of new antithrombotic agents.6-10

Thrombin consists of an A chain of 36 amino acids
and a B chain of 259 amino acids connected by a
disulfide bridge.11 This enzyme, related to trypsin and
chymotrypsin, has the catalytic triad (Asp102-His57-
Ser195) characteristic of these serine proteases. Besides
the catalytic triad, the active site of thrombin has three
other important binding pockets. The S1 pocket, which
contains an aspartate (Asp189), a small hydrophobic site
called the P-pocket (S2 pocket), defined by the Tyr60A-
Pro60B-Pro60C-Trp60D insertion loop, and a larger
hydrophobic site called the D-pocket (S3 pocket), which
is separated from the P-pocket by the side chain of
Leu99.12

The p-amidinophenylpyruvate (APPA) (Ki ) 620
nM)11,13 and benzamidine (Bz) (Ki ) 300 nM)11,14,15

compounds are examples of thrombin inhibitors (Figure
1). The first one is an electrophilic inhibitor, whose
carbonyl group is attacked by the Ser195 residue of the

catalytic triad. The second is a noncovalent inhibitor.
When protonated, the amidine group of both APPA and
Bz interacts with the active site of thrombin through a
salt bridge with the Asp189 residue (S1 pocket).

Many pharmaceutical companies have devoted con-
siderable time and effort toward the development of an
orally active synthetic thrombin inhibitor.16-20 However,
despite high in vitro affinity, only a limited oral bio-
availability has been obtained because of low intestinal
permeability. Low membrane permeability is derived
from the presence of highly basic functional groups in
most of the synthetic thrombin inhibitors.21 Thus, the
design of more lipophilic compounds is needed to
improve the pharmacokinetic profile of thrombin inhibi-
tors. In addition, since the S1 pocket of thrombin
contains the Ala190 residue, and the S1 pocket of
trypsin contains the Ser190 residue, modifications in
the P1 site of thrombin inhibitors, through the use of
more lipophilic substituent groups, should help to
increase their selectivity for thrombin with respect to
trypsin.8,22,23
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Figure 1. Benzamidine derivatives studied in this work. For
the meaning of C1, see computational details.
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Therefore, to improve the binding to thrombin, en-
hance the selectivity for this enzyme, and increase the
intestinal permeability of Bz and APPA, we have added
groups with a greater hydrophobicity to the para posi-
tion of Bz and substituted the carboxylate group of
APPA by a methyl group (Figure 1). In Figure 1, PMBz,
PEBz, PPBz, and POPBz are p-methylbenzamidine,
p-ethylbenzamidine, p-(1-propyl)benzamidine, and p-(2-
oxo-1-propyl)benzamidine, respectively. In this work, we
present only a theoretical analysis of thrombin inhibi-
tion by using molecular dynamics (MD) simulations in
conjunction with free energy perturbation (FEP) calcu-
lations.24-27 More specifically, we computed the relative
free energies of binding to thrombin for the noncovalent
candidates, PPBz, PEBz, PMBz, and Bz. Since ketones
are only used as reactive functional groups in thrombin
inhibitor candidates when activated,4 it is not entirely
clear if POPBz would be an electrophilic inhibitor. Thus,
we decided to calculate both the relative free energy of
noncovalent binding to thrombin and the relative free
energy of reaction with the enzyme between POPBz and
APPA. Moreover, to verify the influence of hydration
in the binding process, we have also calculated the
relative free energies of hydration for these compounds.

Theoretical Background

Considering two states, 1 and 2, the Helmholtz free
energy variation between them is given by eq 1. Because
of the separation of QNVT, the Helmholtz free energy
variation can be expressed as a sum of ideal gas and
configurational parts.

When calculating relative free energy differences, a
thermodynamic cycle is generally applied.28 Here, we
have used the thermodynamic cycles exhibited in Figure
2. Since the free energy is a thermodynamic state
function, the cycles on the left side of Figure 2 give the
relative free energies of hydration

where X and Y are any two benzamidine derivatives,
∆Ahyd is the absolute free energy of hydration, and
∆Atr(sol)(XfY) and ∆Atr(g)(XfY) are the free energies
associated with the transformation of X into Y in the
solution and gas phase, respectively. The cycles in the
center of Figure 2 give the relative free energies of
noncovalent binding

where ∆Abind(ncov) is the absolute free energy of nonco-
valent binding, and ∆Atr(comp(ncov))(XfY) is the free
energy associated with the transformation of X into Y
inside the noncovalent complex between thrombin and
a benzamidine derivative. Finally, the cycle on the right
side of Figure 2 gives the relative free energy of reaction
with the enzyme between POPBz and APPA

where ∆Areaction is the absolute free energy of reaction
between the enzyme and an electrophilic compound, and
∆Atr(comp(cov))(APPAfPOPBz) is the free energy associ-
ated with the transformation of APPA into POPBz
inside the covalent complex with thrombin. It is inter-
esting to note that ∆∆Areaction added to ∆∆Abind(ncov)
between POPBz and APPA gives the relative free energy
of covalent binding to thrombin (∆∆Abind(cov)) for these
two compounds.

