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Abstract The current therapy for leishmaniasis is not
sufficient and it has two severe drawbacks, host-toxicity
and drug resistance. The substantial knowledge of parasite
biology is not yet translating into novel drugs for
leishmaniasis. Based on this observation, a 3D structural
model of Leishmania mitogen-activated protein kinase
(MAPK) homologue has been developed, for the first time,
by homology modeling and molecular dynamics simulation
techniques. The model provided clear insight in its structure
features, i.e. ATP binding pocket, phosphorylation lip, and
common docking site. Sequence-structure homology rec-
ognition identified Leishmania CRK3 (LCRK3) as a distant
member of the MAPK superfamily. Multiple sequence
alignment and 3D structure model provided the putative
ATP binding pocket of Leishmania with respect to human
ERK2 and LCRK3. This analysis was helpful in identifying
the binding sites and molecular function of the Leishmania
specific MAPK homologue. Molecular docking study was
performed on this 3D structural model, using different
classes of competitive ATP inhibitors of LCRK3, to check
whether they exhibit affinity and could be identified as
Leishmania MAPK specific inhibitors. It is well known that
MAP kinases are extracellular signal regulated kinases

ERK1 and ERK2, which are components of the Ras-MAPK
signal transduction pathway which is complexed with
HDAC4 protein, and their inhibition is of significant
therapeutic interest in cancer biology. In order to under-
stand the mechanism of action, docking of indirubin class
of molecules to the active site of histone deacetylase 4
(HDAC4) protein is performed, and the binding affinity of
the protein-ligand interaction was computed. The new
structural insights obtained from this study are all consistent
with the available experimental data, suggesting that the
homology model of the Leishmania MAPK and its ligand
interaction modes are reasonable. Further the comparative
molecular electrostatic potential and cavity depth analysis
of Leishmania MAPK and human ERK2 suggested several
important differences in its ATP binding pocket. Such
differences could be exploited in the future for designing
Leishmania specific MAPK inhibitors.
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Introduction

Leishmaniasis is an infectious disease caused by the
protozoan parasites. It is transmitted by the bite of certain
species of sand flies. This disease affects mainly in the
tropical and subtropical countries, such as India, Bangladesh,
Nepal, Afghanisthan, Sudan, Saudi Arabia, East and North
Africa, rainforests in Central and South America and Brazil.
The disease has an estimated global prevalence of 12 million
people worldwide, with an average of 1.5–2million new cases
annually [1–4].

There are three clinical forms of leishmaniasis: visceral
leishmaniasis (VL), cutaneous leishmaniasis (CL), and
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mucocutaneous leishmaniasis (MCL) [5, 6]. Each of them
is generally associated with certain species and concrete
geographical settings. VL caused by Leishmania donovani
is fatal if untreated, whereas CL caused by species such as
Leishmania major, Leishmania Mexicana, and Leishmania
panamensis. MCL is mainly caused by species Leishmania
braziliensis.

Leishmania parasites have a digenetic life cycle with
mammals and sand flies as their hosts [6]. In an invertebrate
phlebotomine sand fly host, the parasites proliferate in the
promastigote (flagelate) form in the insect gut, whereas in a
vertebrate host the protozoa are obligate intracellular
parasites in the amastigote (non-motile) form infecting
mostly mononuclear phagocytes [7]. The therapeutic
arsenal against VL is limited; the available agents with
established efficacy are all injectable. The pentavalent
antimonials have been recommended for the treatment of
leishmaniasis for over 50 years [8]. Other drugs used in the
treatment of leishmaniasis include the Diamidine pentam-
idine and Amphotericin B. Well known antimonial drugs
can no longer be used in Northeastern India, because of its
resistance, where the incidence of VL is highest. Traditional
second-line drugs (Pentamidine and Amphotericin B) are
more toxic and difficult to administer. Newer drugs, such as
the lipid formulations of Amphotericin B (AmBisome,
Amphocil and Abelcet), has been effective in the treatment
of VL [9]. Unfortunately, the prohibitive cost of the new
formulations of these drugs means that the treatment is
unavailable to the majority of patients suffering with
leishmaniasis. The first oral medication for leishmaniasis
was available with the discovery of miltefosine, but was not
fully successful and the drug showed teratogenisity with
low therapeutic index. Although this progress in treatments
is encouraging, the current therapy for leishmaniasis is not
sufficient as it was associated with several drawbacks like
host-toxicity, drug resistance etc. [10].

In 1997, Martin Wiese identified the Leishmania
mexicana gene coding for a protein with strong homology
to mitogen-activated protein kinase (MAPK) of yeast and
higher eukaryotes which is required for the amastigote
survival and proliferation in macrophages [3, 11]. MAP
kinases are a group of serine/threonine kinases. It is
reported that MAPK homologue from Leishmania mexi-
cana is involved in the formation and maintenance of the
flagellum in the promastigote. A deletion mutant was able
to infect host cells, unable to proliferate, but transform to
the amastigote morphology. Complementation experiments
revealed that the Leishmania MAPK is required and is
sufficient to restore the infectivity. Therefore, this kinase is
crucial for the survival of Leishmania mexicana in the
infected host by affecting the cell division of the amasti-
gotes. Disease progression is prevented by targeting
Leishmania MAPK by controlling the proliferation in

amastigotes, and thereby affecting the MAPK signaling
pathway causing cell division. Thus Leishmania MAPK is
an ideal drug target and a specific inhibitor of it would be
promising to treat the leishmaniasis [12].

