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Abstract The molecular mechanics Poisson-Boltzmann
surface area (MM-PBSA) method combined with molecular
dynamics (MD) simulations were used to investigate the
functional role of protonation in human immunodeficiency
virus type 1 (HIV-1) protease complexed with the inhibitor
BEA369. Our results demonstrate that protonation of two
aspartic acids (Asp25/Asp25′) has a strong influence on the
dynamics behavior of the complex, the binding free energy
of BEA369, and inhibitor–residue interactions. Relative
binding free energies calculated using the MM-PBSA
method show that protonation of Asp25 results in the
strongest binding of BEA369 to HIV-1 protease. Inhibitor–
residue interactions computed by the theory of free energy
decomposition also indicate that protonation of Asp25 has
the most favorable effect on binding of BEA369. In
addition, hydrogen-bond analysis based on the trajectories
of the MD simulations shows that protonation of Asp25
strongly influences the water-mediated link of a con-
served water molecule, Wat301. We expect that the
results of this study will contribute significantly to
binding calculations for BEA369, and to the design of
high affinity inhibitors.

Keywords Protonation . HIV-1 protease .Molecular
dynamics . MM-PBSAmethod . Binding free energy

Introduction

The human immunodeficiency virus type 1 (HIV-1)
protease (PR), which is responsible for processing viral
polyproteins to produce structural and functional proteins,
is one of the most important enzymes playing a major role
in the life cycle of the HIV virus. PR is a homodimer
composed of two identical 99-amino-acid subunits that
form a hydrophobic binding pocket with an active site
formed by two aspartic acids (Asp25/Asp25′) located at the
interface between the two monomers [1]. Flaps positioned
over the active site undergo major structural rearrangements
upon binding of either a substrate or an inhibitor. The
binding of HIV-1 protease inhibitors (PIs) to PR can inhibit
the activation of the protease and inhibit replication [2] of
HIV. Thus, over the years, PR has become one of the
primary targets for developing anti-HIV therapeutics.

The binding triad (Asp25/Asp25′-Thr26/Thr26′-Gly27/
Gly27′) located in the active site is stabilized by a network
of hydrogen bonds known as the “fireman’s grip” [3].
Residues Asp25/Asp25′ are known as the catalytic aspartic
acids. It is important to try to assign the proper protonation
state of Asp25/Asp25′ in PI–PR complexes. Different
protonation states of Asp25/Asp25′ have been found
depending on the structure of the PIs and the local
environment in which the PI–PR complex is located [4].
Determination of the protonation states of Asp25/Asp25′ in
PR is crucial for high affinity inhibitor design. However,
the hydrogen positions in the X-ray structural data are
missing, and information about protonation cannot be
gained directly from X-ray data, making studies of the
protonation states of Asp25/Asp25′ indispensable.

So far, several studies concerning protonation of Asp25/
Asp25′ have been carried out. Chen and Tropsha [5] used
the free energy perturbation method to calculate binding
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affinities of the S and R isomer of U85548E in three
protonation states. They concluded that U85548E binds to a
monoprotonation state of HIV protease. Wittayanarakul and
co-workers [6] applied density functional theory (DFT),
ONIOM and molecular mechanics Poisson-Boltzmann
surface area (MM-PBSA) methods to a computational
study of protonation of Asp25/Asp25′ in the saquinavir-
PR complex, and obtained computational results of proton-
ation state to those of Asp25. From NMR experiments,
Yamazaki et al. [7] determined the diprotonation state of
Asp25/Asp25′ in the presence of inhibitor diol groups,
whereas Wang and Kollman [8] obtained the unprotonated
form of free PR.

In this work, the protonation states of Asp25/Asp25′ in
PR complexed with the inhibitor BEA369 were explicitly
assigned into four different ionic states. BEA369 is a diol-
based inhibitor that can efficiently inhibit activation of PR
[9]. Figure 1 shows the structure of BEA369 and the PR–
BEA369 complex. To investigate the influence of proton-
ation of Asp25/Asp25′ on the dynamics characteristics, the
water-mediated link between the flaps and BEA369, and
the binding of BEA369 to PR, molecular dynamics (MD)
simulations of PR–BEA369 complexes in which Asp25/
Asp25′ were differently protonated in explicit aqueous
solution were carried out. By analysing the structural
fluctuation and conformational changes caused by the
different protonation states of Asp25/ASP25′, calculating
the binding free energies, and determining the inhibitor–
residue interaction spectrums, we expect that the following
three aims can be achieved: (1) to understand the difference
in the dynamic characteristics caused by the different
protonation states, (2) to illuminate the shift in the water-
mediated link between the flaps and BEA369 produced by
the different protonation states, and (3) to estimate the
effect of protonation on the binding of BEA369 to PR. We
expect this study to contribute significantly to the binding
calculation of BEA369 to PR, and also to provide important
hints for drug design to optimize the interaction of PIs with
PR.