Because the quantities ∆Ahyd, ∆Abind(ncov), and ∆Areaction
are impracticable to compute due to the time scale and
the enormous atom reorganization involved in these
thermodynamic processes, the relative free energies
described above are obtained through the simulation of
nonphysical paths transforming one molecule into an-
other in different environments. Therefore, the differ-

Figure 2. Thermodynamic cycles used for the calculation of relative free energies (see text for details).

∆A ) -kT ln
Q2NVT

Q1NVT
) ∆Aid - kT ln

Z2NVT

Z1NVT
(1)

∆∆Ahyd ) ∆AhydY - ∆AhydX )
∆Atr(sol)(XfY) - ∆Atr(g)(XfY) (2)

∆∆Abind(ncov) ) ∆Abind(ncov)Y - ∆Abind(ncov)X )
∆Atr(comp(ncov))(XfY) - ∆Atr(sol)(XfY) (3)

∆∆Areaction ) ∆AreactionPOPBz - ∆AreactionAPPA )
∆Atr(comp(cov))(APPAfPOPBz) -

∆Atr(comp(ncov))(APPAfPOPBz) (4)

4996 Journal of Medicinal Chemistry, 2002, Vol. 45, No. 23 Guimarães and Bicca de Alencastro



ences in ∆A resulting from the kinetic energy, as in eq
1, may be assumed to be identical in calculating, for
example, ∆Atr(sol) and ∆Atr(g), ∆Atr(comp(ncov)) and ∆Atr(sol),
or ∆Atr(comp(cov)) and ∆Atr(comp(ncov)) (Figure 2). Given that,
it is reasonable to suppose that the internal energy is
equal to the potential energy (H - U).27 Thus, the
perturbation method (PM) equation27 may be written
as

In eq 5, U(λi) and U(λi+1) are the potential energy
functions for the states λi and λi+1, respectively, and
〈 〉λi refers to an average over the ensemble of configura-
tions generated using U(λi). Another equivalent expres-
sion for ∆A can be employed in free energy difference
calculations. It is referred to as the thermodynamic
integration (TI) method,25,27 where ∆A is obtained by
eq 6

A third method, the finite difference thermodynamic
integration (FDTI) method,29 combines the formalisms
of PM and TI. FDTI computes numerically the deriva-
tives of the free energy relative to the coupling param-
eter at fixed values of λ, followed by numerical integra-
tion using a quadrature scheme (eq 7). In contrast to
PM, the number of λ values to be used in the free energy
calculation is not dependent on the degree of overlap
between the initial and final phase spaces.

In eq 7, n is the number of quadrature points, ∆λi is
a parameter that depends on the numerical integration
scheme, and δλ is the increment used to compute the
numerical derivatives. We have recently shown30,31 that
the orthogonality problem that occurs in free energy
calculations is adequately treated using the FDTI
method. We have also demonstrated that problems of
singularity and convergence in free energy calculations
can be properly solved by the FDTI method, which uses
the Gaussian-Legendre quadrature method for numer-
ical integration, associated with the introduction of a
physical criterion to determine the breaking point of a
bond or angle described by a harmonic potential. Thus,
in this work, we used the FDTI method and employed
the same correction procedures as described in refs 30,
31 to calculate free energy differences.

Computational Details
All calculations were performed using a molecular modeling

software from MSI , running on a Silicon Graphics O2 R10000
workstation. The Insight II program (version 97.0) was em-
ployed as a graphical interface for the construction and
visualization of molecular structures. The all-atom CVFF force
field,32 within the Discover program (version 2.9.7), was
employed in energy minimization and MD simulations. Bond
stretching was expressed by a simple harmonic function and
the cross terms of the force field were not included in the
energy expression. The charges of the noncovalent complexes,
including the charges of the inhibitors, were taken from the

CVFF force field. In the covalent complexes, the charges on
the Ser195 oxygen and the attacked carbonyl group of APPA
and POPBz were taken from the CHARMM force field33 and
adjusted to our system.

