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Abstract Plasmepsin (PM) II is one of four enzymes in
the food vacuole of Plasmodium falciparum. It has
become an attractive target for combating malaria through
research regarding its importance in the P. falciparum
metabolism and life cycle, making it the target of choice
for structure-based drug design. This paper reports the results
of hybrid quantum mechanics / molecular mechanics (QM/
MM) molecular dynamics (MD) simulations employed to
study the details of the interactions established between PM
II and N-(3–{(2-benzo[1, 3]dioxol-5-yl-ethyl)[3-(1-methyl-3-
oxo-1,3-dihydro-isoindol-2-yl) propionyl]-amino}-1-benzyl-
2-(hydroxyl-propyl)-4-benzyloxy-3,5dimethoxy-benzamide
(EH58), a well-known potent inhibitor for this enzyme.
Electrostatic binding free energy and energy terms decompo-
sition have been computed for PM II complexed with the
EH58 inhibitor. The results reveal that there is a strong
interaction between Asp34, Val78, Ser79, Tyr192 and Asp214
residues and the EH58 inhibitor. In addition, we have
computed the potential of the mean force (PMF) profile in
order to assign the protonation state of the two catalytic
aspartates in PM II-EH58 complex. The results indicate that
the protonation of Asp214 favors a stable active site structure,
which is consistent with our electrostatic binding free energy
calculation and with previous published works.
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Introduction

At present, Malaria is the tropical disease that most severely
afflicts the world population, affecting 300-660 million
people worldwide, with around 2.5 million deaths per year,
mainly among children [1, 2]. Data from WHO indicate that
the most affected regions are Africa, parts of Asia, Central
and South America and some Caribbean Islands, which
together account for 40% of the world population [3].

Plasmodium malariae is a parasitic protozoan that
causes malaria in humans. Four species are known: P.
malariae, P. vivax, P. ovale and P. falciparum, the last being
the most lethal cause of deaths [4]. The mosquito vector of
the disease belongs to the genus Anopheles, which is
transmitted to humans by female mosquitoes and the
parasite causes the disease in its intra-erythrocytic stage,
by degrading human hemoglobin capacity for reaching
maturity and power [5].

Sequencing of P. falciparum genome has led to the
identification of ten different genes that encode the
Plasmepsins (PMs), numbered I to X [6]. PMs I-IV are
located in the acid food vacuole and are active during the
intra-erytrocytic stage of the life cycle by providing
nutrients for growth of the parasite [7]. In particular, these
enzymes are involved in degrading the host hemoglobin,
making them potentially attractive targets for the design of
new drugs [8]. Inhibitors of PMs with values of Κi
namolars have been identified, with some being lethal to
malaria parasite cultures [9–16].

PM II is the most studied among the PMs and is translated
by an inactive zymogen (proenzyme). Activation is linked to

Electronic supplementary material The online version of this article
(doi:10.1007/s00894-011-0963-1) contains supplementary material,
which is available to authorized users.

N. de Farias Silva : J. Lameira :C. N. Alves (*)
Laboratório de Planejamento e Desenvolvimento de Fármacos,
Instituto de Ciências Exatas e Naturais,
Universidade Federal do Pará, UFPA,
Rua Augusto Corrêa, 01, Guamá CEP,
66075-110, Belém, PA, Brazil
e-mail: nahum@ufpa.br

J Mol Model (2011) 17:2631–2638
DOI 10.1007/s00894-011-0963-1

http://dx.doi.org/10.1007/s00894-011-0963-1


parts of the N-terminal cleavage. This maturation needs to
change in this region of the enzyme in order to allow the
formation of the catalytic site, Asp34 and Asp214
catalytic residues. One of the two catalytic aspartates
is protonated, while the other is negatively charged [17, 18].
Using crystallographic techniques, Asojo and co-workers
have reported PM II complexed with the N-(3-((2-benzo[1,
3]dioxol-5-yl-ethyl)[3-(1-methyl-3-oxo-1.3-dihydroisoindol-
2-yl)-propionyl]-amino)-1-Benzyl-2-hydroxypropyl)-4-
benzyloxy-3,5-dimethoxy-benzamide (EH58) as an inhibitor
to the parasite P. falciparum [19].

