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Outbreaks of Monkeypox (mpox) in over 100 non-endemic countries in 2022 represented a serious global
health concern. Once a neglected disease, mpox has become a global public health issue. A42R profilin-
like protein from mpox (PDB ID: 4QWO) represents a potential new lead for drug development and may
interact with various synthetic and natural compounds. In this report, the interaction of A42R profilin-
like protein with six phytochemicals found in the medicinal plant Ficus religiosa (abundant in India)
was examined. Based on the predicted and compared protein–ligand binding energies, biological proper-
ties, IC50 values and toxicity, two compounds, kaempferol (C-1) and piperine (C-4), were selected. ADMET
characteristics and quantitative structure–activity relationship (QSAR) of these two compounds were
determined, and molecular dynamics (MD) simulations were performed. In silico examination of the
kaempferol (C-1) and piperine (C-4) interactions with A42R profilin-like protein gave best-pose ligand-
binding energies of –6.98 and –5.57 kcal/mol, respectively. The predicted IC50 of C-1 was 7.63 lM and
82 lM for C-4. Toxicity data indicated that kaempferol and piperine are non-mutagenic, and the QSAR
data revealed that piperlongumine (5.92) and piperine (5.25) had higher log P values than the other com-
pounds examined. MD simulations of A42R profilin-like protein in complex with C-1 and C-4 were per-
formed to examine the stability of the ligand–protein interactions. As/C and C-4 showed the highest
affinity and activities, they may be suitable lead candidates for developing mpox therapeutic drugs.
This study should facilitate discovering and synthesizing innovative therapeutics to address other infec-
tious diseases.
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1. Introduction

Monkeypox (mpox) is caused by the mpox virus, a member of
the Poxviridae family and genus Orthopoxvirus.1 Mpox is a
neglected disease primarily endemic to Central and West Africa
that emerged in over 100 non-endemic countries in 2022 through
community transmission, possibly arising from the endemic coun-
tries.2 Considering its global spread, the WHO declared mpox a
public health emergency of international concern on 23 July
2022.3 West and Central Africa (Congo basin) are the two known
mpox clades, the latter being more infectious with high transmis-
sibility.4 The Central African clade is Type I, and the West African
Clade is Type II (with IIa and IIb as two sub-clades). Mpox genomes
identified from the 2022 outbreak belong to type II.5,6

Infection of the present mpox outbreak was mainly sexually
transmitted.7–9 The virus reached this group via various unclear
mechanisms and subsequently circulated among it. Mpox not only
circulates among men having sex with men but is becoming a glo-
bal threat that infects all individuals. Children and immunocom-
promised are typically at risk and prone to disease severity,10

with further validation recommended, especially among children.
Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2)
remains a major global concern. Both SARS-CoV-2 and mpox pri-
marily spread and transmit through air-borne droplets. Both may
infect simultaneously, which may cause difficulty in the correct
diagnosis because their initial symptoms of fever, lymphadenopa-
thy, headache, sore throat and fatigue are similar.11,12 Furthermore,
mpox and STI may also be misdiagnosed because of similar initial
symptoms. Nolasco et al. (2022) have also documented the clinical
features of a 36-year-old Italian male co-infected with mpox, SARS-
CoV-2 and HIV-1.12 These changing patterns in the spread of mpox
are an increasing public health concern that draws attention.13

The antiviral tecovirimat is used to treat smallpox and is also
recommended for treating mpox.14 Brincidofovir, cidofovir and
vaccinia immunoglobulin intravenous are other valuable antivirals
to treat critical cases, e.g., individuals that are pregnant, breast-
feeding, elderly and immunocompromised.14–17 Several neurologi-
cal complications like headache, myalgia, encephalitis and coma
were reported with the recommended vaccines for preventing
mpox.18 Psychiatric complications like anxiety and depression
were also reported but with no direct causality. No vaccine
afforded 100 % protection, and the efficacy of the available mpox
vaccines, JYNNEOSTM and ACAM2000, has been questioned.19

Moreover, continuous emerging mpox outbreaks in African coun-
tries (e.g., Democratic Republic of the Congo) demonstrate that
current vaccines and antiviral regimens are inadequate.