First, we obtained from the Brookhaven Protein Data Bank
the X-ray crystal structure of the APPA‚thrombin‚hirugen
ternary covalent complex with crystal water molecules (struc-
ture 1AHT).13 The hirugen molecule is bonded to the fibrinogen
recognition exosite. In our model, basic residues such as Arg
and Lys are protonated, and acid residues such as Asp and
Glu are deprotonated. Due to its normal pKa, the His residues
were assumed to be neutral at physiological pH, except for the
positively charged His57 in the covalent complex. Keeping the
crystal coordinates fixed, only the hydrogen atoms added to
the crystal structure were energy minimized. Here, we em-
ployed 2000 steps of the steepest descent algorithm followed
by 5000 steps of the conjugate-gradient algorithm. Following
this procedure, the maximum derivative was less than 0.01
kcal‚mol-1‚Å-1. To alleviate bad van der Waals contacts, we
then fully optimized the entire system. In this step, we
employed 5000 steps of the steepest descent algorithm followed
by 10000 steps of the conjugate-gradient algorithm leading to
a maximum derivative of less than 0.01 kcal‚mol-1‚Å-1. To
obtain ∆∆Areaction for POPBz and APPA, it was necessary to
generate a noncovalent complex model from our covalent
complex model (see eq 4). To do that, we restored the catalytic
triad by disrupting the covalent bond between APPA and
Ser195, and transferred the proton from His57 to Ser195. The
generated structure was energy minimized, and following this
process, a maximum derivative of less than 0.01 kcal‚mol-1‚Å-1

was found.
Then, the hirugen molecule and all residues and water

molecules 16 Å away from the C1 atom of APPA (Figure 1) in
both covalent and noncovalent complex models were removed.
This simplification reduced the number of amino acids to 123.
Acetyl and N-methylamine blocking groups were used to cap
the truncation points. Since we included in our model all the
residues with atoms within a radius of 16 Å, our complex
model has a radius of approximately 19 Å. Therefore, a 19 Å
cap of water molecules was added, centered at the C1 atom of
APPA (305 water molecules).

While APPA is neutral at physiological pH, POPBz has a
net charge of +1. Thus, in the APPAfPOPBz transformation,
a positive charge is generated, both in the covalent and
noncovalent complexes. The overall charges of both complex
models are the same as those of each ligand. In this case, there
is no need to include Born term contributions to ∆∆Areaction,
as both systems have the same radius, the same net charge,
and the same dieletric constant outside the finite system.34,35

To calculate ∆∆Abind(ncov) for APPA and POPBz, it is neces-
sary to compute ∆Atr(comp(ncov))(APPAfPOPBz) and ∆Atr(sol)-
(APPAfPOPBz) (see eq 3). As the aqueous phase is neutral,
a positive charge is also generated for the APPAfPOPBz
transformation in solution. Therefore, to minimize Born term
contributions to ∆∆Abind(ncov) in this case, the aqueous phase
was obtained by surrounding APPA with a water sphere of 19
Å, centered at the C1 atom of APPA (see Figure 1), including
a total of 944 water molecules. To obtain ∆∆Ahyd for APPA
and POPBz, we need to compute ∆Atr(sol)(APPAfPOPBz) and
∆Atr(g)(APPAfPOPBz). As conventional periodic boundary
conditions are not appropriate to solvate a solute when the
charge varies in the transformation,36,37 we solvated APPA
using the same spherical 19 Å cap of water described above.
As one of the transformations is performed in the gas phase,
a Born term contribution of -8.63 kcal/mol had to be added
to ∆∆Ahyd.

Except for the APPAfPOPBz transformation, there was no
charge variation in the remaining mutations (see Figures 1
and 2). This eliminated the need for including Born term
contributions. Thus, to obtain ∆∆Ahyd for these cases, POPBz
was centered in a 20 Å cubic box (∼250 water molecules) using
periodic boundary conditions (PBC), and then the sucessive
transformations POPBzfPPBz, PPBzfPEBz, PEBzfPMBz
and PMBzfBz were performed. To calculate the relative free

∆A ) -kT ∑
i)0

n-1

ln 〈e-(U(λi+1) - U(λi))/kT〉λi (5)

∆A ) ∫0

1
dλ〈∂U(λ)

∂λ 〉
λ

(6)

∆A ) -kT∑
i)1

n ln〈e-[U(λi+δλ) - U (λi)]/kT〉i

δλ
(7)
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energy of binding for these transformations (∆∆Abind(ncov)), it
was necessary to calculate ∆Atr(comp(ncov))(XfY) and ∆Atr(sol)-
(XfY). The initial system for these transformations inside the
solvated noncovalent complex model was obtained from the
last configuration of the APPAfPOPBz transformation. As
shown by Essex and Jorgensen,38 the use of a spherical cap of
water rather than the conventional periodic boundary condi-
tions affects the calculated free energies of hydration in simple
systems. Therefore, to cancel the errors introduced by the
application of a spherical cap of water in the solvated nonco-
valent complex model, we employed an identical approximation
for the calculation of ∆Atr(sol)(XfY). The initial system for
transformations in the aqueous phase was obtained from the
last configuration of the APPAfPOPBz transformation in
solution.