Several computational methodologies, including mo-
lecular docking and molecular dynamics (classical MD)
[17, 18, 20–27], simulations have been employed to
elucidate the binding mode of PM inhibitors, and calculate
the free energy profile for the catalytic mechanism [22].
Moreover, Friedman et al. used classical MD simulations to
study the protonation state of the aspartates in PM II. The
authors showed that the protonation of D214 favors a stable
active site structure [17]. However to the best of our
knowledge, our study is the first time that combined
quantum mechanical/molecular mechanical (QM/MM) sim-
ulations have been reported for a PM II-inhibitor complex. In
addition, ligand orientations as well as protein-ligand
interaction modes are different from those used in classical
MD simulations. In hybrid QM/MM methods the ligand or
substrate species may be described by a QM model, while
the protein and solvent environment is represented by means
of MM force fields. This hybrid methodology avoids most of
the work needed to obtain new force field parameters for
each new functional group, such as the ones presented in
these compounds. Treating the ligand quantum mechanically
has the additional advantage of including quantum effects
such as ligand polarization upon binding [28, 29]. This can
be very important when highly polarizable groups are
embedded in anisotropic environments, e.g., in metal-
containing active sites. Moreover, because the largest part
of the system is classically described, sufficient sampling can
be obtained at a reasonable computational cost.

Recently, we have successfully employed the QM/MM
method in studying protein-ligand interaction energies and
HIV-1 IN inhibitor activity [28–33]. In this paper, we
employed hybrid quantum mechanics / molecular mechanics
(QM/MM) molecular dynamics (MD) simulations to study
the details of the PM II-EH58 interaction and to determine
electrostatic binding free energy of PM II complexed with
EH58 inhibitor. Furthermore, we have computed the
potential of mean force (PMF) profile to assign the
protonation state of the two catalytic aspartates in PM II-EH58
complex. Finally, the contribution of individual residues to the
total inhibitor-protein interaction energy has been computed
between EH58 and some key residues inside the binding
pocket.

Methods and materials

Computational methods

In the study reported here, the computational models for the
QM/MM MD calculations were taken from the dimeric PM
II-EH58 complex crystal structure with PDB code 1LF3
[19]. Because standard pKa values of ionizable groups can
be shifted by local protein environments [34], an accurate
assignment of the protonation states of all these residues at
pH=7 was carried out by recalculating the standard pKa
values of the titratable amino acids using the “cluster
method” [34], as implemented by Field and co-workers
[35]. According to this method, each titratable residue in
the protein is perturbed by the electrostatic effect of the
protein environment. We have also performed calculation of
pKa values of aminoacids within the empirical propKa
program of Jensen and co-workers [36]. Using the “cluster
method” the Asp214 residue was found to be protonated,
while using the propKa program Asp34 was found to be
protonated (see the Supporting Information). Interestingly,
Asp214 and Asp34 have been proposed as the catalytic
residues, one of which is protonated while the other is
negatively charged thus the correct protonation state to both
these residues is essential for a realistic modeling of the
bind site [17]. Therefore, in this report, we have modeled
the PM II-EH58 complex using two state protonation: A
model, protonating the Asp214 and B model protonating
the Asp34 (see Figs. 1a and 2a). Results obtained with both
methods for the remains residues provided the same
protonation state, standard state, at the selected pH for the
simulations.

After adding the hydrogen atoms to the full structure,
optimization algorithms series (steepest descent conjugated
gradient and L-BFGS-B [37]) were applied. To avoid a
denaturization and artificial configurations of the protein
structure, all the heavy atoms of the protein and the
inhibitor were restrained by means of a Cartesian harmonic
umbrella with a force constant of 1000 kJ mol-1 Å-2.
Afterward, the system was fully relaxed, but the peptidic
backbone was restrained with a lower constant of 100 kJ
mol-1 Å-2. Next, the optimized protein was placed in a
cubic box with pre-equilibrated waters (100 Å side), using
the mass center of the complex as the geometrical center.
Any water with an oxygen atom lying in a radius of 2.8 Å
from a heavy atom of the protein was deleted. The
remaining water molecules were then relaxed using the
same optimization algorithms. Afterwards, 100 ps of hybrid
QM/MM Langevin-Verlet molecular dynamics (MD) at
300 K and in a canonical thermodynamic ensemble (NVT)
were used to equilibrate the model.

