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Visceral leishmaniasis is a neglected endemic disease caused by the intramacrophage obligate parasite, Leishmania
donovani that affects millions of people worldwide. Visceral leishmaniasis treatment options have a number of issues in
terms of effectiveness, cost, and side effects. Leishmania donovani adenosylmethionine decarboxylase (LdAdoMetDC)
is a polyamine biosynthetic enzyme that is involved in the synthesis of spermidine. It is a potential therapeutic target for
drug development against visceral leishmaniasis. In this study, computational methods have been used to gain insight
into the inhibition of LdAdoMetDC. A library of phytochemicals from plants with antileishmanial activities and known
inhibitors has been created. Homology modeling has been performed to determine the three-dimensional structure of
LdAdoMetDC. Potent phytochemical inhibitors have been screened using virtual screening based on docking binding
affinities. Furthermore, molecular dynamics simulations of docked complexes over 100 ns have been performed to
assess docked complex stability. The binding free energy has been calculated using the molecular mechanics Poisson-
Boltzmann surface area (MM-PBSA) method. The physicochemical properties of docked phytochemicals have been
predicted in silico to assess their drug-likeness. CID5488537 (Fagopyrine), CID442630 (Carpaine), and CID44558930
(Anabsinthin) have been identified as lead molecules for targeting LdAdoMetDC.

1. INTRODUCTION

Visceral leishmaniasis, also known as kala-azar or black fever, is a
neglected tropical disease caused by the intramacrophage parasite,
Leishmania donovani (L. donovani) [1]. This parasite has a digenetic life
cycle; the promastigotes form occurs in female sandflies (Phlebotomus
sp.) and the amastigotes form grows and multiplies in the macrophages
of humans and mammals hosts [2,3]. It primarily affects the internal
organs, most notably the bone marrow, liver, and spleen [4]. In 2020,
ten countries (India, Kenya, Eritrea, Yemen, China, Brazil, Somalia,
Ethiopia, Sudan, and South Sudan) reported more than 90% of global
visceral leishmaniasis cases [5]. Given the absence of a viable vaccine,
current treatment is limited to a few expensive drugs such as pentavalent
antimonials, miltefosine, pentamidine, and amphotericin B [6]. The use
of these drugs is also constrained by severe adverse effects, lengthy
treatment duration, and parasitic drug resistance [4,6,7]. The current
scenario requires the development of new and secure medications
to supplement the currently available therapies, thereby compelling
the need for this study. Leishmania donovani adenosylmethionine
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decarboxylase (LdAdoMetDC) of the polyamine pathway has been
reported as a potential target for antileishmanial therapy [8-10]. It is an
obligatory enzyme present in higher eukaryotes as well as in eukaryotic
protozoa trypanosomatids such as Trypanosoma brucei, L. donovani,
and other trypanosomatids [11]. Adenosylmethionine decarboxylase
(AdoMetDC) is responsible for the irreversible decarboxylation of
S-adenosylmethionine, leading to the production of S-adenosyl-5'-
(3-methylthio propylamine). This compound, in conjunction with
putrescine, acts as a substrate for the enzyme spermidine synthase [12,13].
Spermidine is required for the parasite’s viability, growth, and infectious
mammalian stage [8,14,15]. In 2002, the gene encoding AdoMetDC
had been cloned and characterized from L. donovani and Leishmania
infantum [8,9,16]. Gene deletion studies in mice at very early embryonic
stages of L. donovani established that AdoMetDC is an essential enzyme
of the polyamine pathway [9,17]. AdoMetDC exhibited high homology
with the various trypanosomatid species (62—-85% identity), but less with
the mammalian AdoMetDC (30-33% identity) [10].

Tillnow, variouscompoundshavebeeninvestigatedtoinhibitAdoMetDC
in in vitro studies such as carbonimidic dihydrazide (CGP40215)
and  5-(((Z)-4-amino-2-butenyl)methylamino)-  5-deoxyadenosine
(MDL73811) [13,18-20]. Several other trypanocidal drugs, including
methylglyoxyl bis-guanylhydrazone, berenil, and pentamidine, were
also investigated as AdoMetDC inhibitors [8,9]. Pentamidine, the
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second most frequently prescribed drug, is also used for the treatment
of visceral leishmaniasis [4,21]. It has been suggested that pentamidine
and berenil may have other targets within the cell, and the observed
toxicity to the host may also be due to their potential lack of specificity
toward a single target [22,23].