Initial preparation of all preliminary systems (covalent and
noncovalent complexes APPA‚thrombin, APPA in solution
(R ) 19 Å) and POPBz in solution (PBC)) consisted of an
energy minimization calculation (2000 steps of the steepest
descent algorithm followed by 5000 steps of the conjugate-
gradient algorithm), followed by 20 ps of an MD run, to which
we applied the NVT ensemble. We kept the solute atoms fixed
throughout the entire preparation process. This step was
performed in order to relax water molecules in the aqueous
phase and in the solvated complex models to the solute
potential. Then, all coordinates of the systems were fully
optimized. Because of the absence of discarded residues, the
methyl carbon atom of acetyl and N-methylamine blocking
groups in the solvated complex model were kept fixed to avoid
any anomalous behavior in the protein structure. At this point,
we employed 5000 steps of the steepest descent algorithm
followed by 10000 steps of the conjugate-gradient algorithm.
At the end of this procedure, the maximum derivative was less
than 0.01 kcal.mol-1Å-1.

Next, we performed the sucessive transformation simula-
tions. Each transformation, regardless of the environment, was
achieved by an MD run of 1.2 ns using the FDTI method to
compute free energy differences. The initial and final states
were linearly coupled through the λ parameter. The number
of quadrature points, n, used in the calculations was six. The
values of ∆λi (∆λ1 ) 0.0857, ∆λ2 ) 0.1804, ∆λ3 ) 0.2340,
∆λ4 ) 0.2340, ∆λ5 ) 0.1804, ∆λ6 ) 0.0857) and the quadrature
points (λ1 ) 0.03377, λ2 ) 0.16940, λ3 ) 0.38069, λ4 )
0.61931, λ5 ) 0.83060, λ6 ) 0.96623) (see eq 7) were automati-
cally calculated by the Gaussian-Legendre quadrature method.39

The increment δλ used in eq 7 was 0.0005.
All transformations were performed using MD simulations

in an NVT ensemble (T ) 300 K), employing the single
topology approach by mixing the force field parameters (force
constants, equilibrium bond lengths, charges, etc.). In the
APPAfPOPBz transformation, the carboxylate group of APPA
was mutated into the methyl group of POPBz. To keep the
number of atoms fixed, the carboxylate oxygens and a dummy
atom (Du) were transformed into the three hydrogen atoms
of the methyl group. In the POPBzfPPBz transformation, the
carbonyl group of POPBz was mutated into the methylene
group of PPBz. In this case, to keep the number of atoms fixed,
the carbonyl oxygen and a dummy atom were transformed into
the hydrogen atoms of the methylene group. All other simula-
tions involved the mutation of a methyl group into a hydrogen
atom. Therefore, the hydrogen atoms of the methyl groups
were also substituted by dummy atoms. The C-Du and H-Du
equilibrium bond lengths were not shrunk, and all energy
terms (including bonded terms of the force field) of the dummy
atoms were turned off in the simulations.

The equations of motion were integrated every 1.0 fs using
the Verlet Leapfrog algorithm.40 All bonds and angles were
allowed to move in the simulations. In all simulations, the
ensemble average of the Boltzmann factor, e-∆U/kT, was evalu-
ated through a MD run of 100 ps after a 100 ps of equilibration
at each λi, giving a total of 1.2 ns of simulation for each
transformation. For further analysis, the trajectory was
sampled every 1.0 ps. The convergence at each λi was verified
by plotting the Boltzmann factor vs time. The FDTI method

computes ∆Ai/δλ at each λi sampling both forward (∆A(λi f
λi + δλ)/δλ) and backward (∆A(λi f λi - δλ)/δλ). ∆Ai/δλ at
λi is the first quantity plus the negative of the second one,
divided by two. Similar values for (∆A(λi f λi + δλ)/δλ) and
(-∆A(λi f λi - δλ)/δλ) are an additional measure of conver-
gence.

During MD runs, the temperature was maintained at 300
K via the velocity-scaling algorithm41 at the equilibration
stage, and via a weak coupling to an external temperature bath
with a time constant of 0.1 ps42 at the data collection stage.
To prevent the evaporation of water molecules, a half-harmonic
restraining potential of 0.5 kcal‚mol-1‚Å-2 was used when the
distance between a water oxygen atom and the center of the
solvation model exceeded 19 Å. For reasons mentioned above,
the methyl carbon atoms of the blocking groups were kept fixed
in the MD transformation simulations occurring inside the
solvated complex models.