Mpox vaccine development is challenging because of numerous
reasons. The process of developing a vaccine is costly and time-
consuming. Searching for alternatives, such as developing novel
drugs, appears prudent. Thus, combined in silico studies and
in vitro assays on drug stability and activity should facilitate the
development of effective inhibitors against mpox. Molecular dock-
ing is a computational strategy to predict drug binding sites and
assist drug repositioning for several diseases, and this strategy plays
an important role in designing novel drugs. Identifying a novel
chemical scaffold with the potential to inhibit pathogenicity-
associated biological targets in silico is a promising approach.20–23

There is an urgent need to identify and develop new therapeu-
tics against MXPV. Ghate et al. (2024) investigated 5715 phyto-
chemicals from the IMMPAT database as potent inhibitors
through molecular docking against six MPXV targets, rifampicin
resistance protein (D13L), thymidylate kinase (A48R), DNA ligase
(A50R), viral core cysteine proteinase (I7L), palmytilated EEVmem-
brane protein (F13L) and DNA polymerase (E9L).24 The best-
performing phytochemicals were forsythiaside, theasinensin F,
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ruberythric acid, isocinchophyllamine, theasinensin A and terche-
bin for inhibiting the activity of A48R, D13L, A50R, I7L, F13L and
E9L, respectively. The binding energies of these compounds were
far lower than brincidofovir and tecovirimat (standard drugs). A
series of natural plant-based biomolecules were investigated in
another study to find the most potent inhibitors of MPXV, reveal-
ing that dieckol and amentoflavone exhibited high potency with
excellent drug-likeness properties with no toxicity.25 Molecular
dynamics (MD) simulations and MM/PBSA techniques confirmed
the strong binding affinities of both biomolecules. Six hundred
and nine (limonoids, triterpenoids and polyphenols) phytochemi-
cals downloaded from PubChem, ChemSpider and ChEBI databases
were virtually screened,26 revealing that apigenin-7-O-glucuronide
and glycyrrhizinic acid inhibit MPXV DNA polymerase activity and
represent lead phytochemicals.

Virtual screening was also performed using 1755 FDA-approved
small molecule drugs to probe molecular interactions against
mpox DdRp.27 Lumacaftor (–11.7 kcal/mol), betulinic acid
(–11.6 kcal/mol), conivaptan (–11.7 kcal/mol), imatinib
(–11.2 kcal/mol) and fluspirilene (–11.3 kcal/mol) ranked highest
as drug compounds interacting with mpox DdRp.27 MD simula-
tions (200 ns) with principal component analysis (PCA) were per-
formed to understand the interaction patterns. Sahoo et al.
(2023) identified tipranavir, doxorubicin, cefderocol and dolute-
gravir as potential inhibitor candidates in an in silico study using
molecular docking and MD simulations to repurpose these four
drugs against MPXV.28

Patel et al. (2023) qualified Elvitegravir as a potential MPXV
inhibitor through an AI-based compound-viral proteins interaction
framework.29 Bansal et al. (2022) screened Allophylus serratus phy-
tochemicals against core cysteine proteases of MPXV.30 N-(2-Allyl
carbamoyl-4-chloro-phenyl)-3,4-dimethoxy-benzamide showed
the highest binding affinity (–6.7 kcal/mol) among all phytocom-
pounds examined; however, further investigation is required.
Gulati et al. (2023) used molecular docking to identify phytochem-
icals silibinin, oleanolic acid and ursolic acid as having strong bind-
ing affinity against three envelope proteins (A26, D13 and H3) of
MPXV.31 The stability of the interaction was further confirmed by
MD simulations and MM/PBSA calculations. Patel et al. (2023)
screened potent anti-viral phytochemical inhibitors against thymi-
dine kinase (TK) and serine/threonine protein kinase (Ser/Thr
kinase), which play a critical role in MPXV replication and viru-
lence, showing that galanthamine had appreciable binding affinity
to TK and thalimonine to Ser/Thr kinase.32 MD simulations showed
decent stability of both protein–ligand (P-L) complexes.
CHEMBL32926 and CHEMBL4861364, obtained from the ChEMBL
database, were identified as two potential inhibitors of a core
MPXV cysteine proteinase.33 In this study, Imran et al. (2023)
found respective docking scores of –10.7 and –10.9 kcal/mol
and binding free energy ranges of –9.25 to –9.65 kcal/mol
and –31.47 to –41.66 kcal/mol for these anti-dengue compounds.33