The antileishmanial activity of different plant extracts has been observed
in various reports, although the precise mechanisms through which these
extracts combat the disease remain challenging to understand due to the
complex composition of phytochemicals present in crude plant extracts.
Phytochemicals, or natural products, have always played a significant
role in the treatment of various diseases [24,25], exhibiting a wide
range of pharmacological properties such as antimicrobial, antioxidant,
anticarcinogenic, and anti-inflammatory activities [26,27]. In this
study, our objective is to identify specific inhibitors of LdAdoMetDC
from medicinal plants that have been previously reported for their
antileishmanial activities. By focusing on these specific inhibitors, we
aim to shed light on the molecular mechanisms underlying the observed
antileishmanial effects of these medicinal plants.

2. MATERIALS AND METHODS

2.1. Homology Modeling and Ligand Binding Site Identification

Since the crystal structure of LdAAdoMetDC is not available, its protein
sequence (Accession no. TPP45862.1, Length: 382 amino acids)
has been retrieved from the NCBI protein database. The suitable
templates for homology modeling have been searched by blasting the
LdAdoMetDC protein sequence against the protein data bank using
PSI-BLAST [28]. Crystal structure of Trypanosoma brucei AdoMetDC
(TbAdoMetDC) at 2.42 A resolutions (STVF_A and 5TVF-B) has
been selected as templates based on the query coverage (21% and
74%, respectively) and identity of 57.14% and 65.14%, respectively,
with the sequence of LdAdoMetDC. Together, the templates (STVF_A
and 5TVF_B) provide the 95% query coverage [Figure 1]. Twenty-five
homology models of LdAdoMetDC have been prepared using Modeller
10.1, through a multi-template homology modeling approach. Model
that exhibited the lowest discrete optimized protein energy (DOPE

score: —42092.67969) has been taken for further optimization [29].
Energy minimization of this model has been done using YASARA
web server which performs energy minimization of protein models in
explicit solvent using its own developed optimized force field [30].
The predicted model has been further evaluated for its quality using
PROCHECK available at Structure Analysis and Verification server
(SAVES v6.0) and ProSA-web server [31-34]. In addition, root mean
square deviation (RMSD) has been obtained by structurally aligning
the predicted model with the template using PyMOL. The ligand
binding site of LdAdoMetDC has been predicted by superimposing the
modeled structure of LdAdoMetDC with ligand-bound (CGP40215)
crystal structure of TbAdoMetDC.

2.2. Selection of Plants and Phytochemicals

Based on the available literature of folk medicine, 155 medicinal plants with
antileishmanial activities have been selected. One thousand eight hundred
and sixty-seven phytochemicals of these plants have been downloaded in
PDB file format from IMPPAT database which is one of the most extensive
resources available till date [35]. Known inhibitors of LdAdoMetDC
reported in different literatures have been obtained in PDB file format
using UCSF Chimera v1.15 after being retrieved in SDF file format from
the PubChem [9,18,19,36-38]. A library has been prepared collecting PDB
files of phytochemicals and known inhibitors of AdoMetDC.

2.3. Molecular Docking

Molecular docking of all the phytochemicals along with the known
inhibitors has been performed using a graphical user interface (GUI) based
tool Raccoon 1.0. It utilizes AutoDock Tools (ADT) 1.5.6 for preparation of
parameter files and AutoDock 4.2.1 as a tool for docking [39,40]. Raccoon
automatically processed ligand libraries and generated PDBQT input files
after adding polar hydrogens and assigning Gasteiger charges to all the
small molecules. Using ADT, the target macromolecule has been prepared
separately by saving in PDBQT file format after the allocation of Gasteiger
charges. During the docking, rotatable bonds of all the phytochemicals
have been considered as rotatable and the target macromolecule has
been considered as rigid. The configuration files for the grid parameters
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Figure 1: Multiple sequence alignment of LdAdoMetDC with template (7rypanosoma brucei AdoMetDC) STVF Chain-A and STVF_Chain-B.
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and docking parameters have been generated using the ADT. Raccoon
automatically generates grid maps for each of the ligands. Grid box size
of 100 x 100 x 100 A with 0.375 A spacing has been selected that covers
all the identified binding site residues. Further, molecular docking has
been performed using Lamarckian genetic algorithm and empirical-free
energy functions. The process began with an initial 150 randomly placed
individual’s population, followed by a maximum energy evaluation of
2,500,000. The crossover rate and mutation rate has been set at 0.80 and
0.02, respectively. For each phytochemicals, 10 separate docking runs have
been carried out remaining all the value of parameters as default. Based on
binding free energy (AG), top 15 phytochemicals have been selected and
carried forward along with eight known inhibitors of LdAdoMetDC for
100 separate docking runs remaining all the parameters same as mentioned
above. The LdAdoMetDC-phytochemical complexes and LdAdoMetDC-
known inhibitor complexes with the lowest AG value from the largest
cluster have been written in PDBQT format and converted to PDB file
format using PyMOL. Further, these complexes have been analyzed using
PyMOL for possible polar and hydrophobic interactions. All the docking
studies have been performed at Intel (R) Core (TM) 17-3770 CPU (3.40
GHz) with Linux-based operating system Ubuntu 18.04 LTS.

