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Abstract The high incidence of thrombembolic diseases
justifies the development of new antithrombotics. The
search for a direct inhibitor has resulted in the synthesis
of a considerable number of low molecular weight
molecules that inhibit human α-thrombin potently. How-
ever, efforts to develop an orally active drug remain in
progress as the most active inhibitors with a highly basic P1
moiety exhibit an unsatisfactory bioavailability profile. In
our previous work we solved several X-ray structures of
human α-thrombin in complexes with (1) novel bicyclic
arginine mimetics attached to the glycylproline amide and
pyridinone acetamide scaffold and (2) inhibitors with a
novel aza scaffold and with charged or neutral P1 moieties.
In the present contribution, we correlate the structures of
the complex between these inhibitors and the protein with
the calculated free energy of binding. The energy of
solvation was calculated using the Poisson–Boltzmann
approach. In particular, the requirements for successful
recognition of an inhibitor at the protein’s active site pocket
S1 are discussed.
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Introduction

The high incidence of thrombembolic diseases justifies the
need for the development of new antithrombotics. The
majority of existing human α-thrombin inhibitors are based
on the natural substrate fibrinogen and belong to reversible
di-and tripeptidic noncovalent inhibitors that are derived
from the classical tripeptide D-Phe-Pro-Arg [1, 2]. Howev-
er, in order to obtain an orally active drug, further
modifications were made that resulted in very heteroge-
neous chemical structures. Two principle modifying strat-
egies were used: (1) the highly basic P1 moiety was kept
unchanged while the P2–P3 part was modified to increase
bioavailability, (2) the basicity of the P1 part was lowered
to improve bioavailability, but the loss in potency had to be
compensated through modifications in the P2–P3 part [3].
The binding pockets of the thrombin active site are shown
schematically in Fig. 1.

In order to introduce such novel chemical and biological
properties, Kikelj et al. [4–6] prepared several new
heterobicyclic P1 moieties of low basicity appended to the
glycylprolyl scaffold [7] or pyridinone acetamide ring [8–
10], which is devoid of cis/trans izomerization and thus
conformationally more restricted. Zega et al. [11] incorpo-
rated an azapeptide moiety into the central part of the
inhibitor structure. To improve the bioavailability, the
basicity at the P1 site was reduced by exchanging
benzamidine with benzamidoxime in some of these aza
analogues.
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We have solved several X-ray structures of human α-
thrombin in complexes with these novel reversible bicyclic
arginine mimetics attached to the glycylproline amide and
pyridinone acetamide scaffold (molecules 3 and 4 in Fig. 2)
and inhibitors with the novel aza scaffold and neutral P1
moieties (molecules 1 and 2 in Fig. 2). The X-ray structures
were disclosed and discussed [4–6, 11]. In the present paper
we correlate the structures of ligands in the enzyme active
site to their binding constants. Chemical groups or
properties that were found to contribute to strong or weak
binding of these inhibitors are pointed out/highlighted. An
attempt is made to interpret the molecular recognition
process through the calculated energy of interaction
between the inhibitors and protein.

The correlation of binding affinity with the structural
characteristics of a molecular system is an essential element
of structure-based drug discovery. Estimation of the binding
affinity from the structural parameters is not clear-cut and
exact correlation between the structural and thermodynamic
features has not yet been established [12–14]. In order to
interpret our experimental data on α-thrombin–inhibitor
complexes, obtained using protein crystallography, we have
employed a physical model that involves a static descrip-
tion for interaction of molecules in the ligand–enzyme
complex at the atomic level and a continuum solvent model
[15, 16]. In principle, the use of X-ray or docked structures
as the basis for parameterization of the interactions between
ligands and proteins is in contrast to the frequently