To save computational time, a spherical residue-based
nonbonded interaction cutoff of 10 Å was applied to all
transformations, except for APPAfPOPBz. To “turn off” the
interactions smoothly, we employed a quintic spline function
from 8.5 to 10 Å. In this manner, discontinuities in the
potential energy surface were minimized. Whenever an atom
moved more than half the length of the buffer region (between
10 and 11 Å), the neighbor list was updated. This ensured that
no atoms outside the buffer region were able to move close
enough to interact. Since a positive charge is generated in the
APPAfPOPBz transformation, the Born term correction is
only valid if all atoms inside the sphere of 19 Å interact with
each other. In this case, we applied the double-cutoff meth-
odology.43 The first cutoff has 10 Å of radius, while the radius
of the second cutoff is long enough to include interactions of
all atoms with every other atom.

Results and Discussion

Analysis of the Hydration Order. Table 1 gives
calculated values of the single and double free energy
differences for the transformations performed in this
work. As discussed in ref 30, we could not determine
precisely the relative free energy of hydration for PMBz
and Bz. Still, we pointed out that ∆∆Ahyd between these
compunds should lie somewhere between 1.47 and 3.84
kcal/mol. Jorgensen and Nguyen showed that the pen-
alty for creating a larger cavity in transforming an
aromatic hydrogen into a methyl group in substituted
benzenes is matched by the enhanced VDW interactions
between the latter and water.44 Thus, the difference of
hydration between PMBz and Bz is probably derived
from other contributions. Since the classical dipole
moments for Bz and PMBz calculated from the CVFF
partial charges with respect to coordinate axes centered
on each molecule’s center of mass are 6.94 and 12.18
D, respectively,30,31 PMBz should be more solvated than
Bz because of stronger electrostatic interactions with
the water molecules.

On the other hand, differing from the relative hydra-
tion between PMBz and Bz, the analysis of ∆∆Ahyd
suggests that for PPBzfPEBz and PEBzfPMBz the
penalty for creating a larger cavity, while mutating an
hydrogen atom into a methyl group, is greater than the
enhanced VDW interactions between the latter and
water. In transforming PMBz in Bz, the methyl group
is partially shielded from the solvent and the cavity
term is less important. However, as the carbon chains
of PEBz and PPBz are more exposed to the solvent,
especially in PPBz, the cavity term becomes more
significant than the VDW interactions when one
annihilates a methyl group in PPBzfPEBz and
PEBzfPMBz. Consequently, while PMBz is better
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solvated than PEBz by 1.11 kcal/mol, PEBz is better
solvated than PPBz by 1.46 kcal/mol.

The calculated ∆∆Ahyd shows that POPBz is more
solvated than PPBz by 3.35 kcal/mol. The results also
show that POPBz is more solvated than PEBz, PMBz,
and Bz. This was expected since the carbonyl group of
POPBz is hydrogen bonded to the water molecules of
the solvent. However, because of its zwitterion form in
solution, APPA is the best solvated compound of the
series. As ∆∆Ahyd for PMBz and Bz lies between 1.47
and 3.84 kcal/mol, it is not possible to determine if the
least solvated compound of the series is Bz or PPBz.
Consequently, analysis of the relative hydration reveals
two possible hydration orders for the para-substituted
benzamidine derivatives: APPA > POPBz > PMBz >
PEBz > PPBz > Bz and APPA > POPBz > PMBz >
PEBz > Bz > PPBz.

Analysis of the Binding Order. The binding pro-
cess between APPA and thrombin involves two major
steps. The first is the formation of a noncovalent
enzyme‚APPA complex (the Michaelis complex). The
second is the formation of a covalent bond between
APPA and thrombin. As protein crystallography reflects
relatively stable and long-lived structures,45 and as the
X-ray crystal structure of the APPA‚thrombin complex
shows a tetrahedral intermediate between them,13 the
covalent complex in this case should be more stable
thermodynamically than the noncovalent complex. There-
fore, the inhibition constant of thrombin by APPA must
represent the complete thermodynamic process, with
APPA and thrombin unbound in solution as the initial
state and the tetrahedral intermediate as the final state.
Electrophilic compounds and noncovalent compounds
interact with the enzyme via different mechanisms.
While the first interacts covalently with thrombin, the
second interacts noncovalently. This makes calculation
of the relative free energy of binding to thrombin by the
FEP method between these two classes of molecules
unfeasible. Therefore, connection between the two classes
was accomplished by using the experimental binding
constants for APPA (Ki ) 620 nM)11,13 and Bz (Ki ) 300
nM).14,15