2.4. MD Simulations

MD simulations have been performed to explore the binding stability
and dynamic behavior of unbound LdAdoMetDC, LdAdoMetDC-
phytochemicals complexes, and LdAdoMetDC known inhibitor
complex using a freely available online server WebGRO [41,42].
The GROMACS software is utilized by this server to perform
molecular dynamics (MD) simulations of protein and protein-
ligand complexes [43,44]. The topologies and parameters for the
macromolecule have been generated using GROMOS96 54a7 force
field and for ligands using PRODRG server [45,46]. Each unbound
macromolecule/docked complex has been put inside a cubic simulation
box with edges spaced apart by a factor of 1 A distance. During the
solvation process, simple point charge water model has been selected
and the system has been neutralized by adding counter ions (NaCl)
to bring a molarity of 0.15 M. Further, the energy of each unbound
macromolecule/docked complex has been minimized using steepest
descent integrator at every 50,000 steps followed by 50,000 steps of
equilibration both in NVT (constant number of particles, temperature,
and volume) and NPT (constant number of particles, pressure, and
temperature) ensemble [47]. The temperature and pressure of each
system has been controlled by a Berendsen thermostat and a Parrinello-
Rahman barostat, which have been set at 300 K and 1 bar, respectively
[44,48]. Further, using Leap-frog integrator, each system has been
simulated for 100 ns, and the number of frames generated per simulation
were 5,000 [49]. The GROMACS analytic methods have been employed
to determine the RMSD, root-mean-square fluctuation (RMSF), radius
of gyration (R ), solvent accessible surface area (SASA), and hydrogen
bonds from the generated trajectories [43]. Visual Molecular Dynamics
(VMD) software has been used to visualize the trajectories and Grace
v5.1.25 has been used to create the graphs [50,51].

2.5. Binding Free Energy Calculation

The molecular mechanics Poisson-Boltzmann surface area (MM-
PBSA) method (g_mmpbsa) has been used for calculating the binding
free energy by reading the MD trajectories. It calculates binding energy
components as well as residue wise energy contributions. MM-PBSA
method has gained recognition for its ability to more precisely predict
the free energies of ligand binding, in contrast to other computational
methods such as docking [52,53].

2.6. Drug-Likeness Prediction

The physicochemical properties of the top ranked phytochemicals
have been calculated using SwissADME, web tool [54]. The drug-
likeness has been predicted by adopting Lipinski’s Rule of five and
Veber rule [55,56].

3. RESULTS AND DISCUSSION

3.1. Homology Model of LdAdoMetDC and Its Ligand Binding
Site Residues

The predicted model [Figure 2a] has been evaluated for its quality using
various programs available at SAVES v6.0 server. The Ramachandran
plot analysis revealed that the largest proportion of residues (89.7%)
were located in the most preferred regions. In addition, 8.7% of the
residues were located in other allowed regions, while 1.0% and 0.6%
were found in generously allowed regions and disallowed regions,
respectively [Figure 2b]. Furthermore, an interactive web service,
ProSA-web, has been used for detecting errors in three-dimensional
protein structures. The model’s calculated z-score was —7.45, as shown
in [Figure 2c], and it has been predicted to be of X-ray crystallographic
structure quality. An additional approach to assess the quality of the
LdAdoMetDC model locally involved generating a plot depicting
the knowledge-based energies in relation to the position of the amino
acid residues. The majority of the residues had negative energy values
predicted [Figure 2d]. The RMSD of the template model was 0.066 A.
According to the analysis, the modeled structure was of high quality.
The binding site residues of LdAdoMetDC were Phe-30, Phe-32, Leu-
87, Thr-88, Glu-89, Cys-104, Phe-248, Pro-250, Cys-251, Gly-252,
Tyr-253, Ser-254, His-267, 1le-268, Thr-269, Pro-270, and Glu-271
[Figure 3].
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Figure 2: Structure validation of predicted model using SAVESv6.0 and
ProSA-web server. (a) Predicted LdAdoMetDC model, (b) Ramachandran plot
of LdAdoMetDC obtained through PROCHECK representing the percentages
of residues in the most favored regions (89.7%), additionally allowed regions