For the hybrid QM/MM MD calculations, we have two
simulation models, as explained above for both the A and B
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models (Figs. 1a and 2a); the atoms of the inhibitor and
Asp214 and Asp34 were selected for treatment by QM. To
saturate the valence of the QM/MM frontier in the first
model, we used hydrogen atom as link atom [38, 39],
placed between the Cα and Cβ atoms of Asp214 and Asp34
residues. The resulting number of QM atoms was thus 113,
while the final system contains 63.516 atoms in both
models. Semiempirical AM1 Hamiltonian was employed to
describe the QM part [40–42], while the rest of the system
(protein plus water molecules) was described using the
OPLS-AA [43] and TIP3P [44] force fields respectively, as
implemented in the DYNAMO library [45, 46].

Due to the amount of degrees of freedom, any residue
25 Å apart from any of the atoms of the initial inhibitor was
selected to be kept frozen (which represents 42.382 atoms)
in the remaining calculations in order to make the model
computationally feasible. Cutoffs for the non-bonding
interactions were applied using a switching scheme, within
a range radius from 18.0 to 14.5 Å.

Villar and co-workers have proposed that semi-empirical
Austin Model 1 (AM1) is sufficient for use in the rational
design of new drugs by comparing with B3LYP DFT
method [47]. Recently, we have showed that interaction
energy calculated with AM1/MM of PUGNAc in complex
with O-GlcNAcase enzyme is correlated with B3LYP/MM

[48]. In general, AM1/MM and DFT/MM calculations
render quite similar results, thus confirming the reliability
of the former [32, 48].

Once the systems were pre-equilibrated, 1.6 ns of AM1/
MM MD were run at a temperature of 300 K. The computed
RMSD for the protein during the last 100 ps always rendered a
value below 0.9 Å, while the RMS of the temperature along
the different equilibration steps was always lower than 2.5 K
and the variation coefficient of the potential energy during the
dynamics simulations was never higher than 0.3%. The
potential energy of our scheme [49] is derived from the
standard QM/MM formulation (for more details see Supple-
mentary material). Finally, it must be pointed out that, since
the use of high level Hamiltonians for performing hybrid
MD is actually prohibitive, the electrostatic free energy has
been evaluated using semiempirical AM1 Hamiltoninan. In
addition, the interaction energy between the inhibitor and the
environment was computed by residue (see Supplementary
material), where the atoms of the inhibitor and Asp214 and
Asp34 were selected to be treated by QM.

In order to obtain the free energy change associated to
the proton transfer from Asp214 to Asp34 (i.e., the
transformation between A and B forms), we have computed
the corresponding potential of mean force (PMF) [50, 51]
using the weighted histogram analysis method (WHAM)

Fig. 1 (a) Structure of PM II-EH58 complex obtained after 1.6 ns of
AM1/MM MD simulations and representation of the most important
interactions (key interatomic distances, in Å) for A form. Details of

interaction between: (b) EH58 and two waters; (c) EH58 and Ser79
and Val78; (d) EH58 and Asp34 and Asp214; (e) EH58 and two
waters and (f) Tyr192 and water of crystallization
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combined with the umbrella sampling approach [52–54] as
implemented in DYNAMO [45, 46]. In this PMF, the
reaction coordinates distinguished was the antisymmetric
combination of the distances HE2-OD2 of Asp214 (R1) and
HE2-OD2 of Asp34 (R2) coordinates (Fig. 3) corresponding
to the proton transfer from Asp214 to Asp34. A total of 60
simulations was performed at different values of R1 and R2
(in a range from -1.5 to +1.5 Å), with an umbrella force
constant of 2800 kJ ·mol-1 · A-2. In each window, 5 ps of
relaxation were followed by 10 ps of production with a time
step of 0.5 ps due to the nature of the chemical step
involving a hydrogen transfer. The Verlet algorithm was used
to update the velocities at 300 K.