In order to further understand the inhibitor binding sites
of the modeled protein, several interesting groups of
molecules having LCRK3 anti-leishmanial activity were
identified, including the indirubins, which were investigat-
ed in more detail [13]. These molecules, especially
indirubin series, caused growth arrest of the Leishmania
parasite in culture, and altered DNA content with aberrant
morphology, leading to the disruption of the cell cycle
control through the intracellular inhibition of cyclin
dependent kinase (CDK) [13]. Indirubin, an active ingredi-
ent of a traditional Chinese recipe Danggui Longhui Wan,
is a potent ATP-competitive CDK inhibitor, and therapeutic
interventions targeting CDKs have been stimulated for the
treatment of various proliferative diseases, such as cancer,
psoriasis, and alopecia [14]. These protein kinases are
associated with histone deacetylase4 (HDAC4) and can
phosphorylate HDAC4 in cells [13, 15]. Also, it is expected
that the protein phosphorylation is important for differen-
tiation and proliferation of Leishmania parasite, which is
also critical for its development. Protein kinases possess
high sequence similarity, and understanding the MAPK
signaling cascades is very complicated due to the diverse
range of signals utilizing the same MAPK pathways; and
further its deregulation leads to various disease states [15].
The activation of this pathway might lead to an increased
percentage of cells expressing HDAC4 in the nucleus. It is
well known that MAP kinases are extracellular signal
regulated kinases ERK1 and ERK2, which are components
of the Ras-MAPK signal transduction pathway is com-
plexed with HDAC4 protein, and its inhibition is of
significant therapeutic interest [16].

It has been well established that MAP kinases play a
crucial role in cancer biology. The significant role of the
Ras/Raf/MEK/Erk MAPK signaling pathway, in multiple
cellular functions, in amastigotes, underlies the importance
of the cascade in oncogenesis, and growth of transformed
(cancer) cells. As such the therapeutic target identification in
MAPK pathway and its validation has been a focus of intense
investigation. Selective inhibition of ERK1 and ERK2, which
are mammalian MAP kinases, represents a potential approach
for the treatment of cancer and other diseases; however, no
selective inhibitors are currently available [17–19]. Dauoti et
al. recently carried out characterization of a novel MAPK
kinase 1/2 inhibitor for cancer therapy by showing its unique
mechanism of action [20].

Protein structure prediction is one of the most promising
tasks in the computational structural biology program. Most
commonly used techniques include de-novo or ab-initio
modeling and comparative protein modeling which again is
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divided into homology modeling and protein threading.
Homology model of different proteins were carried out and
its importance in structure-based drug design is elucidated
[21]. William et al. recently reported the homology modeling
and dynamics of the extracellular domain of rat and human
neuronal nicotinic acetylcholine receptor subtypes [22].
Docking and MD simulations of the interaction of the
tarantula peptide psalmotoxin-1 with the homology model of
the channel protein were performed by Pietra F [23].

In the present study, we carried out homology modeling
of Leishmania MAPK homologue. This three dimensional
(3D) structure model provided for the first time, the in
silico screening of various small molecules for their MAPK
inhibitory activity. Further, we have performed molecular
docking, comparative molecular electrostatic potential, and
cavity depth analysis on this 3D model, in order to
understand its function and other physico-chemical proper-
ties. Importance of this study in the Ras-MAPK signal
transduction pathway using molecular docking analysis is
also carried out.

Material and methods

All computational experiments were carried out using
MODELLER8v2, SYBYL7.1, Autodock4 and Discovery
Studio2.0 molecular modeling packages on a Sun worksta-
tion with Red Hat Enterprise Linux 3 and Silicon Graphics
Fuel Workstation with IRIX 6.5 operating system.

Homology modeling

Leishmania MAPK homologue sequence was retrieved
from UniProtKB/TrEMBL database (Id: O00872). NCBI-
BLASTP search against Protein Data Bank (PDB) using
Leishmania MAPK as query sequence gave a number of
homologous sequences. Among these sequences, human
ERK2 (PDB code: 1TVO) was chosen as a best template
based on high sequence identity (39%) to model the 3-D
structure of the Leishmania MAPK. The Blosum62 scoring
matrix was selected with a gap penalty of 11 and a gap
extension penalty of 1 for the BLASTP analysis. The
crystal structure of human ERK2 was solved at a resolution
of 2.50 Å which is in complex with the 5-(2-phenyl-
pyrazolo [1,5-a] pyridin-3-yl)-1 h-pyrazolo [3,4-c]
pyridazin-3-amine ligand (PDB code: 1TVO) [24].

MODELLER is a computer program that generates 3-D
model structures of the proteins and their assemblies by
satisfaction of spatial restraints. More generally, the input to
the program are the alignment file (PAP/PIR formats),
restraints on the spatial structure of the amino acid
sequence(s) and ligands to be modeled [25]. Sequence
alignment obtained from NCBI-BLASTP was used as an

input to MODELLER8v2 for its model building. The
structural information of the first seven residues at the N-
terminus is not available in the human ERK2 crystal
structure, and therefore not included in the homology
model building of Leishmania MAPK. Initially, a crude
homology model for Leishmania MAPK was obtained by
using automated model building in MODELLER. Five
models were generated among which the one which has the
best dope score was selected for further ligand modeling.
For modeling ligand, it was assumed that the ligand binding
modes are similar in the target and the template protein
structure. Accordingly, the ligand is then transferred among
target structures keeping their orientation as a restraint for
the subsequent modeling process. Having placed the ligand
in a near-native orientation into the consensus binding-site
of the modeled protein, new models were generated by
additionally incorporating information of the ligand. During
this modeling process, the ligand is kept fixed in space.
Quality of the different 3-D structure homology models
with its ligand were assessed using Ramachandran plot in
PROCHECK validation package, in order to identify the
best ligand supported Leishmania MAPK model [26].