Materials and methods

The crystal structure of HIV-1 PR complexed with the
inhibitor BEA369 was obtained from the Protein Data Bank
(ID, 1EBY) [9] and used as the starting model for MD
simulations. The protonation states of Asp25/Asp25′ were
assigned to four different ionic states, including unproto-
nated (both Asp25 and Asp25′ are not protonated),
monoprotonation (either Asp25 or Asp25′ is protonated),
diprotonation (protonated at both Asp25 and Asp25′). All
of these protonations occur in the OD2 atom of Asp25/
Asp25′. In this study, the simulated systems were labeled
as unpro, mono25, mono25′ and dipro, respectively. All
missing hydrogen atoms of the protein were added using
the tleap module in the AMBER 9.0 software package
[10]. All the crystal water molecules in the crystal structure
of the PR–BEA369 complex were kept in the starting
model. The force field ff03 was used to produce the force
field parameters for the protein and the crystal water
molecules.

The initial coordinates of the inhibitor BEA369 were
extracted from 1EBY. The electronic potential of BEA369
was calculated using the Gaussian 98 package at the HF/6-
31G** level. The atom-centered partial charges for
BEA369 were derived by using the RESP fitting technique
[11] in AMBER. Other force field parameters, including the
Lennard-Jones, torsion and bond angle terms, were
assigned using the antechamber module in AMBER 9.0.
In the next step, each PR–BEA369 complex was soaked in
a truncated octahedral periodic box of TIP3P water
molecules. The minimum distance from the edges of the
water box to the closest atom of the complex was 10 Å. An
appropriate number of Cl− ions was added to neutralize the
entire system.

Energy minimization and MD simulation were performed
using the sander module of AMBER 9.0 to relax the
structures and investigate the dynamics of the four com-
plexes. The whole system was subject to energy minimiza-
tion in two stages to remove bad contacts. Firstly, the solvent

Fig. 1 a Molecular diagram of
the human immunodeficiency
virus type 1 (HIV-1) protease
(PR) inhibitor BEA369. b
Structure of the PR–BEA369
complex. Residues Asp25/
Asp25′ at the active site and
Ile50/Ile50′ in the flaps are dis-
played using ball-and-stick rep-
resentation, BEA369 is shown
in stick representations. Only
one subunit is labeled
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was minimized by holding the solute fixed using a harmonic
constraint with a strength of 100 kcal · mol-1 · Å−2. Secondly,
the entire system was minimized without restriction. Each
stage was performed using the steepest descent minimiza-
tion of 500 steps followed by a conjugate gradient
minimization of 2,500 steps.

The MD simulation was carried out by utilizing the
periodic boundary condition. Langevin dynamics with a
collision frequency of 1.0 ps−1 were employed to control
the temperature of the system. The SHAKE algorithm [12]
was applied to constrain all bonds involving hydrogen. The
particle mesh Ewald method [13] was adopted to treat long-
range electrostatic interactions. The time step of all MD
simulations was 2 fs, with a direct-space, nonbonded cutoff
of 10 Å. Initial velocities were assigned from a Maxwellian
distribution at the initial temperature.

The MD simulation consists of heating, equilibration and
production phases. The system was gradually heated from 0
to 300 K in the first 100 ps. Then, the system was
equilibrated at 300 K for another 100 ps. During heating
and equilibration, all solute atoms were restricted by a
harmonic constraint with a strength of 10 kcal · mol-1 · Å−2.
Finally, 2-ns production phase was performed without
restriction at a constant temperature of 300 K and a
constant pressure of 1 atm for each system. The MD
trajectory was saved every 0.2 ps. Analysis of the root-
mean-squared deviation (RMSD) was carried out using the
ptraj module of AMBER 9.0 to explore the stability of the
system.