In the APPAfPOPBz transformation, with the ex-
ception of simulations in the gas and aqueous phases,

we observed very poor convergence of the Boltzmann
factor, shown in eq 7 (e -[U(λi+δλ) - U(λi)]/kT)). However, it
is not clear if the poor convergence is a consequence of
the application of the double cutoff methodology to the
generation of a positive charge inside the protein, or if
it is derived from short MD simulations. What seems
clear is that it affects ∆Atr(comp(ncov)) and ∆Atr(comp(cov)),
and consequently ∆∆Abind(ncov) and ∆∆Areaction for the
APPAfPOPBz transformation. Nevertheless, this
is probably more important to ∆∆Abind(ncov) than to
∆∆Areaction as the errors in the quantities ∆Atr(comp(ncov))

and ∆Atr(comp(cov)) tend to cancel each other. As a result,
the reaction between APPA and thrombin is 4.45 kcal/
mol more favorable thermodynamically than the reac-
tion between POPBz and the enzyme (Table 1). On the
other hand, it is reasonable to assume that the simula-
tion protocol is appropriate for the simulations without
charge variation because of a small hysteresis obtained
in our recently reported results for the PMBzfBz
transformation in both directions.30 The results shown
in Table 1 for the PMBzfBz transformation (∆Atr(sol)

(19 Å), ∆Atr(comp(ncov)), and ∆∆Abind(ncov)) are then an
average of both directions.

Table 1 shows that for the APPAfPOPBz transfor-
mation ∆∆Abind(ncov) and, consequently, ∆∆Abind(cov) are
too negative, since APPA is an active thrombin inhibitor.
However, although ∆∆Abind(ncov) is not accurate in this
case, the Ki values for APPA11,13 and Bz,14,15 which give
a experimental ∆∆Abind of -0.43 kcal/mol at 300 K
between these two compounds, and the values of
∆∆Abind(ncov) for the other transformations (Table 1),
taken together, indicate that the noncovalent associa-
tion Bz.thrombin is only more favorable than the
covalent association APPA.thrombin. Since the covalent
APPA‚thrombin complex is more stable than the non-
covalent APPA‚thrombin complex, as discussed above,
APPA may be pointed as the worst ligand in the series
to bind noncovalently to thrombin, probably because (i)
APPA is the most solvated ligand of the series, and (ii)
there is a number of electrostatic repulsions between
the carboxylate group of APPA and negative residues
in the active site of the noncovalent complex (Glu192,
Asp102, and Aps189, see below).

Table 1. Free-Energy Changes Calculated by the FDTI Method (kcal/mol)a

transformation APPAfPOPBz POPBzfPPBz PPBzfPEBz PEBzfPMBz PMBzfBz

∆Atr(g) -19.20 ( 0.31 38.61 ( 0.22 9.93 ( 0.20 -21.77 ( 0.25 -10.51 ( 0.10
-8.56 ( 0.08b

∆Atr(sol) (PBC) n.c. 41.96 ( 0.31 -11.39 ( 0.32 -22.88 ( 0.28 -9.04 ( 0.35
-4.72 ( 0.27b

∆Atr(sol) (19 Å) 16.45 ( 0.98 42.80 ( 0.22 -11.29 ( 0.30 -24.07 ( 0.30 -5.73 ( 0.28
∆Atr(comp(ncov)) -41.19 ( 1.58 44.84 ( 0.22 -11.88 ( 0.30 -21.79 ( 0.31 -5.08 ( 0.26
∆Atr(comp(cov)) -36.74 ( 1.67 - - - -
∆∆Ahyd 35.65 ( 1.29 3.35 ( 0.53 -1.46 ( 0.52 -1.11 ( 0.53 1.47 ( 0.45

(27.02 ( 1.29)c

3.84 ( 0.35
∆∆Abind(ncov) -57.64 ( 2.56 2.04 ( 0.44 -0.59 ( 0.60 2.29 ( 0.61 0.65 ( 0.54
∆∆Areaction 4.45 ( 3.25 - - - -
∆∆Abind(cov) -53.19 ( 2.65 - - - -
∆∆Abindexpd n.a. n.a. n.a. n.a. 0.68