Refinement strategy of the Leishmania MAPK homology
model

The best ligand supported Leishmania MAPK homology
model was selected on the basis of the PROCHECK
validation. The initial model showed problems in the
conformation of loop region, which was subjected for loop
modeling and further validated using ERRAT plot [27].
ERRAT plot gives the measure of the structural error at
each amino acid residues in the 3-D structure model.
Ideally this error should be below 95% cut-off value and
the residues which lie above 95% cut-off value were
subjected to loop modeling in MODELLER. After each
round of loop modeling, ten models were generated each of
which were then further validated based on the PROCHECK
and ERRAT plot. This iteration process continued until most
of the amino acid residues have a cut-off value below 95% in
ERRAT plot. Finally, Leishmania MAPK model showing the
best PROCHECK and ERRAT plot was then subjected to
native protein folding energy evaluation using ProsaII
program [28].

Molecular dynamics study

Molecular dynamics (MD) simulations were carried out
using the CHARMM [29] module in standard dynamics
cascade protocol in Accelrys Discovery Studio2.0 [30]. The
protein atoms were parameterized using the CHARM22
force field [31]. All bond lengths involving hydrogen atoms
were fixed using SHAKE algorithm [32]. Simulations were
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carried out at 300 K with 2000 steps of steepest descent and
adopted basis Newton-Raphson (ABNR) minimization
technique, until the root-mean square deviation (RMSD)
was less than 0.001 kcal mol−1 Å−1. The whole system was
equilibrated for 50 ps, followed by another 1 ns of
canonical ensemble (NVT)-MD simulation run.

Molecular electrostatic potential mapping and cavity depth
analysis

Molecular electrostatic potential (MEP) and cavity depth
analysis at the ATP binding pocket of Leishmania MAPK
and human ERK2 (1TVO) were carried out using the
MOLCAD program implemented in the SYBYL7.1 molec-
ular modeling package [33]. The Gasteiger-Hückel charges
were assigned to the atoms of both structures (template and
target) and surfaces were generated and visualized.

The molecular electrostatic interaction is a crucial part of
the non-covalent interaction energy between the molecules.
The MEP on a molecular surface can be used to visually
compare two molecules, guide docking studies, and identify
sites that interact with its ligands. Bhattacharrjee and Karle
have employed the MEP technique to relate the anti-
malarial potency of different carbinolamine analogs [34]
with the potential values. The color ramp for the MEP
ranges from deep blue color representing the most negative
potential, and the deep red color representing the most
positive potential, respectively.

The molecular cavity depth measures how deep a surface
point is located inside the cavity of a molecule in Å. This
analysis can provide the 3D spatial features of the protein-
ligand interactions. The color ramp for cavity depth ranges
from blue color (low depth value) to light red color (high
depth value).

Molecular docking analysis

Leishmania MAPK and Leishmania CRK3 belong to the
same protein tyrosine kinase family. As inferred from the
multiple sequence alignment and 3-D structure superimpo-
sition, there is significant sequence/structure similarity of
the amino acid residues at the ATP binding pocket, which
in turn includes the ligand binding site of Leishmania
MAPK, Leishmania CRK3 and human ERK2 proteins
(Figs. 1 and 6).

Twenty ATP competing inhibitors already reported
against Leishmania CRK3 infected macrophages in vitro
[13], were docked against the ATP binding pocket of the
3D structure model of Leishmania MAPK, using FlexX and
AutoDock molecular docking programs. All these ATP
competing inhibitors were initially built on SYBYL7.1 and
energy minimized by Powell method using Tripos force
field with 0.05 kcal mol−1 energy gradient convergence

criterion. FlexX is a fast, flexible docking method that uses
an incremental construction algorithm to place ligands into
the active site of the protein. Leishmania MAPK homology
model was used for docking study. While setting docking
protocol using FlexX molecular docking program, the
extracted ligand was docked at the ATP binding pocket of
9.5 Å radius in Leishmania MAPK model.

In order to understand the binding affinity of the ligand
with the protein (Leishmania MAPK homology model), the
most active indirubin class of molecules (97/109, 97/344,
98/146, 97/657 and 98/516) were subjected for docking
analysis using AutoDock program [35]. Docking study was
performed using the Lamarckian genetic algorithm imple-
mented in AutoDock4, which was regarded as the best
docking method in terms of its ability to find the lowest
energy and its structure prediction accuracy. Polar hydro-
gens were added using the AutoDock Tools interface. Grid
maps were prepared using the AutoGrid utility with (40×
48×42) points to cover the entire region occupying the
active site residues of Leishmania MAPK homology model.
Grid spacing set to 0.375 Å. Docking parameters modified
from the defaults were: number of individuals in the
population (set to 150), maximum number of energy
evaluations (set to 2,500,000), maximum number of
generations (set to 2700), and number of genetic algorithm
runs (set to 100).