(8.7%), generously allowed regions (1.0%), and disallowed regions (0.6%)

(c) Z-score plot obtained throuth ProSA-web, depicting overall quality of

the model (d) Knowledge-based energy plot obtained through ProSA-web
depicting local model quality.
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3.2. Molecular Docking Studies

Binding free energy (AG), possible polar and hydrophobic interactions
of top 15 docked phytochemicals, and 8 known inhibitors docked
to LdAdoMetDC are shown in Tables 1 and 2, respectively. The
results demonstrated that CID5488537 (Fagopyrine), CID442630
(Carpaine), and CID44558930 (Anabsinthin) were the molecules
with the lowest AG of —9.42, —8.96 and —8.66 kcal/mol, respectively,
among all the docked phytochemicals. However, among the known
inhibitors CID9576798 (CGP-40215) docked with the lowest AG of
—6.75 kcal/mol. It has been observed that the binding modes of these
phytochemicals were similar to the known inhibitor [Figure 4a]. The
binding mode of CID5488537 showed that the hydroxyl group at one
aromatic ring made polar interaction with the side chain of Glu-89.
However, on the other side of the molecule, two hydroxyl groups and
one carbonyl group present separately at three aromatic rings were in
polar interaction range with the side chain of Glu-271. Furthermore,
the nitrogen atom of the piperidine group was in polar interaction
with the side chain of Glu-249 [Figure 4b]. The binding mode of
CID442630 revealed that the nitrogen at one of the azatricyclo ring
of the molecule established polar interaction with the side chain of
Glu-89 [Figure 4c]. When CID44558930 docked to LdAdoMetDC,
the hydroxyl group at the cycloheptane ring made polar interaction
with the side chain of Glu-249 [Figure 4d]. Among the docked known
inhibitors, CID9576798 binding mode studies revealed that the -NH2
group on one side of the molecule established polar interaction with
the side chain of Gly-29, while the nitrogen atom on the other side
of the molecule made polar interaction with Leu-87. The -NH2
group and a nitrogen atom in the middle of the molecule was in polar
interaction range with Glu-249 [Figure 4e]. The majority of docked
phytochemicals formed polar interactions with amino acid residues
such as Glu-89, Glu-249, His-267, and Ser-254, whereas hydrophobic
residues at the binding site included Cys-104, Cys-251, Gly-252, Ile-
268, Phe-30, Phe-32, Phe-248, and Pro-250.

3.3.MD Simulations of Proteins and Protein—Ligand Complexes

100 ns MD simulations have been used to investigate the dynamic
behavior of LdAdoMetDC and LdAdoMetDC-ligand complexes.
RMSD, RMSF, Rg, hydrogen bond, and SASA have been calculated
for the LdAAdoMetDC-ligand complexes.

3.3.1. RMSD analysis

RMSD is a commonly used metric to assess changes between
the reference structure and the structures sampled throughout the
simulation. MD simulations have been done to make sure the docked
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Figure 3: Prediction of active site amino acid residues (yellow) by
superimposing LdAdoMetDC model with the template around CID9576798
(CGP40215), inhibitor of TbAdoMetDC (5TVF).

LdAdoMetDC-phytochemical complexes which were dynamically
stable or not. The MD simulation has also been run for the known
inhibitor complexes for comparative analysis. The RMSD time
trajectory reflects the variation between a protein and ligand structure
with a reference structure over time [57]. The backbone of the docked
protein and ligands structures have been used as a reference to
generate RMSD graphs with respect to 100 ns production run time.
[ Figure 5]shows the graphically superimposed time-dependent RMSD
of LdAdoMetDC alone and LdAdoMetDC-ligand complexes. The
RMSD values of all four structures increased gradually from 0 to 40
ns with minor fluctuations. After 40 ns LdAdoMetDC-CID9576798,
LdAdoMetDC-CID442630 and LdAdoMetDC-CID44558930
complexes converge and attained stability with an average RMSD
of 0.2823, 0.2907, and 0.2865, respectively, at the end of the 100 ns
simulation run with no significant fluctuations, while LdAdoMetDC-
CID5488537 complex has been observed to rise steadily after 40 ns
and attained stability with an average RMSD of 0.3915 at the end of
100 ns MD run. However, LdAAdoMetDC alone stabilized after 23 ns of
simulation time and remained in this state for the rest of the simulation
with average RMSD value of 0.2980 nm. No significant variations
have been observed in the relative RMSD values of various complexes
except the LdAdoMetDC-CID5488537 complex. The differences in
the RMSD value of LdAdoMetDC-CID5488537 complex relative
to the RMSD of other three complexes demonstrated that the ligand
binding had an impact on the corresponding LdAdoMetDC structure.