The binding free energy of the inhibitor to the protein
was calculated using the MM-PBSA method [14–21]. In
this approach, frames of a MD trajectory are stripped of Cl−

ions and water molecules, and their binding free energies
(ΔG) are approximated by

$G ¼ $GMM þ $Gsol � T$S ð1Þ
where ΔGMM is the molecular mechanics free energy in gas
phase, ΔGsol is the solvation free energy and TΔS is a term
involving the entropy effect. The molecular mechanics free
energy (ΔGMM) can further be expressed as

$GMM ¼ $Gvdw þ $Gele ð2Þ
where ΔGvdw and ΔGele represent the van der Waals and
electrostatic interactions in gas phase, respectively. The
solvation free energy (ΔGsol) is further divided into two
components:

$Gsol ¼ $Gpol þ $Gnonpol ð3Þ

where ΔGpol and ΔGnonpol are the polar and non-polar
contributions to the solvation free energy, respectively. The
former component was computed using the pbsa program.
The dielectric constant inside the solute was set to 1.0 and

80.0 in the solvent in our calculations. The latter term was
determined by

$Gnonpol ¼ gSASAþ b ð4Þ
where SASA (solvent-accessible surface area) was calcu-
lated with the MSMS program [22]. In this work, the values
of γ and β was set to 0.00542 kcal mol Å−2) and 0.92 kcal
mol−1, respectively.

The contributions of entropy (TΔS) to binding free
energy arise from changes in the translational, rotational
and vibrational degrees of freedom. TΔS are generally
calculated using classical statistical thermodynamics [23]
and normal-mode analysis. In this work, the entropy effect
was not included because the difference in the entropy
effect caused by all similar systems is very small.

In order to understand the effect of protonation of Asp25/
Asp25′ on the inhibitor–residue interaction, the interaction
energy was further decomposed into the contributions from
each residue in PR by using the theory of free energy
decomposition [24]. These energy decompositions are
helpful in understanding whether protonation of Asp25 or
Asp25′ is appropriate for the current PR–BEA369 complex.

The hydrogen bonds were analyzed using the ptraj
module of AMBER. The formation of hydrogen bonds
depends on the criteria of distance and orientation as
follows: (1) a distance between proton donor (D) and
acceptor (A) atoms shorter than or equal to 3.5 Å, (2) the
angle D-H⋯A is greater than or equal to 120°.

Results and discussion

MD simulations were performed successfully for four
systems. To explore the reliable stability of the MD
trajectories and to understand the effect of protonation of
Asp25/Asp25′ on the stability of MD simulations, the

Fig. 2a–d Root-mean-square deviations (RMSD) of Cα atoms of all
complexes relative to the initial minimized structure through the
production phase. a Mono25 (Asp25 protonated), b mono25′ (Asp25′
protonated), c dipro (protonated at both Asp25 and Asp25′) and d
unpro (both Asp25 and Asp25′ not protonated)
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RMSD of Cα atoms relative to the initial minimized
structure through the production phase were calculated
(plotted in Fig. 2). One can see that, in the first 400 ps, the
RMSD values increase quickly, meaning that the structures
of PR in solution relax and release repulsions within the
complexes. From Fig. 2, the mono25, mono25′ and dipro
systems had reached equilibrium after 600 ps of the
production phase, while the unpro system was not stable
until about 1 ns. The RMSD of the unpro system differs from
that of the mono25, mono25′ and dipro systems. Moreover,
Fig. 2 also indicates that the mono25, mono25′ and dipro
systems have similar dynamic behavior; their averaged
RMSD values are 0.89, 0.94 and 0.86 Å, respectively, and
their deviations from the mean are lower than 0.55 Å, which
shows that the trajectories of these systems are stable.
However, for the unpro system, the average RMSD value
is 1.32 Å and the deviation from the mean is 0.61 Å, which
suggests that the stability of the unpro system is poorer than
that of mono25, mono25′ or dipro.