Comparative analysis of the docking results obtained
using FlexX and Autodock program for indirubin class of
ATP competitive LCRK3 inhibitors were performed on the
Leishmania MAPK homology model. Furthermore, in order
to understand the Ras-MAPK signal transduction pathway,
the crystal structure of nuclear HDAC4 protein which is in
complex with its inhibitor trifluoromethyl ketone (PDB
code: 2VQJ), was subjected for docking analysis using
Autodock software. HDAC4 protein is associated with the
kinase activity and regulates chromatin status and gene
expression. The most potent indirubin classes of molecules
which are well known LCRK3 inhibitors were successfully
docked in the active site of HDAC4 protein using the above
mentioned docking protocol.

Results and discussion

Leishmania MAPK homology model analysis

The sequence alignment of Leishmania MAPK and human
ERK2 (template) are shown in Fig. 1. The alignment shows
that the protein kinase domain is conserved in both these
MAPK homologue [4]. The human ERK2 is an extracel-
lular signal regulated kinase 2 also called as MAPK2, has
39% sequence identity and 62% sequence similarity with
the Leishmania MAPK.
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Selection of human ERK2 as a template for the present
3D structure modeling was due to its good crystal structure
resolution, and also an inhibitor present in it bears
significant structural similarity to the known reported
inhibitors for leishmaniasis.

The initial crude homology model structure of Leish-
mania MAPK homologue obtained from the MODELLER
software was further subjected to ligand modeling. The
quality of the final ligand supported Leishmania MAPK
homology model was assessed by Ramachandran plot (in
the PROCHECK validation package) and ERRAT plot. In
Ramachandran plot, 86.8% of the residues were in the
allowed region, 11.7% were in additionally allowed region,
and 0.9% was in the generously allowed region. This
indicated that the backbone dihedral angles, phi, and psi, in
the Leishmania MAPK model were reasonably accurate.
The residues in the disallowed region accounted only 0.6%
of the total protein and these residues are located far away

from its different binding site residues. The model also
showed good ERRAT plot (Supplementary material Fig. 1s)
with the overall quality factor of 70.15%.

Finally, the quality of the protein folds of Leishmania
MAPK homology model was evaluated using ProsaII
program. In general, folding energy of the protein showed
minimum value since this accounts for the stability and
nativity of the molecules. ProsaII energy profile of the
homology-modeled Leishmania MAPK in comparison to
that of the X-ray structure of human ERK2 is presented in
Fig. 2. The trend of the variation of the protein folding
energy in most parts of the Leishmania MAPK model is in
good agreement with that of the X-ray structure of human
ERK2 protein, and is presented in Fig. 2.

In order to check the stability of the 3D structure of
Leishmania MAPK model, MD simulation was performed.
The RMSD value of Leishmania MAPK backbone atom is
plotted as time-dependent functions of the MD simulations,

Fig. 1 Sequence alignment of
Leishmania MAPK with the
template human ERK2 (PDB
code: 1TVO) and Leishmania
CRK3
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and is presented in Fig. 3. The graph clearly indicates that
there is a change in the RMSD from 0.3 Å to 0.7 Å in the
LMAPK homology model for the first 0.3 ns and thereafter
it reached a plateau. The RMSD values of the backbone
atoms in the system tend to be convergent after 0.6 ns with
fluctuations around 1 Å. The low RMSD and the structural
comparison w.r.t. its simulation time indicates that, as
expected, the 3D structure model of Leishmania MAPK
represents a stable folding conformation.

Structure and function of Leishmania MAPK model

3D model structure of Leishmania MAPK homologue is
presented in Fig. 4. The Leishmania MAPK is folded into
the bilobal structure, a typical architecture for most of the
protein kinases, with smaller N-terminal domain consisting
of four antiparallel β-strands and a single α-helix. The
larger C-terminal domain consisted primarily of α-helix.
Leishmania MAPK has 12 kinase sub-domains. The kinase
domain consists of nearly the entire protein starting from
Tyr17 to Phe318, thus leaving only 16 residues at the N-
terminal and 45 residues at the C-terminal region. Sub-
domain I contained the phosphate anchor ribbon for ATP
binding (GSGAYG) at the N-terminus, having consensus
(GXGXXG). A conserved lysine residue (Lys43), which

was involved in orienting the ATP for the proper phosphate
reaction was located in the sub-domain II. Using site
directed mutagenesis experiment, mutation of Lys43 to Met
showed that the mutant form of the Leishmania parasite
lacks autophosphorylation ability, implicating that Lys43
(numbered as Lys59 in Leishmania mexicana MAPK 4) is
essential for its kinase activity [3, 4, 12]. The potential
regulatory phosphorylation site located at sub-domain VIII,
i.e., Thr176 and Tyr178 in the phosphorylation lip (TXY
motif) is also conserved in Leishmania MAPK. P+1
specificity pocket have the following residues (ATRWYR)
is also well conserved in Leishmania MAPK and human
ERK2, highlighted in Fig. 1. The common docking site
region constituting (GELEK) is also important for its
interaction with other proteins. Other conserved residues,
a hallmarks of MAP kinases are present in the different sub-
domains of these kinases [3, 4, 12]. Phosphate anchor
ribbon for ATP binding site residues (GSGAYG), common
docking site residues (GELEK), and catalytic site residues
(KRRERDKNDR) in Leishmania MAPK are shown inside
boxes in Fig. 1.