Results and discussion

As explained in the methodology section, we have modeled the
PM II-EH58 complex using two models: A model with
protonated Asp214 and B model with protonated Asp34
(see Figs. 1a and 2a). Hybrid AM1/MM MD simulations of

1.6 ns for PM II complexed with EH58 inhibitor have been
performed. Averaged key substrate-protein distances for the
PM II enzyme complex, computed over a series of 100,000
configurations from the last 100 ps of the QM/MM MD
simulations, are shown in Figs. 1 and 2 for model A and B,
respectively. Representative snapshots of the averaged struc-
tures of PM II obtained from the 1.6 ns MD simulations are
shown in Fig. 1 for both models. As mentioned in the
previous section, contribution of individual residues to the
total inhibitor-protein interaction energy has been computed
and the results are shown in Fig. 3 where negative values
correspond to stabilizing effects; while binding free energies
obtained from the electrostatic free energy perturbation (FEP)
are reported in Table 1.

PM II-EH58 complex

Upon conclusion of the QM/MM MD simulations, several
key interactions were found between the EH58 inhibitor
and PM II. As can be seen from model A (Fig. 1d), the
hydroxyl group interacts with the OD2 oxygen atom of

Fig. 2 Structures of PM II-EH58 complex obtained after 1.6 ns of
AM1/MM MD simulations and representation of the most important
interactions (key interatomic distances, in Å) for B form. Details of

interaction between: (b) EH58 and two waters; (c) EH58 and Ser79
and Val78; (d) EH58 and Asp34 and Asp214; (e) EH58 and two
waters and (f) Tyr192 and water of crystallization
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Asp34 (2.10 Å) through a hydrogen bond. Furthermore, the
hydroxyl group also presents a weaker hydrogen bond
interaction with the protonated aspartic acid Asp214
(2.10 Å). Meanwhile, in model B (Fig. 2d), the hydroxyl
group presents a weaker hydrogen bond interaction with the
OD1 oxygen atom of Asp214 (2.10 Å) and accepts a
weaker hydrogen bond from the Asp34 (2.38 Å). These
interactions favor the stabilization of the protein-inhibitor
complex as reflected in Fig. 3a and b. Consequently, we can
say that the A model (protonating aspartic acid Asp214)
provides better H-bonding, with the inhibitor sharing an
ethylenediol transition state mimicking group.

As observed in Figs. 1 and 2, other important residues
present a favorable interaction with the ligand, such as
Val78, Ser79 and Tyr192. In the A model the flap residues
Val78 and Ser79 form hydrogen bonds with EH58 at 2.31 Å

and 2.15 Å (Fig. 1c). While in the B model Val78 and Ser79
residues form hydrogen bonds with EH58 at 2.24 Å and
2.15 Å (Fig. 2c), respectively. Additionally, the hydroxyl
groups of Tyr192 form hydrogen bonds with the inhibitor at
2.15 Å in the A model (Fig. 1f) and 5.02 Å in the B model
(Fig. 2d). As can be observed in Fig. 1, the principal
structural difference between A and B models in the
EH58-enzyme complex is found in the Tyr192 residue. X-ray
crystallographic data [19] overall is not distant from both
structures A and B. The RMSD differences between the
corresponding Cα atom are 1.04 and 1.44 Å, for A and B
models, respectively.

Finally, as observed in Figs. 1 and 2, there are some water
molecules that interact with the inhibitor stabilizing the
complex (Fig. 3a and b). These five water molecules
contributed in stabilizing the EH58 inhibitor interaction at
the active site of the protein through hydrogen bond-type
ligand-water [55] in values 2.18 Å in O48 atom, 1.98 Å in
O49 atom, 1.92 Å in O41 atom, 2.04 Å in O39 atom and
2.08 in O32 atom for A model (Fig. 1b, e and f). In B model,
three water molecules contributed in stabilizing the ligand
interaction at the active site of the protein through hydrogen
bond-type ligand-water [55] in values 2.20 Å in O49 atom,
1.93 Å in O32 atom and 2.16 Å in O31atom (Fig. 2b, e and f).
Recent reports have proposed that water molecules are
important in the stabilization of the interaction between
ligand and PM II [17, 24, 56] which agrees with our
theoretical simulations.

Protonation state of PM-II

We have reported the linear correlation of pKa obtained
using propKa program and “cluster method” for all
aspartate residues in the supporting information. The
results obtained with both methods are qualitatively in
agreement for almost all residues (supporting information).