employed models of structures minimized by the molecular
dynamics or Monte Carlo methods. We have opted to use
the former model in order to provide a parallel/an analogue
to parameterization of interactions in scoring function
developments [17–19]. As electrostatic interactions are of
crucial importance in understanding biochemical systems,
and as the electrostatic complementarity between α-
thrombin and its substrates or inhibitors seems crucial for
successful recognition, we initially compared the total
electrostatic contribution, including the Coulombic interac-
tion and solvation contribution to the free energy of binding
of the P1 moieties in a series of thrombin inhibitors in the
S1 pocket of human α-thrombin. The former was expected
to be energetically favorable while the latter is, in principle,
an energetically costly process. The differences in a series
of ligand–thrombin complex structures were analyzed,
quantified and an explanation for the weaker binding
constant for several of them was sought. In our model,
the binding free energy is written according to the standard
form introduced by Honig et al. [15, 16]. A more detailed
description of the procedure is given in the Materials and
methods section.

A significant problem in treating a system like this is the
value of the dielectric constant for the protein interior, ɛi,
which occurs in ΔGcoul (ɛi) and ΔGsolv (ɛi, ɛo). Various
approaches for estimating the dielectric constants at the
protein's active site have been reported in the literature. It
has been argued that values of 2–4 are the most appropriate
for use in Poisson–Boltzmann calculations, because the
contribution of ionizable groups to the fluctuations in
dipole moment should not be included in the dielectric
constant [20]. On the other hand, pKa values computed
assuming a value of 20 for the dielectric constant agree
much better with the measured ones. We have chosen to
estimate the dielectric constant value for α-thrombin’s
active site on the basis of structural data for α-thrombin–
inhibitor complexes coupled to experimentally-determined
thermodynamic data for these ligands when bound to
α-thrombin's active site [21]. The parameterized dielectric
constant was subsequently used for calculation of the
individual energy contribution to the binding affinity of
inhibitors 1–4 with structurally diverse P1 moieties.

Materials and methods

The free energy of binding, ΔGbind, of the system is given
by Eqs. (1, 2, 3, 4, 5, 6, 7).

ΔGbind ¼ ΔH � TΔS ð1Þ

Fig. 1 Binding pockets of α-thrombin’s active site
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ΔGbind ¼ ΔGel "i;"oð Þ þΔGnp þΔGstrain � TΔSmc

þ TΔSsc þ TΔSt;r ð2Þ

ΔGel "i;"oð Þ þΔGcoul "ið Þ þΔGsolv "i;"oð Þ ð3Þ
ΔGel (ɛi, ɛo) is the total change in the electrostatic free

energy for two reactants with interior dielectric constant ɛi,
both of which are embedded in a solvent of dielectric ɛo. It
is obtained from the sum of the Coulombic and solvation
energies.

ΔGcoul ¼
X

i

ΔGcoul;i ¼ 1=2
X

i

X

j6¼i

qiqj="irij ð4Þ

ΔGcoul "ið Þ � EPI "Ið Þ � EI "Ið Þ � EP "Ið Þ ð5Þ

ΔGcoul(ɛi) is the pairwise Coulombic free energy be-
tween two interacting molecules that are embedded in a
medium of dielectric constant ɛi. The Coulombic energy
term employed is shown in Eq. (4). It is calculated as the
difference between the energy of the complex (PI) and that
of the isolated reactants (protein (P), inhibitor (I)) (Eq. 5)
[22]. Figure 3 shows the two cycles used for computing the
binding free energy [23].

ΔGsolv (ɛi, ɛo) is the change in the solvation free energy
upon transferring the various species from a medium of
dielectric ɛo=1 (vacuum) to a medium of dielectric ɛo=78.5
(water). It is calculated from thermodynamic cycle 1, which
is shown in Fig. 3. The electrostatic contribution to the
solvation binding energy was obtained using the Poisson–
Boltzmann approach as implemented in CHARMm [24].
Energy values, Ei,j, were calculated for each of the six states
listed in Fig. 3. The solvation energy values of the inhibitor,
protein and the complex were calculated in vacuum and in
water. The values obtained in water were subtracted from
the values obtained in vacuum to give the solvation
energies for the inhibitor, protein and the complex,
respectively, as shown in Eq. (6). (E=energy, v=vacuum,
w=water).