Although the proteome of the mpox virus is essentially
unknown, Minasov et al. (2022) reported a 1.52 Å resolution crys-
tal structure of mpox protein A42R for the first time.34 A42R regu-
lates actin cytoskeleton assembly and has a structure like profilins.
The profilin-like A42R (PDB ID: 4QWO; a small actin-binding pro-
tein involved in cell development, cytokinesis, membrane traffick-
ing and cell motility) of the Zaire-96-I-16 mpox virus strain was
inhibited by designing a targeted drug.35,36 One of these studies
also suggested that the natural biomolecule glycocin F is effective
against A42R and has broad-spectrum antiviral potential.36 A total
of 56 bioactive compounds were evaluated recently through
molecular docking for their efficacy against a mpox profilin-like
protein.37 This mpox profilin-like protein plays a key role in viral
replication and assembly. Curcumin was found to show the stron-
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gest binding affinity, followed by gedunin, piperine and coumadin.
ADMET assessment showed that these four compounds had no
adverse side effects.

Ficus, particularly F. religiosa, is commonly found in Asian
countries. Chemical analyses revealed that this plant contains
many phytoconstituents of pharmaceutical value and biological
(antimicrobial, antioxidant, anti-inflammatory, antidiabetic,
anticancer, anti-proliferative, antimutagenic, anti-helminthic and
immunomodulatory) properties.38,39 Kaempferol (C-1),
methylpiperate (C-2), myricetin (C-3), piperine (C-4), piperlongu-
mine (C-5) and quercetin (C-6) phytochemicals of F. religiosa were
selected in this study as potential novel therapeutics to treat mpox
(Fig. 1). We report the in silico binding interaction of these phyto-
chemicals against MPXV through MD simulations. QSAR, pharma-
cokinetic and drug-likeness predictions are also reported. The
study provides information on potential bioactive natural drug
candidates that can be used to formulate adjuvant therapy against
MPXV.
2. Materials and methods

2.1. Molecular docking and MM/GBSA calculations

Before proceeding with flexible P-L molecular docking, hydro-
gen atoms were added to the protein and optimized by removing
atomic clashes. The ligands were retrieved (in.sdf format) from
PubChem. The 3D structures of the ligands were geometrically
optimized at pH 7.4 using the MM approach of the open-source
YASARA minimization server with the YASARA force field
module.40 The ligands and the protein were saved as.pdbqt files.
Attributes like Kollman charges, solvation parameters, polar hydro-
gens and fragmental volumes were adjusted using the AutoDock
tools. The Auto grid engine was used to make a grid box around
the binding site of the protein. A 25 � 25 � 25 Å size grid box
was prepared with 0.375 Å grid point spacing. Other docking
parameters were set at the default values in both programs. The
protein and ligands were flexible during the docking procedure.
Furthermore, the ligands with the lowest docking score and the
best pose binding energy value were further analyzed.

The binding affinities of the six selected phytochemicals were
computed by receptor-oriented molecular docking with AutoDock
Vina (open-source) software.41–43 The recently reported 1.52 Å res-
olution crystal structure of the A42R profilin-like protein of mpox
Fig. 1. The structure of the six F. religiosa-extr
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virus (PDB ID: 4QWO) was sourced from the PDB (https://www.
rcsb.org/structure/4qwo).34 The phytochemicals were allowed to
interact with this mpox protein, and interactions were visualized
using Discovery Studio 3.5. The protein structure facilitated the
next level of investigation for leads against mpox.