n.c., not calculated; n.a., not available. a The FDTI method was employed to compute the potential energy contribution to the Helmholtz
free energy (see text). The reported errors are the standard deviation of the Boltzmann factor obtained during the data collection stage
of the simulation. (g), free energy computed in the gas phase; (PBC), in the aqueous phase using periodic boundary conditions; (19 Å), in
the aqueous phase using a spherical cap of water with 19 Å of radius, (comp(ncov)) and (comp(cov)) inside the solvated noncovalent and
covalent complex models, respectively, using a spherical cap of water with 19 Å of radius. b As discussed in ref 30, we could not determine
precisely the relative free energy of hydration for PMBz and Bz. ∆∆Ahyd between these compounds lies somewhere between 1.47 and 3.84
kcal/mol. c The value of ∆∆Ahyd in parentheses includes a Born term contribution of -8.63 kcal/mol. d Reference 30.
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Although Bz, as mentioned above, is the least solvated
(or the second least solvated) compound, it only binds
to thrombin better than APPA. This suggests that,
despite a small desolvation penalty, the weak interac-
tion with the enzyme makes the association Bz‚
thrombin less favorable than the association between
the enzyme and PMBz, PPBz, PEBz, and POPBz.
Analysis of ∆∆Ahyd and ∆∆Abind(ncov) for PEBzfPMBz
shows that although PMBz is better solvated than
PEBz, the association PMBz‚thrombin is less favorable
than the association PEBz‚thrombin because of weaker
interactions between PMBz and the enzyme. On the
other hand, analysis of ∆∆Ahyd and ∆∆Abind(ncov) for
PPBzfPEBz shows that the higher desolvation penalty
of PEBz is overcome by a stronger noncovalent interac-
tion between this compound and the enzyme when
compared to PPBz. Finally, although POPBz is the
second most solvated compound, ∆∆Abind(ncov) points out
that it is the best ligand in the series to bind nonco-
valently to thrombin. This suggests that the desolvation
penalty of POPBz is overcome by a strong noncovalent
interaction between this compound and the enzyme.
Thus, the compounds bind thrombin noncovalently
in the following order: POPBz > PEBz > PPBz >
PMBz > Bz > APPA.

Assuming that POPBz is a typical electrophilic in-
hibitor, it should have an even greater affinity for the
enzyme than the other benzamidine derivatives when
the covalent complex between POPBz and thrombin is
formed. However, it is difficult to determine this greater
affinity with accuracy since ∆∆Abind(cov) between APPA
and POPBz is too negative. On the other hand, the
experimental Ki values for APPA and Bz indicate that
even if the formation of the covalent complex with
thrombin occurs, APPA remains the worst ligand to bind
to the enzyme. As mentioned above, the connection
between the electrophilic compounds and the noncova-
lent compounds was accomplished by the experimental
binding constants for APPA and Bz, and the calculation
of the relative free energies of noncovalent binding. This
gives a final binding order, including the reaction step,
of POPBz > PEBz > PPBz > PMBz > Bz > APPA. More
specifically, Bz, PMBz, PPBz, PEBz, and POPBz bind
to thrombin better than APPA by 0.43 kcal/mol, 1.08

kcal/mol, 2.78 kcal/mol, 3.37 kcal/mol, and <53.19 kcal/
mol, respectively. If POPBz is not an electrophilic
inhibitor, it will bind to thrombin better than APPA by
4.82 kcal/mol. Therefore, POPBz would still be the best
candidate of the series. The quality of our results is
supported by very good agreement between the experi-
mental30 and the calculated ∆∆Abind between PMBz and
Bz (Table 1). Figure 3 shows schematically the relative
free energies of binding to thrombin for all studied
compounds with respect to APPA. It is interesting to
note that all candidates proposed in this work have a
higher affinity for the enzyme than the compounds
selected from the literature, APPA and Bz.

Analysis of Interactions with the Enzyme. The
addition of ∆∆Abind(ncov) to ∆∆Ahyd eliminates the de-
solvation step and restricts our analysis to ligand-
enzyme noncovalent interactions. Our calculations show
that the noncovalent interaction between POPBz and
thrombin is more favorable than PEBz, PMBz, PPBz,
Bz, and APPA by 3.34 kcal/mol, 4.52 kcal/mol, 5.39 kcal/
mol, 6.64 to 9.01 kcal/mol, and < 30.62 kcal/mol,
respectively. The high similarity between the order of
noncovalent interactions with the enzyme and the order
of noncovalent binding suggests that noncovalent in-
teractions with the enzyme are more important than
the desolvation penalty during formation of the Michae-
lis complex.

Figures 4A-F show the noncovalent interactions
between each compound and thrombin. They demon-
strate that the amidino group in all compounds is
hydrogen bonded to the carbonyl oxygen of Gly219 and
form a water-mediated salt bridge with Asp189. Figure
4A suggests that POPBz interacts more strongly with
thrombin because of the additional hydrogen bond
between its carbonyl group and the N-H group of
Gly193. Inspection of Figures 4B, 4C, and 4D suggests
that the ethyl group in the para position of the aromatic
ring fits well in the hydrophobic cavity formed by His57,
Ala190, Glu192, Gly193, and Val213 and that the
methyl group of PMBz and the propyl group of PPBz
are either too small or too big. Figure 4E illustrates the
fact that the lack of interaction between a hydrophobic
substituent in the para position of the ring and the
hydrophobic cavity worsens the binding of Bz to throm-

Figure 3. Schematic representation of the relative free energies of binding to thrombin for all compounds with respect to APPA.
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bin. Finally, Figure 4F indicates that the noncovalent
interaction of APPA to thrombin is the poorest of the

series due to a number of electrostatic repulsions
between the carboxylate group of APPA and negative