Glu-271

Phe-3
Thr-2! &
lle-26 ) - .
Phe-248 Phe-21
Glu-%

His-267 Ser-254

Glu-271

Figure 4: Binding mode analysis (a) Superimposed binding modes of the
top three phytochemicals, CID5488537 (yellow), CID442630 (cyan), and
CID44558930 (blue) and one known inhibitor, CID9576798 (orange) at the
active site of LdAdoMetDC (b) CID5488537 showing polar contacts with
Glu-89, Glu-271 and Glu-249 (c) CID442630 showing polar contacts with Glu-
89 (d) CID44558930 showing polar contacts with Glu-249 (e) CID9576798
(orange) showing polar contacts with Cys-251, Glu-249, Gly-29, and Leu-87.
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Table 1: Binding free energy (AG) estimated with AutoDock 4.2 and interaction of phytochemicals with LdAdoMetDC predicted by PyMOL.

Phytochemicals

CID5488537

(Fagopyrine)

CID442630

(Carpaine)

CID44558930

(Anabsinthin)

CID101316729
((1R,3aR,5aR,5bS,7aS,9S,11aS,11bR,13aS,13bR)-3a, Sa, 7a,
11b, 13a-pentamethyl-8-methylidene-1- propan-2-yl-2,3.4,5,5b,
6,7,9,10,11,11a, 12,13,13b-tetradecahydro- 1H-cyclopenta[a]
chrysen-9-ol)

CID14034468

(Isomangiferolic acid)

CID3035446

(Sarsaponin)

CID14034474

(Mangiferonic acid)

CID21679023

(Withanolide G)

CID23266155
(27-Deoxywithaferin A)

CID10895555
(Dammarenediol IT)
CID160482
(Lophenol)

CID5283652
(24-methylcholesta-5,23E-dien-3beta-ol)

CID101286241
((2R,6R)-6-[(1S,3R,6S,8R,118S,12S,15R,16R)
-6-hydroxy-7,7,12,16-tetramethyl-15-
pentacyclo[9.7.0.01,3.03,8.012,16]octadecanyl]-2-methyl-3-
methylideneheptanoic acid)

CID21159864
(A-spinasterone)

CID10478550
(Arnidenediol)

AG Putative Polar
(kcal/mol) Interactions
-9.42 Glu-89, Glu-271,
Glu-249
-8.96 Glu-89
—8.66 Glu-249
-8.42 His-267, Ser-254
-8.28 Gly-29, His-267,
Leu-89
—8.28 Ile-268, Ser-254
-8.27 Tle-102, Leu-87,
Ser-91, Val-86
-7.96 Glu-89, Glu-249,
Leu-87
-7.99 Gly-29, Ser- 254
-8.24 Glu-89, Glu-271
-8.22 His-267, Ser-254,
Tyr-253
—8.03 His-267, Ser- 254
-8.04 Leu-87, His-267
—8.00 His-267
—7.98 Glu-249, Gly-29

Hydrophobic residues in 4A region
Gly-29, Phe-30, Phe-32, Phe-217, Phe-248, Pro-250
Gly-252, Ile-268, Phe-30, Phe-32, Phe-248, Pro-250

Gly-252, 1le-268, Phe-32, Phe-217, Phe-248

Gly-252, Ile-268, Phe-30, Phe-32, Phe-248, Pro-250

Gly-252, Leu-87, Phe-30, Phe-32, Phe-248, Pro-250
Gly-252, Phe-30, Phe-32, Phe-248
Gly-252, Phe-30, Phe-32, Phe-248, Pro-250
Phe-30, Phe-32, Phe-217, Phe-248, Pro-250
Gly-252, Ile-268, Phe-30, Phe-32, Phe-248, Pro-250
Gly-252, 1le-268, Phe-32, Phe-217, Phe-248, Pro-250,
Pro-270
Gly-29, Gly-252, Ile-268, Phe-30, Phe-32, Phe-248
Gly-29, Gly-252, 1le-268, Phe-30, Phe-32, Phe-248,

Pro-250,
Gly-252, Tle-268, Phe-32, Phe-248, Phe 30, Pro-250

Gly-29, Gly-252, Tle-268, Phe-30, Phe-32, Phe-248,
Pro-250

Phe-30, Phe-32, Phe-217, Phe-248, Pro-250

Table 2: Free energy of binding (AG) estimated with AutoDock 4.2 and interaction of known inhibitors with LdAdoMetDC predicted by PyMOL.