The prime molecular mechanics generalized born and surface
area (MM/GBSA) free energy was computed using the prime
energy force field OPLS3e (Schrödinger-Maestro v2020).44 The free
binding energy was calculated using the equation:

DG bindð Þ ¼ Ecomplex minimizedð Þ � Eligand minimizedð Þ
þ Ereceptor minimizedð Þ ð1Þ
2.2. ADMET and drug-likeness predictions

The ADMET (absorption, distribution, metabolism, excretion
and toxicity) pharmacokinetics and the drug-likeness values of
the six selected compounds were computed. These were analyzed
in silico using SwissADME (https://www.swissadme.ch/).45 The
toxicity was assessed using pkCSM (https://biosig.unimelb.edu.
au/pkcsm/).46

2.3. IC50 prediction

The inhibition potential of a ligand to a biological function is
measured by half of the maximum inhibitory concentration (i.e.,
IC50). The IC50 values of the test ligands were predicted using Auto-
Dock v4.2.47 The Lamarkian Genetic Algorithm (LGA) with default
x, y and z parameters within 126 Å was chosen, and cluster analysis
was performed to obtain the binding energy with IC50 values for
the docking forms.48

2.4. Molecular dynamics simulation

MD simulations were performed to determine the stability of
the P-L complexes. MD simulations of A42R profilin-like protein
in complex with C1 and C4 were carried out using the Desmond
module of the Schrödinger 2020 release. The system was estab-
lished using the system builder panel of Desmond before proceed-
ing with dynamics simulations. Solvation of the P-L complexes was
carried out using a TIP3P water model (12 Å buffer-spaced three-
dimensional) cube box and a 12 � 12 � 12 Å3 dimension
orthorhombic box. Suitable counter ions were added to maintain
acted chemical compounds investigated.

https://www.rcsb.org/structure/4qwo
https://www.rcsb.org/structure/4qwo
https://www.swissadme.ch/
https://biosig.unimelb.edu.au/pkcsm/
https://biosig.unimelb.edu.au/pkcsm/
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neutrality. 0.15 M NaCl was added to maintain the ionic concentra-
tion. The OPLS_2005 force field was used to minimize the energy of
the system, applying the steepest descent technique of 10,000
steps with 0–300 K gradual heating in the NVT ensemble. Nose-
Hoover chain thermostat and Martyna-Tobias-Klein barostat (re-
laxing pressure for five ns) techniques were performed before each
MD production run. Five hundred nanosecond production runs
were carried out under the NPT ensemble using a 12 Å cut-off dis-
tance as the system relaxed. The generated 5000 trajectories were
saved at 10 ps time-lapses.

3. Results and discussion

3.1. Molecular docking and MM/GBSA binding free energy calculations

We used AutoDock vina for molecular docking to predict the
binding interactions between the A42R profilin-like protein and
the selected phytochemicals. The six phytochemicals, with GLY
A46, GLU A47, PRO A50, LEU A51, ASN A54, ILE A57, LEU A58,
LYS A59, PRO A60 and LEU A61 as common amino acid residues,
bound to the ligand binding pocket of A42R profilin-like protein.
Residues in the active site were predicted using the SCFBio server
(https://www.scfbio-iitd.res.in/dock/ActiveSite.jsp). In this study,
tecovirimat, a known compound against mpox viral proteins, inter-
acts with the identical active site residues with a binding energy of
–8.4 kcal/mol.35 The binding free energies (best-pose docking
scores) were between –5.57 and –6.98 kcal/mol for the six com-
pounds, with kaempferol (C-1) binding yielding the lowest and
piperine (C-4) binding yielding the highest values. Tables 1 and 2
detail these interactions. The predicted IC50 value for piperine
was the lowest (7.63 lM) (Table 1). However, the IC50 of all com-
pounds was within the 100 lM permissible concentration.

Mashud et al. (2023) suggested that kaempferol-o-rhamnoside
derivatives display anti-viral behavior against mpox.49 Piperine is
a well-known compound often used along with black pepper.
Kaempferol (C-1) and piperine (C-4) were selected based on the
binding energy results, predicted IC50, ADMET data and literature,
and MD simulations were performed. The MM/GBSA calculations
reflected the binding free energy of the ligands with the protein.
The calculated MM/GBSA DG binding free energy for C-1 and C-4
was –33.8234 and –37.3914 kcal/mol, respectively.

3.2. Molecular dynamics simulations

Molecular docking of kaempferol (C-1) and piperine (C-4) with
A42R profilin-like protein was determined, yielding the highest
binding energy, lowest predicted IC50 and best ADMET properties.
Thus, C-1 and C-4 were selected for MD simulations. MD simula-
tions (500 ns) were undertaken to characterize the kaempferol-
A42R and Piperine-A42R complexes. The RMSD and RMSF values
were determined using the MD simulations. The consistency of
Table 1
Docking values of the phytochemicals with the A42R profilin-like protein.