Using protein crystallographic method, the co-crystal
structure of human ERK2 with the selective inhibitor
FR180204 (PDB code: 1TVO) was solved, and structural
basis of its selectivity against ERK1 and ERK2 protein was
reported. The crystal structure revealed that Gln105,
Asp106, Leu156, and Cys166 residues, which form the
ATP-binding pocket of ERK, played an important role in
the ligand-receptor interactions [26, 36].

Superimposition of the homology model of Leishmania
MAPK and human ERK2 was reasonably good with root
mean square deviation (RMSD) of 1.28 Å, which revealed
overall tertiary structural similarity/differences between the
two protein structures. Further superimposition at the ATP

Fig. 4 3D structure model of Leishmania MAPK with the ligand
shown in stick model
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Fig. 3 Time dependence of the RMSD (Å) from Leishmania MAPK
homology model for the backbone atoms in 1 ns MD simulation

Fig. 2 ProsaII energy profile for Leishmania MAPK homology model
(light line) and Human ERK2 (PDB code: 1TVO) (heavy line)

480 J Mol Model (2010) 16:475–488



binding pocket, i.e., amino acids within 9.5 Å region
surrounding ligand of Leishmania MAPK and human
ERK2 showed good RMSD of 0.345 Å. Superimposition
of amino acid residues within 3.5 Å region surrounding
ligand in Leishmania MAPK (AKLPQIAP) and human
ERK2 (AKIQKMSL) showed several important differ-
ences, and is presented in Fig. 5. In addition phosphate
anchor ribbon for ATP binding amino acid residues
(GSGAYG) in Leishmania MAPK is almost conserved
(GEGAYG) in human ERK2 (Fig. 1). These relative
differences/similarities in the ATP binding pocket of both
these proteins should undoubtedly affect the steric and
electrostatic interactions with its ATP competing inhibitors
in a more specific and selective manner.

It is also well established that because of the high level
of sequence homology among MAP kinases and its
importance for the proliferation in the amastigotes, the
protein encoded by Leishmania MAPK is likely to be a
component of MAPK signal transduction pathway affecting
cell division. This process is regulated by post-translational
modification in amastigotes, and its functional activation
present throughout the cell cycle is an inherent feature of
the MAP kinases, being activated by phosphorylation in
TXY motif by a specific MAPK kinase, and which in turn
is activated by another kinase [37].

The electrostatic interaction is the main part of the
interaction energy between ligands and protein, governing
the strength of bonds, the strength of non-bonded inter-
actions, and molecular reactivity. In case of a ligand-protein
interaction at the active site, the ligand experiences a unique
environment in terms of electrostatic, steric, and hydropho-
bic properties. Variations in these properties near the active
site of the proteins can contribute to its selectivity/

specificity. Thus comparing MEP of Leishmania MAPK
and human ERK2 protein at the ATP binding pocket could
provide an effective way for understanding selective/
specific inhibition of Leishmania MAPK.

The MEP surface for Leishmania MAPK and human
ERK2 are presented in Fig. 6a and b respectively, with their
MEP color ramps. MEP for Leishmania MAPK ranging
from −281 to +239 kcal mol−1, while the same for human
ERK2 ranging from −363 to +182 kcal mol−1. In order to
make comparison easier, MEP of the two proteins was
placed on the same scale (−281 to +239 kcal mol−1).
Having placed on the same scale more specifically,
comparative analysis of Leishmania and human ERK2 at
the ATP binding pocket were carried out (Fig. 6). It was
clear from Fig. 6 that the MEP covering the ATP binding
pocket residues in the two proteins have different values,
reflecting variation in the physico-chemical property.

Within the ATP binding pocket of Leishmania MAPK, the
area encompassing residues Leu65, Gln66, Gly76, and Ile77
has a relatively more spread of low electronegative potential
(−4 to −39 kcal mol−1) than Lue75, Lue76, Gly85, and Ile86
residues of human ERK2 (−39 to −90 kcal mol−1), and is
presented in Fig. 6. In addition to that, contrasting feature
is also visible around residues Gly76, Ile77, Phe93, and
Glu94 in Leishmania MAPK having less electronegative
potential (−4 to −39 kcal mol−1) than corresponding
residues Gly85, Ile86, Gln105, and Asp106 in human
ERK2 (−73 to −108 kcal mol−1). Furthermore, differences
in MEP observed around residue Arg67 in Leishmania
MAPK having less electronegative potential than
corresponding region surrounding Arg77 in human
ERK2 (Fig. 6).