Known inhibitors AG (kcal/mol)
CID9576798 —6.75
(CGP-40215; Carbonimidic dihydrazide)

CID9576789 —6.34
(CGP-48664; Sardomozide)

CID6436013 —5.84
(MDL-73811)

CID2354 —5.95
(Berenil)

CID5351154 -5.31
(Mitoguazone)

CID4735 —4.26
(Pentamidine)

CID122092 —4.54
(MHZPA)

CID65482 -3.56

(Sinefungin)

Putative polar interactions

Glu-249, Gly-29, Leu-87
Glu-271, Leu-87

Glu-89, Glu-249, Glu-271, Leu-87
Glu-271, Ser-254, Thr-107
Cys-251, Glu-249, Glu-271,

Ile-268

Glu-89, Glu-249, Glu-271, Ile-268

Cys-251, Glu-89, Glu-249,

Glu-271

Cys-251, Glu-89, Glu-249,
Ile-268, Thr-269

Hydrophobic residues in 4A region
Gly-252, 11e-268, Phe-30, Phe-32, Phe-217, Phe-248,

Pro-250
Gly-252, Tle-268, Phe-32, Phe-248
Gly-252, His-267, 1le-268, Phe-32, Phe-248, Pro-250
Ala-71, Cys-104, Cys-251, Gly-252, Ile-268, Leu-87,
Phe-32, Phe-248, Pro-270
Gly-252, Phe-32, Phe-248, Pro-250, Pro-270
Gly-252, Phe-32, Phe-217, Phe-248, Pro-250, Ser-254

Gly-252, Ile-268, Phe-32, Phe-248, Pro-250, Pro-27

Gly-252, Phe-32, Phe-217, Phe-248, Pro-250,
Pro-270
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Figure 5: Root mean square deviation plot of LdAAdoMetDC alone (black),
LdAdoMetDC-CID5488537 (green), LdAdoMetDC-CID442630 (blue), LdAdoMetDC-
CID44558930 (orange), and LdAAdoMetDC-CID9576798 (red) complexes generated
over a 100 ns molecular dynamics simulation (*known inhibitor complex).

3.3.2. RMSF analysis

RMSF indicates the pliability of various segments of a protein and
correlates it with the B-factors observed in crystallography. The RMSF
trajectories of docked complexes have been studied. The assessment of
the stability profile has been utilized to examine the amino acid residues
that play a role in the intricate changes in structure. Greater variations
are indicated by higher RMSF values. The superimposed RMSF value
per residue for docked complexes is shown in Figure 6. The average
RMSF values for LdAdoMetDC alone, LdAdoMetDC-CID5488537,
LdAdoMetDC-CID442630, LdAdoMetDC-CID44558930,  and
LdAdoMetDC-CID9576798 complex were 0.1104 nm, 0.1710 nm,
0.1610 nm, 0.1439 nm, and 0.1560 nm, respectively. The RMSF
values of the active site residues for the LdAdoMetDC-phytochemical
complexes showed similar fluctuating patterns with those of the
known inhibitor.

3.3.3. Rg analysis

Using the R, value, the compactness and structural alterations of the
docked complexes have been evaluated. It is a measure of determining
the mass of atoms in relation to the center of mass in a complex
protein. Proteins that are folded show tight packing, whereas proteins
that are unfolded show loose packing, less stable conformation, and
larger values for the R It has been observed that throughout the MD
simulation, the Rg value of LdAdoMetDC alone and LdAdoMetDC-
ligand complexes remained mostly stable [Figure 7]. This suggests
that the binding of phytochemicals and known inhibitor do not cause
any significant structural changes to LdAdoMetDC and that it has
remained structurally stable in its complex state with these ligands.
LdAdoMetDC alone, LdAdoMetDC-CID9576798, LdAdoMetDC-
CID5488537, LdAdoMetDC-CID442630, and LdAdoMetDC-
CID44558930 complexes have shown an average R, value of 1.8902,
1.9664 nm, 1.9621 nm, 1.9521 nm, and 1.9416 nm, respectively, for
100 ns of simulation duration, which are quite close and do not exhibit
any significant differences.