Target protein Compound Binding
energy
(kcal/mol)

Predicted IC50

values (lM)

A42R profilin-like mpox
protein (PDB ID:
4QWO)

C-1:
Kaempferol

�5.57 82.56

C-2:
Methylpiperate

�6.07 35.26

C-3: Myricetin �5.73 63.10
C-4: Piperine �6.98 7.63
C-5:
Piperlongumine

�6.59 14.75

C-6: Quercetin �5.64 74.00
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the complexes was examined by computing the total energy (E),
potential energy (Ep), temperature (T), pressure (P) and volume (V).

3.2.1. Protein RMSD
The constancy of the ligand–protein interactions was confirmed

by performing MD simulations of the kaempferol-A42R profilin-
like protein and piperine-A42R profilin-like protein complexes, as
per earlier reports.50–53 The RMSD and RMSF values of the
MD-simulated complexes were analyzed (Fig. 2). The RMSD of
kaempferol and piperine reached a maximum of 2.0 and 2.8 Å,
respectively, during the simulations, suggesting the complexes
were stable. The RMSD stabilized during the process after initial
fluctuations. The kaempferol-A42R profilin-like protein complex
was stable during the simulation because the ligand achieved a
maximum (i.e., 2 Å) RMSD that gradually decreased and reached
an equilibrium < 1.5 Å. Initially fluctuating up to 250 ns with
respect to the protein, the RMSD of the ligand reached a maximum
of 54 Å at 90 ns and remained stable up to 500 ns, suggesting a dis-
placement and reorientation of the ligand during the simulation.
The piperine-A42R profilin-like protein complex adopted a stable
conformation as the ligand achieved a maximum (2.8 Å) RMSD that
gradually decreased and reached equilibrium at <2.4 Å during the
simulation. Initially fluctuating with respect to the protein, the
RMSD ligand reached 64 Å at 200 ns and stabilized thereafter,
suggesting a displacement and reorientation of the ligand during
the simulation. The maximum RMSF was 2.2 Å (kaempferol)
and 4.8 Å (piperine) at the binding site (Fig. 2b, d); a deviation of
1–3 Å is acceptable for small globular proteins. The green vertical
bars in Fig. 2b, d indicate amino acid residues that interact with
the ligand and are involved in ligand binding. The RMSF values
for the ligand provide insights into the entropy of the P-L complex.

3.2.2. Ligand properties
The RMSD, the molecular (MolSA), polar (PSA) and solvent

accessible (SASA) surface areas, and the radius of gyration (rGyr)
ligand properties were computed and analyzed. Initially fluctuat-
ing from 0.0–1.5 Å (kaempferol-A42R profilin-like protein), the
RMSD of the ligand gradually reached equilibrium at approxi-
mately 1.0 Å (Fig. 3). The rGyr value ranged between 3.2 and
3.6 Å and gradually attained equilibrium at 3.4 Å (Fig. 3). The
MolSA remained between 244 and 256 Å2, equilibrating at
248 Å2 and remaining nearly constant throughout the simulation.
The PSA also reached equilibrium and remained constant, ranging
from 220–250 Å2 with equilibrium at 235 Å2. Intramolecular
H-bonds ranged between 0 and 1, and SASA ranged between 150
and 450 Å2, fluctuating slightly to 250 ns and gradually approach-
ing equilibrium at �250 Å2. In the piperine-A42R profilin-like pro-
tein complex, the RMSD of the ligand reached equilibrium at
�1.0 Å, fluctuating between 0.0 and 1.5 Å (Fig. 4). The rGyr value
ranged between 4.4 and 5.0 Å, gradually attaining an equilibrium
at 4.6 Å (Fig. 4). The MolSA remained between 288 and 296 Å2,
reaching an equilibrium at 292 Å2 and remaining essentially con-
stant throughout. The PSA ranged from 72–84 Å2 with an equilib-
rium at 78 Å2, and no intramolecular H-bonds were observed. The
SASA ranged between 150 and 450 Å2, fluctuating slightly up to
200 ns and gradually approaching an equilibrium at �250 Å2. Sim-
ilar trends were observed for all tested ligand properties with min-
imal initial fluctuations, gradually reaching equilibrium and
remaining constant. The results confirmed the stability of the P-L
interaction.