ΔGsolv "i;"oð Þ � EPI ;v � EPI ;w

� �� EI ;v � EI ;w

� �

� EP;v � EP;w

� � ð6Þ
The nonpolar (hydrophobic) contribution to the binding

free energy is approximated by Eq. (7), where γaw is the
microscopic surface tension associated with the transfer of
an alkane from a liquid alkane to water. To calculate this
nonpolar contribution to the solvation free energy, van der
Waals interactions are not considered explicitly but are
assumed to be taken into account implicitly by the surface
tension parameter, γaw.

ΔGnp � γawΔ CAð Þ ¼ γawAC;w

� �� γawAI ;w

� �

� γawAP;w

� � ð7Þ

The curvature correction factor, C, describes the effect of
the curvature of the molecule on its interfacial free energy
[25], while A is the solvent accessible surface area [26].
Several γaw values (0.03–0.06 kcal mol−1 Å−2), depending
on the force field employed in the calculation, have been
reported in the literature [23, 25]. In principle, the γaw value
depends strongly on the radii used to calculate the
accessible surface area. Recently, Im et al. [27] used the
all-hydrogen PARM22 potential function of CHARMm and
a surface tension coefficient 0.03 kcal mol−1 Å−2. In our
experiment we used the same potential function and
parameter set and thus the same γaw value.

ΔGstrain (Eq. 2) accounts for possible distortions in the
system upon complexation. TΔSmc and TΔSsc describe the
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Fig. 2 Chemical structures of α-thrombin inhibitors 1–4 [4–6, 11]
and several other α-thrombin inhibitors published in the literature
[34, 35]

J Mol Model (2007) 13:247–254 249



loss of configurational entropy due to loss of backbone and
side-chain torsional freedom and TΔSt,r accounts for the
loss of translational and rotational degrees of freedom upon
binding [15, 16, 22].

All molecular mechanics calculations presented in this
work were performed using the CHARMM program
package [24] and the CHARMm22 force field. For each
of the molecules from the PDB source used in this work the
hydrogens of the low molecular weight inhibitors were
added manually and initially positioned by HBUILD and
then atom types for the inhibitor were assigned. The
structure was energy minimized by 200 steepest descents
(SD) steps and subsequently by 800 Newton Ralphson
(ABNR) steps, with only the hydrogens allowed to move.
For the structure thus obtained, in vacuo Mulliken single
point charges were calculated by GAMESS [28] using the
standard 6-31G(d) basis set. Each ternary complex α-
thrombin–hirugen–inhibitor was then soaked in water to
produce a 6.5 Å thick layer around the surface. The
complex was energy minimized by 200 SD and 800 ABNR
steps, with only the hydrogens and the molecules added in
the water coat allowed to move and in vacuo charges used
for the inhibitor. A residue-based cutoff of 12 Å was used
in the MM calculation. In the next step, Mulliken single
point charges for the inhibitor were calculated de novo
using the QM/MM methodology [29] in order to include
the influence of the surrounding protein. The inhibitor was
treated by quantum and the protein by molecular mechan-
ical means. The basis set for QM/MM calculations was 6–
31G(d). With the new charges, we performed a third cycle
of energy minimization using the protocol described above.
This cycle was employed to minimize hydrogens taking
into account the optimized charges of the inhibitor.

Estimation of the epsilon value

To find the molecular system most appropriate for
parameterization of the dielectric constant we used three
X-ray structures (Fig. 4) whose enthalpies of binding have
been published in the literature [21] and which have similar
structures to our set of molecules 1–4. Three X-ray
structures were considered for this purpose i.e. inogatran
(1K21.pdb), melagatran (1K22.pdb) and napsagatran,
which was kindly provided by Dr. D. Banner (Roche).
Experiments were performed on the structures obtained
after 100 steps of SD minimization of all atoms, to relax the
strains while keeping the geometry of the inhibitor almost
unchanged (rmsd for the complex is 0.1–0.2 Å). Entropy
can significantly affect the value of the free energy of
binding. It was shown experimentally that an entropic
contribution can oppose an enthalpic contribution (napsa-
gatran, inogatran) or can add 20% to the binding affinity
(melagatran) or up to 40% in an analogue of napsagatran
[21]. However, the calculation of its exact value is
notoriously difficult. Thus, to estimate the dielectric
constant value from the X-ray structures and thermody-
namic data we have used the experimental ΔH values [21].
The most problematic expression, ΔGnp, which is a mixed
enthalpic and entropic term, was either included or omitted.
Its incorporation gave an overestimated dielectric constant
value and thus its upper boundary while its omission results
in an underestimated value. We hypothesized that by using
both approaches we would get the best estimate for this
parameter. The value of the dielectric constant was
systematically varied until relation (8) was satisfied
(Table 1). Relation (8) is an approximation based on the