The cavity depth analysis of both Leishmania MAPK
and human ERK2 were performed and is depicted in
Fig. 7. The cavity depth for Leishmania MAPK ranges
from −0.3270 to 11 Å, while for human ERK2 this ranges
from −0.3033 to 11 Å. Similar to MEP analysis, cavity
depth of the Leishmania MAPK and human ERK2 were
placed on the same scale (−0.3270 to 11 Å), followed by
comparative cavity depth analysis at the ATP binding
pocket (Fig. 7). In the case of Leishmania MAPK, area
within residues Gln66, Gly76, and Ile177 has low depth
value (7.2 to 8 Å) as compared to the corresponding area
within residues Lue76, Gly85, and Ile186 in human
ERK2, which has high depth value, i.e., 10 to 11 Å.
Furthermore, area encompassing residues Val75, Gly76,,
and Phe93 in Leishmania MAPK has low depth as
compared to corresponding residues Ile84, Gly85, and
Gln105 in human ERK2 (Fig. 7). Contrasting features are
also observed for the area within residues Leu65 and
Val75 in Leishmania MAPK having low depth as
compared to Leu75 and Ile84 residues in human ERK2.
These differences in the ATP binding pocket of the two

Fig. 5 Superimposition of inhibitor binding site of Leishmania
MAPK (red) onto Human ERK2 (PDB code 1TVO) (cyan) within
its 3.5 Å region
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proteins can possibly make a reasonable contribution
toward selective binding of substrates/inhibitors, and
which in turn affect its steric and electrostatic interactions.
Thus, both MEP and cavity depth analysis provided basic
differences in the ATP binding pocket, which could be
exploited in the future for designing Leishmania specific
MAPK inhibitors.

Molecular docking analysis on Leishmania MAPK
and HDAC4 protein

The molecular docking of four different classes of 20 ATP
competitive inhibitors of Leishmania CRK3 was tested at
the corresponding ATP binding site in the Leishmania
MAPK model. Seventeen of these inhibitors displayed anti-
leishmanial activity, with a 50% effective dose (ED50) of
less than 11 μM [13]. These molecules fell into four
chemical classes: indirubins (97/344, 98/516, 98/146 and
97/109), 2,6,9-trisubstituted purines (NG56, NG58, NG64,

NG74, NG77, and NG94, including a subset of C-2-
alkynylated purines, 98/126 and 98/129), paullones
(97 N610 and 98 N217), and derivatives of the non-
specific kinase inhibitor staurosporine (97/646, 97/524, and
97/647). The paullones and staurosporine derivatives were
not good inhibitors and have toxic effect onmacrophages. The
2,6,9-trisubstituted purines have medium range activity and
inhibited LCRK3 in vitro at different concentrations [13].

All 20 molecules were docked at the ATP binding pocket
of Leishmania MAPK model, using FlexX docking
program, and is presented in Table 1. Molecules belonging
to the indirubin class: 98/516 and 97/344 makes strong
hydrogen bonding interactions with the residues Lys43,
Arg57, and Asp155 in Leishmania MAPK model (Table 1).
These residues belong to the catalytic domain and the
inhibition of which lead to impaired kinase activity [12,
13]. The hydrogen bonding interactions of molecule 98/516
with the Leishmania MAPK model is displayed in Fig. 8.
Other amino acid residues in Leishmania MAPK model,

Fig. 6 Comparative molecular
electrostatic potential (MEP)
surface displayed for ATP bind-
ing pocket of (a) Leishmania
MAPK and (b) human ERK2
(PDB code: 1TVO). The deep
blue color represents the most
negative potential, whereas the
deep red color represents the
most positive potential. In order
to make valid comparisons be-
tween two models the electro-
static potentials have been put
on the same scale

Fig. 7 Comparative cavity
depth analysis displayed for
ATP binding pocket of (a)
Leishmania MAPK and (b) hu-
man ERK2 (PDB code: 1TVO).
The deep yellow color indicates
the highest cavity depth, where-
as deep blue color the low cavity
depth. In order to make valid
comparisons between two mod-
els the cavity depth values have
been put on the same scale
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Table 1 Chemical structure, ED50 (μM), FlexX and Autodock docking scores for 20 inhibitors of Leishmania CRK3 onto the Leishmania MAPK
model

Molecule 
Code 
name 

Chemical 
structure 

aED50 
(µM)  

FlexX Autodock Binding 
residues in 
Leishmania 

MAPK 
model 

Total 
score 

Chem. 
Score 

Inhibition  
Constant 
Ki (µM) 

Binding  
Energy 

(kcal/mol) 

Indirubins 

97/344 
N
H

O

NH

HO3S

O

7.58 
 

-27.03 
 

-36.45 
1.80 -7.84 

Lys43 
Arg57 

Asp155 

98/516  5.79 -20.67 -24.74 0.47 -8.63 

Lys43 
Arg57 

Asp155 

98/146 

 

5.77 -21.57 -31.54 0.20 -5.07 

 
Glu94 
Ile96 

97/657 

 

>10 -20.03 -28.76 7.00 -7.03 
Glu94 

      Ile96 
 

97/109 

N
H

NH

O

O

I

 

8.67 -13.37 -22.38 13.79 -6.63 

Ala24 
Tyr25 
Arg57 

Asp155 

Substituted Purines 

NG78 
HN

N

N N

N

N
H

HO

 

>10 -27.69 -26.31 8.21 -6.94 

Ile96 
Glu97 
Asp99 

 

NG64 
HN

N

N N

N

N
H

HO

Cl

F

 

4.76 -27.55 -26.02 11.47 -6.74 
Ile96 

Asp99 
 

N 
H N H 

N 
N a O 3 S 

O 

H O 

N 
H N H 

N 
I 

O 

H O 

N 
H N H 

O 

N H O 
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Table 1 (continued)

NG56 

HN

N

N N

N

N
H

Cl

HO

 

4.52 -27.51 -27.35 7.73 -6.97 
Ile96 
Glu97 
Asp99 

NG94 
HN

N

N N

N

N
H

HO

OH

COOH

 