3.2.3. Protein-ligand (P-L) contacts
The P-L contact stability of C1- and C4-A42R profilin-like pro-

tein complexes were analyzed (Figs. 5 and 6) following the proto-
col of Dariya and Nagaraju (2020).54 Water bridges, ionic,
hydrophobic and H-bonding are typical P-L interactions. H-

https://www.scfbio-iitd.res.in/dock/ActiveSite.jsp


Table 2
2D and 3D interactions of phytochemicals with the A42R profilin-like protein.

Ligands with 4QWO_Ligand_2D_Interactions 4QWO_Ligand_3D_Interactions

Kaempferol
(C-1)

Methylpiperate
(C-2)

Myricetin
(C-3)

Piperine
(C-4)

Piperlongumine
(C-5)

(continued on next page)
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Table 2 (continued)

Ligands with 4QWO_Ligand_2D_Interactions 4QWO_Ligand_3D_Interactions

Quercetin
(C-6)

Fig. 2. The protein–ligand RMSD and RMSF trajectories of kaempferol (C-1; a,b) and piperine (C-4; c,d).
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bonding is crucial in designing and developing drugs because these
non-covalent interactions are critical for ligand binding. The con-
structed histograms revealed that TYR 25, LYS 26, THR 27, LYS
29, LEU 51, ILE 52, THR 53, ASN 54, HIS 55, ASN 56, ILE 57, LEU
58, VAL 69, TYR 70, THR 71, ASN 72, SER 73, LEU 74, MSE 75, ASP
76, GLU 77, GLU 83, GLY 87, VAL 91, ARG 115, TYR 118, ARG 119,
ARG 122 and ASP 123 at the active site of A42R profilin-like protein
formed H-bonds with C-1 (kaempferol). TYR 25, LYS 29, ILE 52, HIS
55, LEU 58, ILE 68, VAL 69, TYR 70, VAL 91, ARG 98, PRO 110, ARG
114, ARG 115 and TYR 118 of A42R profilin-like protein mainly
formed hydrophobic interactions with C-1 (Fig. 5). TYR 25, LYS
26, LYS 29, GLU 47, LEU 51, ILE 52, THR 53, ASN 54, HIS 55, ASN
56, ILE 57, LEU 58, LYS 59, VAL 69, TYR 70, THR 71, ASN 72, SER
73, MSE 75, ASP 76, GLU 77, ASN 78, THR 79, GLU 83, GLY 87,
162
VAL 91, ARG 98, HIS 100, PRO 110, THR 111, THR 112, ARG 114,
ARG 115, TYR 118, ARG 119, ARG 122 and ASP 123 of A42R
profilin-like protein interacted with the C-1 ligand via water
bridges, whereas LYS 59, TYR 70, THR 71 and ARG 119 formed ionic
interactions with the C-1 ligand.

HIS 5, LYS 26, ASN 30, VAL 31, ALA 34, ASN 37, THR 53, ASN 54,
ASN 56, LEU 58, LYS 59, LEU 61, GLY 63, GLN 64, TYR 118 and ARG
129 of A42R profilin-like protein formed H-bonds with the C-4
ligand (piperine), whereas TRP 4, HIS 5, TYR 25, VAL 31, LEU 32,
PRO 36, ALA 41, ILE 43, PRO 45, ILE 49, PRO 50, LEU 51, ILE 52,
HIS 55, ILE 57, PRO 60, LEU 61, ILE 62, PHE 66, TYR 88 and ARG
129 mainly formed hydrophobic interactions with the C-4 ligand
(Fig. 6). HIS 5, TYR 25, LYS 26, THR 27, THR 28, LYS 29, ASN 30,
VAL 31, LEU 32, ALA 34, ASN 37, ALA 41, ILE 43, ASN 44, GLY 46,



Fig. 3. The ligand property trajectories for the C-1–A42R profilin-like protein complex.