Fig. 3 Thermodynamic cycles for calculating the binding free energy
of the protein–inhibitor complex formation. ΔGsolv is the electrostatic
contribution to the solvation free energy of the protein (P), inhibitor (I)
and the complex (PI). It is calculated as shown in cycle 1. ΔGv and
ΔGw are the free energies of complex formation in vacuum and in
water
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assumption that ΔGcoul(ɛi) and ΔGsolv(ɛi, ɛo) represent
energetic and not entropic contributions to ΔGbind. The
sum of ΔGcoul(ɛi) and ΔGsolv(ɛi, ɛo) is thus correlated with
the experimental value of ΔHbind and not ΔGbind. For
further parameterization we have therefore used an average
value of 2.7.

ΔHbindexp � ΔGcoul "ið Þ þΔGsolv "i;"oð Þ þΔGnp

� � ð8Þ

The method that we have used to factorize the binding
affinity is parameter-dependent. During the Poisson–
Boltzmann calculation we used CHARMm's parameter
set PARM22, a grid spacing of 0.4 Å, a salt concentration
of 0.15 mM and a γ value of 0.03 kcal mol−1 Å−2. A grid
with a unit dimension of 0.4 Å was used to limit the CPU
time needed. The convergence of the grid unit was
estimated using a grid of 0.25 Å and no significant changes
were observed in the computed quantities. Further tests
with other atomic radii [30] gave no improvement in the
results.

Results and discussion

The experimental observation of similarity in chemical
structures with a similar binding mode but with a
considerable difference in the binding constant calls for an
explanation of the weakness of some of the inhibitors and
the strength of the others.

Reversible α-thrombin inhibitors are kept in the active
site through long range i.e. electrostatic and van der Waals
interactions. Ionic hydrogen bonds are best characterized
since the ionic contacts between Asp189 and the P1 moiety
of the inhibitor are of crucial importance for effective
binding of α-thrombin inhibitors. Ionic contacts in parallel
with the number and strength of the hydrogen bonds
formed between the functional groups of the ligand and
protein are believed to give at least a qualitative correlation
between the structure and the potency of the inhibitor.
However, certain inhibitors can bring about very strong
binding constants, although they form only a few hydrogen
bonds and no salt bridge to α-thrombin [31]. The reasons
for the efficacy of such binding can be low solvation cost or
important weak nonbonding interactions. Unique inhibition

motives, such as a cluster of very short hydrogen bonds
(<2.3 Å) in the catalytic triad, have also been proposed
[32]. Furthermore, the entropic contribution to the free
energy of binding can also be of significance. It can oppose
the enthalpic contribution or comprise up to 40% to the free
energy of binding [33]. A clear-cut correlation between
structural or geometric features and changes in binding
enthalpy or entropy is thus not straightforward.

We have directed our efforts to the understanding of
molecular recognition that is based on a structural descrip-
tion by elucidating the recognition process in terms of the
energy of binding. The relative contribution of the frag-
ments of individual inhibitors to the energy of binding in a
homologous series was computed to enable us to decipher
the reasons for weak or strong binding. The method that we
used to factorize the binding affinity is parameter-depen-
dent and sensitive to the coordinates of the complex. A
minimization that brings about RMS changes of only 0.1–
0.2 Å can cause considerable changes in the value of the
Coulombic term. Even the use of X-ray structures with no
minimization of heavy atoms reduced this problem only to
a certain degree, bearing in mind that resolution of the
structures solved was not equal in all cases. In those cases
where the complex is treated as charged it is easier to draw
conclusions as the values of the total electrostatic compo-
nent are considerably above/below zero compared to
uncharged complexes where the electrostatic energy values
are close to zero and are therefore also sign dependent.
Resultant values should therefore be regarded with caution.
Exact values are thus of less importance than trends that
can be derived from the calculated values.