Fig. 3 Contributions of individual amino acid residues to inhibitor
binding (in kJ ·mol-1) from (a) A and (b) B structures obtained by
means of QM/MM method. water refers to the effect of all the water
molecules in the active site

Table 1 Binding free energies (ΔGElect�QM=MM ) obtained from the
electrostatic FEP calculations at the AM1/MM level (values in kJ·mol-1)
for A form and B form

Model ΔGElect�QM=MM

A -159.29

B -143.68

Fig. 4 Potential of mean force profile for proton transference from
Asp214 to Asp34 (transformation between A and B forms). Relative
energies in kJ.mol-1 and reaction coordinate (R1-R2) in Å
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However, as commented in the methodology section, using
the “cluster method” the Asp214 residue was found to be
protonated, while using the propKa program Asp34 was
found to be protonated. The protonation state of the catalytic
aspartates in aspartic proteases is dependent on the presence
and type of inhibitor bound, and it can thus be concluded
that no unique model for describing the protonation state of
some key aspartates such as the Asp214 and Asp34 is
possible [17, 18, 24]. In this study, the electrostatic
contribution to the protein-substrate interaction obtained
from the free energy perturbation (FEP) calculations at
AM1/MM level for A and B models reveals that the
protonation of Asp214 leads to forming of a more stable
PM II-HE58 complex than protonation of Asp34, which is
consistent with previous publications [17, 18]. The
difference observed between these models is 15.62 kJ
mol-1 (see Table 1). Obviously, the FEP calculation is only
one of the electrostatic contributions to the total binding
free energy. Other terms such as the electrostatic contributions
to the desolvation of the substrate and the protein may be
important. Nevertheless, the former is constant for the
experimental data analyzed here. The FEP might thus be used
to examine which form (A or B) in the PM II-HE58 complex
remains stable under the simulation conditions described
above.

The protonation state of the catalytic aspartate has a
strong influence on the presence or absence of the
hydrogen bonds between some residues [17]. As can be
observed in Fig. 3, the hydrogen bond between Asp34 and
inhibitors is practically absent in model B. Thus, the loss
of ligand-protein interaction, mainly through the electro-
static interactions between the Asp34 and the inhibitor in
model B, could be responsible for the differences in the
binding of free energy. Nevertheless, the comparison
between both A and B models would require simulation
of the protontransfer step between Asp214 and Asp34, as
discussed below.

Based on the results and observations described
above, we decided to trace the potential of mean force
(PMF) corresponding to the proton transfer from the
carboxylate oxygen atom OD2 of Asp214 to carboxylate
oxygen atom OD2 of Asp34 (that is, from A to B). As
shown in the PMF profile (Fig. 4), EH58-protein complex
is more stable in the A form than in the B form by about
40 kJ·mol-1, which is in accordance with the results
binding free energies. The free energy barrier for the A
to B conversion is of 70 kJ mol-1. Thus, this result
indicates that protonation of Asp214 favors a stable active
site structure. This result is in agreement with previous
HB analyses and the distributions of minimal distance
between Oδs for PM II [17], which showed that the
protonation of Asp214 is more consistent with the
crystallographic data and catalytic mechanism.

Conclusions

In this study, hybrid QM/MM MD calculations have been
carried out for PM II complexed with EH58 using two
different forms for the PM II-EH58 complex; by
protonating Asp214 or Asp34 (A and B models). The
calculations allow one to determine the electrostatic
contribution to the protein-ligand interaction free energies.
The analysis of individual interactions between the
inhibitor and the amino acids of the enzyme active site
reveals how the influence of Asp34, Val78, Ser79, Tyr192
and Asp214 seems to be crucial, with the interactions
established between the inhibitor and these residues being
especially important. Moreover, it has been found that the
protonation of Asp214 is a better model for this inhibitor
in the active site of PM II. The prevalence of the A form
has also been confirmed through tracing the free energy
profile corresponding to the proton transfer between the
carboxylate oxygen atom of Asp214 to the carboxylate
oxygen atom of Asp34. It is expected that the results
reported here will provide useful information for the
rational design of new PM II inhibitors.
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