Figure 3 shows the superimposition of the crystal
structure with the average structures of unpro, mono25,
mono25′ and dipro systems during the final 400 ps of the
MD trajectories via backbone atoms. One can see that the
average structures of the mono25, mono25′ and dipro
systems generally agree with the crystal structure; however,
the phenyl ring in P1 of the BEA369 shifts slightly. For
unpro system shown in Fig. 3(d), P1′ and P2′ of BEA369 as
well as chain B of PR also generally agree with the crystal
structure, while P1 and P2 of BEA369 and chain A of PR
differ from the crystal structure. Perhaps due to the strong

electrostatic repulsion between Asp25 and Asp25′, some
residues in the unpro system obviously deviate from the
crystal structure in the simulation, especially residues
Asp25, Gly27 and Asp29 in chain A. In turn, the deviation
of these residues also leads to the rearrangement of P1 and
P2 in BEA369. This implies that protonation of Asp25 in
chain A may remove local structural changes in the PR–
BEA369 complex.

To investigate the effect of protonation of Asp25/Asp25′
on the flexibility of PR, the B-factors of the Cα atoms from
the backbone of PR during the final 400 ps of the MD
trajectories were calculated (plotted in Fig. 4). The B-factor,
known as the crystal temperature factor, is generally applied
to measure the mobility and flexibility of the structure [25].

Fig. 3a–d Average structures
from the final 400 ps of the
molecular dynamics (MD) tra-
jectories of the complex super-
imposed on the crystal structures
via protease backbone atoms.
For crystal structures, the prote-
ase is shown in blue and
BEA369 in red; for MD struc-
tures, the protease is shown in
pink and BEA369 in green. a
mono25, b mono25′, c dipro, d
unpro

Fig. 4 B-factors of the Cα atoms for each residue of four PR–
BEA369 complexes with different protonation states during the final
400 ps of the 2 ns production phase. Red (A) Mono25, blue (B) dipro,
green (C) mono25′, cyan (D) unpro, black (E) experimental
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Figure 4 shows that regions of flexibility in the PR-
BEA369 complex occur around residues 17–19, 38–42
55–73 and 92–99 in chain A as well as the corresponding
residues in chain B. This result is in accord with previous
studies on the flexibility of PR [26, 27]. The calculated
values of the B-factors of chain B in the mono25′ and dipro
system are much larger than the experimental values. This
is probably caused by incorrect protonation of Asp25′,
because both the mono25′ and dipro systems relate to
protonation of Asp25′. Although the B-factors of chain B in
the unpro system are lower than those in the mono25′ and
dipro systems, the fluctuation trend of the unpro B-factors
disagrees with experimental results. From Fig. 4, one can
see that the fluctuation trend of the B-factors in the mono25
system generally agrees with experimental values.

It is well known that the crystal water molecule Wat301
is conserved in all structures of PR complexed with PIs or
the substrate, except for structures with PIs such as
DMP323 [28, 29] and DMP450 [30] etc. This water
molecule (Wat301) can set up a water-mediated link by
forming four hydrogen bonds with residues Ile50/Ile50′ and
the PIs. Figure 5 displays these four hydrogen bonds in the
PR–BEA369 complex. In order to investigate the influence
of protonation of Asp25/Asp25′ on these hydrogen bonds,
an analysis of hydrogen bonds was performed on the basis
of the trajectories of the MD simulations. Table 1 lists the
features of these hydrogen bonds.

According to Table 1, during the MD simulations of the
four systems, the distance between the N of Ile50/Ile50′ and
the O of Wat301 varies in the range of 2.915 Å to 3.095 Å,
as the N of Ile50/Ile50′ donates two protons to the O of
Wat301 to form two hydrogen bonds, with occupancy rates
higher than 70%, which suggests these two hydrogen bonds
are stable. Compared with the mono25 system, the
occupancy rate of the hydrogen bonds of NH (Ile50′)⋯O
(Wat301) decrease by 14.00%, 17.90% and 7.10% for the
mono25′, dipro and unpro systems, respectively, and the
occupancy rate of the hydrogen bond of NH (Ile50)⋯O
(Wat301) also decreases by 25.90% for the unpro system,
which indicates that the water-mediated link of Wat301 in
the mono25′, dipro and unpro systems may become weak.
At the same time, two hydrogen bonds between the
hydrogen of Wat301 and the carbonyl oxygen of BEA369
are also formed (Table 1). For the mono25 system, the
occupancy rate of the hydrogen bonds of OH1 (Wat301)
⋯O6 (BEA369) and OH2 (Wat301)⋯O2 (BEA369) are

Fig. 5 Hydrogen bonds formed by the crystal water molecule
(Wat301) with residues (Ile50/Ile50′) and with BEA369. The residues
Ile50/Ile50′ in the flaps and the crystal water molecule Wat301 are
displayed using ball-and-stick representation, BEA369 is shown in
stick representation