Inspection of the X-ray structures shows that the
geometry of inhibitors 1–4 enables their proper binding to
the active site [4–6, 11, 34]. They form hydrogen bonds
that are frequently observed in human α-thrombin–inhibitor
complexes. While molecule 1 (Ki=5 nM) has a low
nanomolar potency, Ki values of 2 (Ki=378 nM), 3
(Ki=200 nM) and 4 (Ki=240 nM) are in the high nanomolar
range. We conjectured that the reason for this could be low
basicity of the inhibitor's P1 moiety which results in
nonionic hydrogen bonds in the thrombin active site. In
order to obtain enhanced insight into the relative impor-
tance of individual energy terms we have factorized the
binding energy (Eq. 2). Our major interest was in the
electrostatic component that is believed to be of crucial
importance for α-thrombin inhibition. In order to calculate
the total electrostatic component composed of the Coulom-
bic interaction and the solvation term, an appropriate value
for the protein's dielectric constant was required. As
described in the Materials and methods section, we
parameterized the dielectric constant through use of the ex-
perimental X-ray structures of α-thrombin in complex with
inhibitors of similar structure: napsagatran (ΔHbindexp =

Table 1 Parameterization of α-thrombin protein dielectric constant
(the influence of the nonpolar term ΔGnp is shown)

ΔGnp Napsagatran
ɛi

Inogatran
ɛi

Melagatran
ɛi

Average
ɛi

Excluded 1.9 2.3 2.5 2.2
Included 2.5 3.1 3.6 3.1
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−70 kJ mol−1), melagatran (ΔHbindexp =−57.8 kJ mol−1)
and inogatran (ΔHbindexp =−37.0 kJ mol−1) (Fig. 4). The
purpose of this parameterization is estimation of the ɛ value
which enables further ΔG calculations. The results of this
calculation are presented in Table 1.

All calculated values fall within the range of the
calculated dielectric constants on folded proteins, which
were reported to be between 2 and 5 [20].

If ΔGnp is omitted, the ɛ value is underestimated due to
neglect of the enthalpic part of the nonpolar term. On the

contrary, the value of ɛ obtained by inclusion of the ΔGnp

term is overestimated.
For further calculation, we choose an average value of

2.7. As shown in Table 2, calculations using a theoretical
dielectric constant value of 2 result in the same trends as
calculations obtained with a value of 2.7, further accentu-
ating the importance of electrostatics. An ɛ value of 2 is a
theoretical value for the case where the effects of electronic
polarizability are included and close to a value of 1 to
which the CHARMm force field is parameterized.

Table 2 Coulombic interaction (ΔGCoul), electrostatic contribution to the solvation free energy of binding (ΔGsolv), their sum (ΔGel), nonpolar
contribution to the solvation free energy (ΔGnp) and the total sum of these terms (ΔGCoul+ΔGsolv+ΔGnp) for α-thrombin inhibitors and their P1
moieties only; dielectric constants of 2.7 and 2 were used (N — number of atoms in the ligand)

Table 2 Coulombic interaction (ΔGCoul), electrostatic contribution to
the solvation free energy of binding (ΔGsolv), their sum (ΔGel),
nonpolar contribution to the solvation free energy (ΔGnp) and the total