6.59 -26.16 -25.07 12.13 -6.71 

Lys43 
Arg57 

Asp137 
Asp155 
Thr181 

Lys43 
Arg57 
Glu61  
Asp137 
Lys139

NG58 

ClHN

N

N N

N

N
H

HO 3.93 -22.45 -28.59 9.61 -6.84 
Ile96 
Glu97 
Asp99 

NG74 

HN

N

N N

N

N
H

HO 4.8 -21.34 -26.65 16.10 -6.54 

Tyr25 
Lys43 
Glu61 

Asn142 

NG60 
HN

N

N N

N

N
H

HO

Cl

>10 -19.67 -31.49 5.76 -7.15 

NG77 
HN

N

N N

N

N
H

HO

F
Cl

 

9.4 -15.64 -24.80 1.40 -7.98 
Tyr25 
Lys43 

98/126 

HN

N

N N

N

N

CH2OH

CH2OH

 

4.04 -23.62 -26.98 2.83 -7.57 
Ile96 
Glu97 
Ala141 
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which are involved in making hydrogen bonding interac-
tions with the docked inhibitors include Ile96, Glu94,
Glu97, Asp99, Leu95, Ala24, Tyr25, Arg18, Asn142, and
Asp137 (Table 1). In order to get further insight into the
binding affinity (i.e., binding energy in kcal mol−1 and
inhibition constant in μm) of the protein and its ligand,
docking analysis using Autodock program has been
performed. Table 1 shows a comparative docking analysis
on these 20 molecules obtained using FlexX and Autodock.

Indirubin class of four molecules showed good in vitro
activity when tested against Leishmania donovani infected

macrophages. The total docking scores of these molecules
were between (−13.37 to −27.03) kcal mol−1 obtained using
FlexX software. Using Autodock software binding energies
of (−5.07 to −8.63) kcal mol−1, and inhibition constants of
(0.20 to 13.79) µM were obtained, and is presented in
Table 1. Molecules (97/344, 98/516, 97/657, and 97/109)
showed reasonably good inhibition constant and binding
energy when computed using Autodock software, which is in
consonance with the total score of these molecules obtained
using FlexX software. A good correlation coefficient r2=0.87,
between in vitro activity and calculated binding energy was

Table 1 (continued)

98/129 HN

N

N N

N

CF3

I

 

6.66 -22.26 -23.95 79.88 -5.59 
Arg18 
Ile96 

 

Paullones 

98N217 

H
N

HN
CN

O

 

19.6 -20.46 -32.08 5.92 -7.13 
Lys43 
Ile96 

 

97N610 

N
SCH3

HN

Br
 

>3 -15.64 -24.80 18.45 -6.46 
Tyr25 
Lys43 

 

Staurosporines 

97/646 N

H
NO

O

N
HR1

R1=β-D-
ribopyranosyl 

5.78 -26.29 -27.59 0.12 -9.51 

Ala24 
Tyr25 
Arg57  
Asp99 

Asn142 

97/647 
N

H
N

N

O O

R CH3  
R=β-D-

galactopyranosyl 

6.61 -22.16 -32.49 0.84 -8.29 

Tyr25 
Lys43 
Arg57 
Glu61 

 

97/524 
N

H
N

N

O O

R H  
R=α-L 

arabinopyranosyl 

10 
and 
3 

-32.47 -35.37 0.10 -9.54 

Lys43 
Lys43 
Arg57 
Glu61 

Asp137 
 

aActivities of molecules tested against Leishmania donovani-infected macrophages in vitro [13]
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obtained for these indirubin class of inhibitors (Table 1).
Scatter plot of actual in vitro activities (ED50) versus the
binding energies computed using AutoDock software is
presented in supplementary material, Fig. 2s.

Substituted purine class of eight molecules showed good
in vitro activity when tested against Leishmania donovani
infected macrophages. These molecules make hydrogen
bonding interactions with the ATP and other binding site
residues: Lys43, Arg57, Asp99, Ile96, Leu95, Glu97,
Asp137, Thr181, Tyr25, Asn142, Ala141, and Arg18
(Table 1). The total docking scores of these molecules
were in the range (−15.64 to −27.55) kcal mol−1 obtained
using FlexX. Using Autodock, binding energies were

obtained in the range (−5.59 to −7.98) kcal mol−1, and
inhibition constants were obtained in the range (1.40 to
79.88) µM, and is presented in Table 1. Molecules (NG77
and 98/126) showed good inhibition constant and binding
energy when computed using Autodock, which is
contradictory with the total score obtained using FlexX
(Table 1).

Paullone class of two molecules showed medium range
in vitro activity when tested against Leishmania donovani
infected macrophages. These molecules make hydrogen
bonding interactions with the ATP and other binding site
residues: Lys43, Glu97, and Ile96 (Table 1). The total
docking scores of these molecules were in the range
(−15.64 to −20.46) kcal mol−1 obtained using FlexX. Using
Autodock, binding energies obtained were in the range
(−6.46 to −7.13) kcal mol−1, and inhibition constants
obtained were in the range (5.92 to 18.45) µM, and is
presented in Table 1. Molecules (98 N217 and 97 N610)
showed a medium range inhibition constant and binding
energy when computed using Autodock software, which is
in agreement with the total score obtained using FlexX
software (Table 1).