Table 1 Hydrogen bonds formed by Wat301 with residues Ile50/Ile50′ of human immunodeficiency virus type 1 (HIV-1) protease (PR) and with
the inhibitor BEA369. Mono25 Asp25 protonated, mono25′ Asp25′ protonated, dipro protonated at both Asp25 and Asp25′, unpro both Asp25
and Asp25′ not protonated

Protonation Donor Acceptor Distance (Å) Angle (°) Occupied (%)

mono25 Wat301-O-H1 BEA369-O6 2.782(0.14) 163.10(9.51) 100
Wat301-O-H2 BEA369-O2 2.794(0.14) 159.11(11.5) 99.80
Ile50-N-H Wat301-O 3.039(0.17) 155.49(12.1) 96.50
Ile50′-N-H Wat301-O 3.034(0.16) 153.81(13.6) 92.60

mono25′ Wat301-O-H1 BEA369-O6 2.864(0.17) 159.97(10.7) 24.40
Wat301-O-H2 BEA369-O2 2.840(0.16) 163.08(9.97) 24.70
Ile50-N-H Wat301-O 2.915(0.12) 162.32(9.69) 99.90
Ile50′-N-H Wat301-O 3.088(0.17) 152.37(11.4) 78.60

dipro Wat301-O-H1 BEA369-O6 2.853(0.17) 162.05(10.2) 98.50
Wat301-O-H2 BEA369-O2 2.874(0.17) 158.44(11.8) 98.30
Ile50-N-H Wat301-O 2.944(0.14) 160.47(10.0) 98.40
Ile50′-N-H Wat301-O 3.071(0.17) 152.32(14.5) 74.70

unpro Wat301-O-H1 BEA369-O6 2.812(0.16) 162.38(9.88) 44.90
Wat301-O-H2 BEA369-O2 2.956(0.23) 158.69(13.2) 38.30
Ile50′-N-H Wat301-O 3.038(0.16) 157.59(12.6) 85.50
Ile50-N-H Wat301-O 3.095(0.18) 150.50(14.5) 70.60

Table 1 Hydrogen bonds formed by Wat301 with residues Ile50/
Ile50′ of human immunodeficiency virus type 1 (HIV-1) protease (PR)
and with the inhibitor BEA369. Mono25 Asp25 protonated, mono25′

Asp25′ protonated, dipro protonated at both Asp25 and Asp25′, unpro
both Asp25 and Asp25′ not protonated
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100% and 99.80%, respectively, and the donor–acceptor
distances of these two hydrogen bonds are 2.782 Å and
2.794 Å, respectively. In the dipro system, these two
hydrogen bonds were found to be similar to those in the
mono25 system. Compared with the mono25 system, the
occupancy rate of the hydrogen bonds of OH1 (Wat301)
⋯O6 (BEA369) and OH2 (Wat301)⋯O2 (BEA369) in the
mono25′ and unpro systems are markedly reduced, reflect-
ing the fact that the strength of these two hydrogen bonds in
the mono25′ and unpro systems also weakens. Thus,
protonation of Asp25/Asp25′ has a strong influence on the

water-mediated link of Wat301, which is in general
agreement with the results of Yipin Lu et al. [31]. On the
basis of the above analysis, it is concluded that protonation
of Asp25 in PR can better maintain the water-mediated link
of Wat301 than the other three protonations.

MM-PBSA using the single trajectory method was
performed to calculate the binding free energies from the
single trajectory of the four systems. A total of 101
snapshots were taken at a time interval of 4 ps from the
final 400 ps of MD trajectories for analysis of binding free
energies. The calculated binding free energies averaged
from these 101 snapshots are shown by Fig. 6. Because
differences in the entropy effect can be omitted since the
four systems are so similar, the contribution of entropy to
binding free energy was not explicitly taken into account in
this work.