sum of these terms (ΔGCoul+ΔGsolv+ΔGnp) for α-thrombin inhibitors
and their P1 moieties only; dielectric constants of 2.7 and 2 were used
(N — number of atoms in the ligand)
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Table 2 shows the Coulombic energy and electrostatic
contributions to the solvation free energy, their sum,
nonpolar contribution to the solvation free energy and the
overall sum of all these terms for the following interaction
systems: protein-inhibitor, P1 moiety-protein and P1 moi-
ety-Asp189 of various inhibitors. The latter was considered
as an isolated system. The dielectric constants used were
2.7 and 2.0. The P1 moiety is treated as depicted in the
structure in Table 2. All calculations were performed on
those X-ray structures where only the added hydrogen
atoms were allowed to move during a short minimization
procedure. The results in Table 2 show that all Coulombic
terms and all nonpolar solvation free energy terms are
negative in sign and all electrostatic solvation free energy
terms are positive regardless of whether the molecule was
treated as charged or uncharged. However, the sum of the
Coulombic and electrostatic solvation terms differ with the
charge status of the molecule and with the system
(inhibitor-protein or P1 moiety-inhibitor) which shows the
different importance of the Coulombic and solvation term
in these cases.

The interaction of the highly basic P1 moiety with the
protein treated in the charged form is favorable. The same
trend as in the P1 moiety-protein system is also seen in the
isolated P1 moiety-Asp189 system, which is in agreement
with the importance of Asp189 as one of the crucial
residues in this molecular system and the origin of this
favorable electrostatic contact. Molecules 3 and 4, when
treated as charged, also show high negative values in both
the P1-protein and the P1-Asp189 systems. However, the
same molecules, if treated as uncharged, result in slightly
positive values in the P1 moiety-protein and P1 moiety-
Asp189 systems, indicating that in this case the electrostatic
component of binding is unfavorable. The sum of the
Coulombic and electrostatic solvation energies of the whole
inhibitor is negative in argatroban, L317912, NAPAP, 1, 3
and 4 if treated as charged. Low pKa values of the P1
moiety of 3 and 4 tell us that the uncharged molecular form
prevails at pH 7.4 in these two cases. If molecules 2–4 are
treated as uncharged, the overall electrostatic interaction is
clearly positive. In addition, the value of the P1 moiety-
protein is slightly above zero. In this case the absolute value
of both energy terms – Coulombic and electrostatic – falls,
with the former term falling relatively more. The Coulom-
bic term is still negative but too small to overcome the cost
of solvation. The same is seen with 2, which only exists
uncharged and decays to benzamidine on protonation.
However, together with the ΔGnp term, these P1 moiety-
protein and inhibitor-protein systems show slightly negative
terms overall, which is in agreement with the lower potency
of these inhibitors and with the view that regarding such
inhibitors, parts other than P1 are crucial for effective
binding. As P2 and P3 of 3 and 4 are identical and also

occupy identical positions in the X-ray structure, and as
both P1 moiety-proteins show the same sign and size the
slightly positive value of 0.69 for the inhibitor-protein in 4
can be explained as an error.

The nonpolar solvation free energy has almost the same
value in the P1 moiety-protein system regardless of the
charge status of the inhibitor. However, in the uncharged
form it is of higher importance as it turns the total sum of
the three energy terms negative and is thus favorable, while
in charged molecules it adds only slightly to the highly
negative sum of the Coulombic and solvation terms. As the
contact between nonpolar parts in the P1 moiety-Asp189
system is negligible, the calculated value is also as such.

The calculated values thus show trends that are in
agreement with the experimental data, i.e. the Ki values of
the molecules shown in Fig. 2. However, no generalization
about the binding constant value can be made based on
these results, as several entropy terms from Eq. (2) were not
considered.

Conclusions

Due to the lower basicity at the heterobicyclic P1 moiety,
molecules 1–4 form weaker electrostatic contacts to
Asp189. Although the solvation cost of the uncharged P1
moieties decreases, the Coulombic interaction increases
relatively more so that the overall electrostatic contribution
for the P1 moiety-protein and inhibitor-protein turns
positive and is thus unfavorable. Our results show, in
semiquantitative terms, that in molecules with an uncharged
P1 residue, complex formation with α-thrombin is lead/
guided by forces other than electrostatics, which is in
agreement with the conclusion that in order to increase the
binding of such inhibitors the interactions of the hydropho-
bic P2 and P3 moieties need to be optimized.
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