3.3.4. Hydrogen bond analysis

In a subsequent analysis, the intermolecular hydrogen bond formation
has been evaluated for each of the four (one known and three
phytochemicals) complexes during the 100 ns simulation run have been
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Figure 6: Root mean square fluctions trajectories of residues for
LdAdoMetDC alone (black), LdAdoMetDC-CID5488537 (green),
LdAdoMetDC-CID442630 (blue), LdAAdoMetDC-CID44558930 (orange), and
LdAdoMetDC-CID9576798 (red) complexes (¥*known inhibitor complex).
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Figure 7: Radius of gyration (Rg) trajectories versus time graph for
LdAdoMetDC alone (black), LdAdoMetDC-CID5488537 (green),
LdAdoMetDC-CID442630 (blue), LAAdoMetDC-CID44558930 (orange), and
LdAdoMetDC-CID9576798 (red) complexes (*known inhibitor complex).

depicted in Figure 8. The intermolecular hydrogen bonds that were seen
to form in the LdAAdoMetDC-CID9576798 complex, on average were
four, with a maximum of six. Moreover, the intermolecular hydrogen
bonds in LdAAdoMetDC-CID5488537, LdAAdoMetDC-CID442630 and
LdAdoMetDC-CID44558930 complexes showed an average of two,
one and two, while a maximum of six, two, and four, respectively.

3.3.5. SASA analysis

The change in the SASA value for the LdAdoMetDC complexes
during the 100 ns simulation time is shown in Figure 9. The
superimposed plot showed that the value of SASA for the
phytochemical complexes, LdAdoMetDC-CID5488537 (162.122
+ 7.668 nm?), LdAdoMetDC-CID442630 (158.235 + 5.568 nm?),
and LdAdoMetDC-CID44558930 (158.655 + 5.988 nm?) was lower
than the value for the known inhibitor complex, LdAdoMetDC-
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CID9576798 (165.378 + 5.042 nm?) at the end of 100 ns of MD run. All
the complexes showed minor fluctuations throughout the 100 ns MD
run. Binding of phytochemicals and known inhibitor to LdAdoMetDC
caused insignificant changes in the protein during the course of the
production period of MD simulations. The results of SASA indicated
that phytochemical complexes, LdAdoMetDC-CID442630 followed
by LdAdoMetDC-CID44558930 and LdAdoMetDC-CID5488537,
were consistently more stable than known inhibitor complex,
LdAdoMetDC-CID9576798.

3.3.6. Binding free energy calculation

The MD trajectories have been utilized to determine the binding
free energy of the simulated complexes, to reaffirm the inhibitor’s
affinity that has been anticipated by the docking studies. The
MM-PBSA method has been employed to calculate the overall non-
polar, polar, and non-bonded interaction energies (which includes
van der Waals and electrostatic interactions) of each complex
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Figure 8: Hydrogen bonds trajectories versus time graph for LdAdoMetDC-
CID5488537 (green), LdAdoMetDC-CID442630 (blue), LdAdoMetDC-
CID44558930 (orange), and LdAdoMetDC-CID9576798 (red) complexes
(*known inhibitor complex).
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[Table 3]. The computed binding free energies of the phytochemicals
complexes, LdAdoMetDC-CID5488537, LdAdoMetDC-CID442630
and LdAdoMetDC-CID44558930 were -233.853, -131.805 and
-149.506 kJ/mol respectively. However, the binding free energy of
the LdAAdoMetDC-CID9576798 complex was —125.695 kJ/mol. The
binding energies determined from MD simulations are consistent with
the docking results. It has been observed that the total binding free
energies of the complexes were greatly impacted by Van Der Waals
and electrostatic interactions.

3.3.7. Analysis of residue-wise binding energy contribution
Contributions of binding energy per residue have been estimated for
all the complexes using MM-PBSA method [58]. Residues that play
a crucial role in the binding of a ligand to a protein, by contributing
binding free energy of approximately +5 kJ/mol, can be considered
as key residues [59]. The binding free energy contributions by
active site residues in the complexes are shown in Figure 10. For
the LdAdoMetDC-CID9576798 complex, it has been found that
Phe-32, Glu-89, and Phe-248 contributed energies that were above
the threshold of +5 kJ/mol, with the value of —6.6949, —5.2507, and
—6.0216 kJ/mol, respectively. In the LdAdoMetDC-CID5488537
complex, Phe-32 and Phe-248 contributed energies of —14.6285 and
—18.1273 kJ/mol, respectively. For the LdAdoMetDC-CID442630
complex, Phe32, Glu-89, and Glu-271 were shown to contribute
energy above the threshold of +5 kJ/mol with values of —7.0677,
—12.591, and —5.1948 kJ/mol, respectively. In the LdAdoMetDC-
CID44558930 complex, Glu-89 and Phe-248 were the residues that
contribute the energy over the threshold of +5 kJ/mol, with an energy
value of —11.1276 and —8.6428 kJ/mol.