Figure 4. A. The last configuration of the APPAfPOPBz transformation at λ6 (the hybrid group is ∼97% of a methyl group). B.
The last configuration of the PPBzfPEBz transformation at λ6 (the hybrid group is ∼97% of a hydrogen atom). C. The last
configuration of the PEBzfPMBz transformation at λ6 (the hybrid group is ∼97% of a hydrogen atom). D. The last configuration
of the POPBzfPPBz transformation at λ6 (the hybrid group is ∼97% of a methylene group). E. The last configuration of the
PMBzfBz transformation at λ6 (the hybrid group is ∼97% of a hydrogen atom). F. The last configuration of the APPAfPOPBz
transformation at λ1 (the hybrid group is ∼97% of a carboxylate group). All transformations performed inside the solvated
noncovalent complex model.
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residues in the active site (Glu192, Asp102, and Aps189).
Moreover, as a result of electrostatic repulsion between
the carboxylate group of APPA and Glu192, the ad-
ditional hydrogen bond between the carbonyl group of
APPA and the N-H group of Gly193 (observed for
POPBz) cannot be formed.

Figures 5A and 5B show the tetrahedral intermediate
structures formed after proton transfer from Ser195 to
His57, which is concerted to the nucleophilic attack to
the carbonyl groups of APPA and POPBz, supposing
POPBz is an electrophilic inhibitor. They suggest that
the reaction between thrombin and APPA is more
favorable thermodynamically than the reaction between
POPBz and the enzyme (∆∆Areaction ) 4.45 kcal/mol) due
to a strong electrostatic attraction between the positive
charge of the protonated His57 and the negative charge
of the carboxylate group of APPA. In any event, as

covalent binding includes the noncovalent binding and
reaction steps, POPBz binds much more strongly to
thrombin than APPA.

The addition of ∆∆Abind to ∆∆Ahyd eliminates the
desolvation step and restricts our analysis to ligand-
enzyme interactions (noncovalent for noncovalent com-
pounds, and covalent and noncovalent for electrophilic
compounds). If POPBz is not an electrophilic inhibitor,
the interaction between APPA and thrombin will be
stronger than the noncovalent interaction between
thrombin and POPBz, PEBz, PMBz, PPBz, and Bz by
22.20 kcal/mol, 25.54 kcal/mol, 26.72 kcal/mol, 27.59
kcal/mol, and 28.84 to 31.21 kcal/mol, respectively. This
is probably due to the formation of a covalent bond
between the hydroxyl oxygen of Ser195 and the carbonyl
carbon of APPA, and to the electrostatic attraction
between the positive charge of His57, which is pro-
tonated in the tetrahedral intermediate, and the nega-
tive charge of the carboxylate group of APPA. Accord-
ingly, the order of interaction with the enzyme is
APPA > POPBz > PEBz > PMBz > PPBz > Bz. On
the other hand, if POPBz is an electrophilic inhibitor,
the interaction between APPA and thrombin will be
<26.17 kcal/mol weaker than the interaction between
POPBz and thrombin. In this case, both APPA and
POPBz are covalently bonded to thrombin, and this
difference would be a consequence of the absence of
electrostatic repulsions between the carboxylate group
of APPA and negative residues in the active site for
POPBz, even though the electrostatic attraction between
the protonated His57 and the carboxylate group of
APPA is missing in the POPBz-thrombin complex.
Accordingly, the order of interaction with the enzyme
is POPBz > APPA > PEBz > PMBz > PPBz > Bz.
Comparison of the two possible orders of interaction
with the calculated binding order, POPBz > PEBz >
PPBz > PMBz > Bz > APPA, makes it clear that APPA
has the lowest affinity for the enzyme due to a great
desolvation penalty.

Conclusions
In this work, we showed that hydrogen bonds with

the N-H group of Gly193 and hydrophobic interactions
with the wall of the cavity formed by His57, Ala190,
Glu192, Gly193, and Val213 increase the binding af-
finity for thrombin. Moreover, we showed that it is wise
to avoid the design of candidates with a negatively
charged group because of electrostatic repulsions with
negative residues in the active site, and because of a
large desolvation penalty. It is also interesting to note
that the addition of more lipophilic groups and the
elimination of negatively charged groups would improve
the pharmacokinetic profile of the thrombin inhibitor
candidates by increasing their intestinal permeability.
To conclude, the calculated binding order, including or
not the reaction step between POPBz and the enzyme,
POPBz > PEBz > PPBz > PMBz > Bz > APPA, shows
that all candidates proposed in this work have a higher
affinity for the enzyme than APPA and Bz, compounds
originally selected from the literature.
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