Staurosporine class of three molecules also showed
medium range in vitro activity when tested against
Leishmania donovani infected macrophages. These mole-
cules make hydrogen bonding interactions with the ATP
and other binding site residues: Lys43, Glu61, Ala24,
Tyr25, Arg57, Asp99, and Asp137 (Table 1). The total
docking scores of these molecules were between (−22.16
to −32.47) kcal mol−1 obtained using FlexX; whereas
binding energies were between (−8.29 to −9.54) kcal mol−1,
and inhibition constants were between (0.10 to 0.84) µM,
obtained using Autodock, and is presented in Table 1. The
trend of variation of the inhibition constant and binding
energy of these molecules obtained using Autodock software

Fig. 8 Interaction of the ligand (molecule 98/516) with the
Leishmania MAPK 3D structure model. Hydrogen bonds are shown
in yellow dotted line and ligand shown as stick model

FlexX Autodock Residues involved
in H-bonding of
HDAC4 proteinMolecule ED50 (μM)a Total

Score
Binding
Energy
(kcal/mol)

Inhibition
Constant (Ki) μM

Trifuoromethyl ketone ND −24.04 −8.33 0.79 His159

His198

98/516 5.79 −19.05 −13.42 0.000144 His159

98/146 5.77 −16.78 −6.69 12.00 His198

Pro298

97/344 7.58 −18.36 −7.32 4.31 His198

Phe227

97/109 8.67 −14.99 −7.24 4.97 His159

97/657 10.00 −14.41 −6.03 38.31 His198

Pro298

Table 2 Docking analysis of
HDAC4 protein for indirubin
class of inhibitors

ND- Not determined
a Activities of molecules tested
against Leishmania donovani-
infected macrophages in vitro
[13]
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is in agreement with the total score obtained using FlexX
software (Table 1). However, these classes of molecules are
toxic to macrophages obtained by in vitro testing against
Leishmania donovani [13].

Small molecule inhibitors are invaluable to the study of
signal transduction pathways. Most known protein kinase
inhibitors bind at the ATP site. High selectivity of ATP
competitive binding site inhibition of indirubin and its
derivatives among several CDK kinase families have been
recently reported, though its mechanism of action is not yet
fully elucidated. Indirubin has been used to treat chronic
myelocytic leukemia which is an active ingredient of a
traditional Chinese medicinal recipe, Danggui Longhui
Wan [38]. It was well known that by arresting the G2/M
phase of the cell cycle through inhibition of Ras MAPK
pathway proteins, the anti-proliferative effect on the human
cancer cells can be controlled [39, 40].

In order to understand the role of the MAP kinases
extracellular signal regulated kinases, ERK1 and ERK2
which is in complex with HDAC4 protein, we have targeted
this protein with the indirubin class of inhibitors for which
the crystal structure information is available, using FlexX
and Autodock program. The docking protocol was the same
as described above. Five indirubin and its derivatives were
successfully docked in the active site of HDAC4 protein,
and are presented in Table 2. The crystal structure of
HDAC4 protein in complex with trifluoromethyl ketone
makes strong hydrogen bonding interactions with its active
site residues, His159 and His198. As expected, indirubin
and its derivatives also showed promising hydrogen
bonding interactions with the His159 and His198, as well
as with Phe227 and Pro298 amino acid residues. The
docking score, binding energy and Ki values, of all the
studied molecules obtained using FlexX and Autodock
programs are presented in Table 2. Molecule 98/516
showed good inhibition constant (0.000144 μM) and
binding energy (−13.42 kcal mol−1) obtained using Auto-
dock in agreement with the total score (−19.05) computed
using FlexX software (Table 2). It also makes hydrogen
bonding interactions with the active site His159 residue of
HDAC4 protein, suggesting that the docking analysis is
reasonably accurate. This study showed that the indirubin
class of molecules could be targeted for the inhibition of
HDAC4 protein, and further in vitro (or in vivo) analysis is
suggested for future development as drug like molecules in
cancer therapy.

Conclusions

Homology modeling of Leishmania MAPK provided for
the first time its 3D structure model which could be tested
for screening different molecules for the Leishmania

specific MAPK inhibitory activity. The developed model
showed good overall structural quality, and is validated
using PROCHECK, ERRAT plot, and ProsaII program.

MEP surface and cavity depth analysis shows important
differences in the physico-chemical properties at the ATP
binding pocket of Leishmania MAPK and human ERK2
protein. In Leishmania MAPK model, low MEP and cavity
depth values were observed in comparison to human ERK2
and such differences could be exploited for designing
Leishmania specific MAPK inhibitors. Active-site model-
ing of the Leishmania parasite kinase to determine the
structural differences in the ATP-binding pocket, in
combination with the detail structure-activity analysis,
provided clear insight on the design of the parasite-
specific kinase inhibitors.

Reasonably good correlation exists between in vitro
activity and calculated binding energy for indirubin class of
inhibitors obtained from the molecular docking study.
These molecules make strong hydrogen bonding interac-
tions with Lys43, Arg57, Asp155, Glu94, and Ile96 amino
acid residues of Leishmania MAPK model. These residues
belong to the catalytic domain and the inhibition of which
lead to impaired kinase activity. Thus docking analysis
suggests that the indirubin class of molecules could act as
putative inhibitors of Leishmania MAPK.

Further insight about the mode of interaction of the
indirubin class of small molecules with the HDAC4 protein
could provide guidance for the design of better drugs in the
area of cancer disease.
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