3.4. Drug-Likeness and ADME Analysis

Physicochemical properties have been summed up using SwissADME
in Table 4 to assess the drug-likeness of the studied phytochemicals.
CID442630 and CID44558930 followed all the Lipinski’s Rule
parameters as well as Veber rule parameters whilst CID5488537
violated two parameters of Lipinski rule as well as one parameter of
Veber rule as it has molecular weight of 670.71 g/mol, 8 hydrogen
bond donors, and TPSA of 179.58 A2 Thus, CID5488537 has been
predicted to have poor bioavailability as well as cell membrane
permeability.

I LdAdoMetDC-CID5488537 Complex [l LdAdoMetDC-CID442630 Complex
[l LdAdoMetDC-CID44558930 Complex [l LdAdoMetDC-CID9576798 Complex*
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Figure 9: Superimposed SASA trajectories versus time graph for
LdAdoMetDC alone (black), LdAdoMetDC-CID5488537 (green),
LdAdoMetDC-CID442630 (blue), LdAAdoMetDC-CID44558930 (orange), and
LdAdoMetDC-CID9576798 (red) complexes (*known inhibitor complex).

Figure 10: Binding free energy (AG) contribution from the active site residues
for LdAAdoMetDC -CID5488537 (green), LdAdoMetDC-CID442630 (blue),
LdAdoMetDC-CID44558930 (orange), and LdAdoMetDC-CID9576798 (red)
complexes (¥*known inhibitor complex).



226 Arya, et al.: Journal of Applied Biology & Biotechnology 2024;12(1):219-228

Table 3: Components of binding free Energy (kJ/mol) for the top three phytochemical complexes and one known inhibitor complex.

Energies in (kJ/mol) LdAdoMetDC-CID5488537 LdAdoMetDC-CID442630 LdAdoMetDC-CID44558930 LdAdoMetDC-CID9576798*
Van Der Waal energy —257.548 —155.105 —179.090 —148.031
Electrostattic energy =7.737 —25.784 —26.886 —3.168

Polar solvation energy 54.104 69.327 73.699 41.412

Nonpolar solvation energy —22.669 —20.251 -17.218 —15.969

Binding free energy total (AG) —233.853 —131.805 —149.506 —125.695

*Known inhibitor

Table 4: Physicochemical properties of top docked phytochemicals predicted by SwissADME.

Phytochemicals LogP Molecular weight g/mol H-bond acceptors H-bond donors Rotatable bonds TPSA (A?)
CID5488537 1.61 670.71 10 8 2 179.58
CID442630 3.75 478.71 2 0 76.66
CID44558930 4.04 496.64 1 0 82.06

4. CONCLUSIONS

In the presented work, the interactions of phytochemicals from
the plants with antileishmanial activities have been explored by
molecular docking and MD simulation studies. It has been found that
CID5488537, CID442630, and CID44558930 exhibit the best binding
affinities in molecular docking studies. CID5488537, CID442630, and
CID44558930 belong to medicinal plants, Fagopyrum esculentum
(Buckwheat), Carica papaya (Papaya), and Artemisia absinthium
(Wormwood), respectively [60-62]. MD simulations have been
performed to analyze the stability of LdAdoMetDC-phytochemical
complexes and compared with that of LdAdoMetDC known inhibitor
complex. MD results demonstrated stable RMSD, RMSF, Rg, and
SASA for docked LdAdoMetDC complexes. Further, hydrogen bond
analysis has been employed to evaluate the protein-ligand interactions,
and binding free energy has been calculated to determine the binding
affinity based on MD trajectories. CID5488537, CID442630, and
CID44558930 exhibited better binding free energy in comparison to
known inhibitor (CID9576798) calculated by MM-PBSA method.
It has also been observed that Van Der Waals interactions made
significant contributions in binding free energies of the docked
complexes. Furthermore, these molecules might function as potential
lead molecules for the development of potential LdAdoMetDC
inhibitors.
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