Figure 6 shows the binding free energies and energy
components, i.e., van der Waals, electrostatic, polar
solvation and nonpolar solvation components. The van der
Waals and electrostatic terms contribute major favorable
interactions, whereas polar solvation terms oppose binding.
Nonpolar solvation terms, which correspond to the burial of
SASA upon binding, contribute in a slightly favorable way.
Protonation of Asp25/Asp25′ results in different effects on
the separate energy components. As can be seen in Fig. 6,
protonation of Asp25/Asp25′ influences slightly van der

Fig. 6 Binding free energy components (kcal mol−1) of BEA369 to
HIV-1 protease calculated by the MM/PBSA method. Components are
as follow: 1 electrostatic, 2 van der Waals, 3 nonpolar solvation, 4
polar solvation, 5 total binding free energy

Fig. 7a–d Inhibitor–residue in-
teraction spectrum of PR-
BEA369 complexes. x-Axis
Residue number of PR, y-axis
interaction energy between
BEA369 and specific residues. a
Mono25, b mono25′, c dipro, d
unpro
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Waals and nonpolar solvation terms. However, it produces
an obvious effect on the electrostatic and polar solvation
terms, in particular for the unpro system, and causes a
strong polar solvation energy of 133.78 kcal mol−1. One
can also see that protonation of Asp25 can produce the
strongest binding free energy (−48.20 kcal mol−1) of
BEA369 to PR, while unprotonated Asp25/Asp25′ leads
to the weakest binding (−34.45 kcal mol−1). It was
concluded that protonation of Asp25 was the most
favorable protonation state energetically, which is in accord
with the calculations of Wittayanarakul and co-workers [6].

Based on analysis of the hydrogen bonds formed by
Wat301 and the calculations of binding free energy, it is
apparent that protonation of Asp25/Asp25′ has a strong
influence on hydrogen bonding, electrostatic interactions
and polar solvation free energy, which generally agrees
with the pKa calculations of Davies et al. [32].

In order to gain insight into the effect of protonation of
Asp25/Asp25′ on binding at the atomic level, the binding
free energy was decomposed into contributions from each
residue of PR. The inhibitor–residue interaction spectrums
of the four systems are plotted in Fig. 7. It was observed
that the different protonations result in distinct influences
on the inhibitor–residue interactions. The contributions
from individual residues to binding free energies vary with
the different protonation states. Residues Arg8, Ala28/
Ala28′, Ile50/Ile50′ and Ile84/Ile84′ make a significant
contribution in all four systems.

Special attention was paid to residues crucial to inhibitor
binding, i.e., the two catalytic aspartic acids Asp25/Asp25′.
The total contribution of Asp25/Asp25′ was the most
favorable (−1.68 kcal mol−1) in the case of mono25,
slightly favorable (−0.31 kcal mol−1) in the case of dipro,
moderately repulsive (0.84 kcal mol−1) in the case of
mono25′, and the most repulsive (1.76 kcal mol−1) in the
case of unpro. According to Fig. 7, Asp25 produces a
strong repulsion (2.9 kcal mol−1) for the unpro system,
which greatly impairs the binding of BEA369 to PR, also
implying that Asp25 may need to be protonated. Proton-
ation of Asp25′ (mono25′ system) also results in a repulsive
interaction (1.3 kcal mol−1), and does not completely
counteract the repulsion caused by unprotonation, which
suggests that protonation of Asp25′ is inapplicable in the
context of the current PR-BEA369 complex. Compared to
mono25′, protonation of Asp25 and diprotonation of
Asp25/Asp25′ have removed entirely the repulsion gener-
ated by unprotonation; moreover, the total contribution of
Asp25/Asp25′ to binding was favorable. From Fig. 7, one
can see that protonation of Asp25 in PR (mono25 system)
produces the most favorable effect on the binding of
BEA369 to PR, and may be the most applicable to the
current complex of the four protonation states examined
here.

Conclusions

MM-PB/SA calculations combined with MD simulations
were performed to investigate the functional role of proton-
ation of HIV-1 PR in the PR–BEA369 complex. Our results
show that protonation of Asp25/Asp25′ has a strong influence
on the dynamics behavior of the complex, the binding free
energy of BEA369, and inhibitor–residue interactions. Anal-
yses of hydrogen bonds on the basis of the trajectories of MD
simulations suggests that protonation also has a strong
influence on the role of the water molecule Wat301.
Protonation leads to changes in the ionic states of Asp/
Asp25′; these changes of ionic states in turn also influence
hydrogen bonding, electrostatic interactions and polar solva-
tion energy, as testified by our calculations. To sum up, of the
four protonation states examined here, protonation of Asp25
may be the most applicable to the PR–BEA369 complex. We
expect this study to contribute significantly towards deter-
mining the binding calculation of BEA369, which in turn will
inform high affinity inhibitor design.
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