Fig. 4. The ligand property trajectories for the C-4–A42R profilin-like protein complex.
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GLU 47, THR 53, ASN 54, HIS 55, ASN 56, LEU 58, LYS 59, LEU 61,
GLY 63, GLN 64, ASN 72, SER 73, MSE 75, ASP 76, GLU 77,
TYR 80, TYR 88, ALA 89, ARG 129 and ALA 130 interacted with
the C-4 ligand through water bridges, whereas the ligand formed
no ionic interactions with residues of A42R profilin-like protein
(Fig. 6).

The number of contacts for A42R profilin-like protein during the
trajectory varied between 0 and 6. The amino acid contribution in
trajectory frames was analyzed from the viewpoint of the P-L inter-
action. Thick bands were observed for the C-1–A42R profilin-like
protein complex for HIS 55, ILE 57, LEU 58, VAL 69, TYR 70, THR
71 and ASN 72, and TRP 4, HIS 5 and ALA 34 residues in the C-4–
A42R profilin-like protein complex, suggesting more interactions
of the above-cited amino acid residues in all possible orientations
with the ligands.
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3.3. Secondary structure analysis

The a-helical (red) and b-strand (blue) characteristics of A42R
profilin-like protein are shown in Fig. 7. The secondary structure
region for kaempferol (C-1) covered over 47.07 % of the entire
simulation, and for piperine (C-4), the secondary structure region
covered over 45.34 %. The upper half of the plot (Fig. 7) reports
the SSE distribution by residue index in the protein structure,
and the bottom panel summarizes the SSE composition for each
trajectory frame during the simulations.
3.4. Physicochemical properties

Physicochemical properties, as a part of the QSAR analysis, pre-
dict the characteristics, reactivity and activity of test compounds.



Fig. 5. Protein-ligand contact plots for the C-1–A42R profilin-like protein complex.
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We used HyperChem Professional 8.0.3 software for obtaining
these properties. The molecular mechanical (MM+) force field
and parametric method 3 (PM3, semi-empirical) techniques were
used to optimize the structure and Fletcher-Reeves conjugate gra-
dient algorithm so that the energy of ligands was minimized. C-5
returned a higher log P value (5.92) than the other compounds
examined. Compounds C1, C2 and C4 also showed appreciable
log P values. The measure of log P provides a clear idea of the
164
bioactivity of a test compound, with cell membrane permeation
representing the most important function.55 The calculated volume
and molar refractivity of C-5 were significantly higher than other
compounds. This result indicated that C-5 had a greater potential
to interact with biological targets such as enzymes and receptors
because of the greater volume and molar refractivity. Other impor-
tant physical features of the listed substances were also computed
to obtain information about their activity (Table 3).



Fig. 6. Protein-ligand contact plots for C-4–A42R profilin-like protein complex.
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3.5. Predicting ADMET and drug-likeness properties

Inhibition parameters alone do not qualify a drug as a potential
candidate, with ADMET and drug-likeness scores also required for
a rational decision on the bio-suitability of a potential drug candi-
date. The pharmacokinetics, drug-likeness properties and IC50 of
the test compounds were investigated by in silico molecular
docking.
165
ADMET properties (Table 4) were assessed by considering
parameters such as gastrointestinal (GI) absorption, skin perme-
ation (log Kp), P glycoprotein (Pgp) inhibition, blood–brain barrier
(BBB) and cytochrome (CYP). The predicted values showed that all
compounds except myricetin (C-3) had high GI absorption. The
generated boiled egg graph (Fig. 8) indicated that piperine (C-4),
methylpiperate (C-2), and piperlongumine (C-5) remained in the
yellow zone. The log Kp value predicted that the test molecules



Fig. 7. Secondary structure analysis of A42R profilin-like protein in complex with (A) kaempferol (C-1) and (B) piperine (C-4).

Table 3
QSAR assessment of optimised compounds.

Physical characteristics C-1: Kaempferol C-2: Methyl piperate C-3: Myricetin C-4: Piperine C-5: Piperlongumine C-6: Quercetin

Surface area (Approx) (Å2) 380.91 456.02 398.27 489.68 559.20 388.23
Surface area (Grid) (Å2) 478.79 475.53 493.66 454.22 591.46 485.96
Volume (Å3) 774.17 739.99 810.06 904.65 971.48 791.18
Hydration energy (kcal/mole) �29.69 �10.73 �41.04 �6.87 �7.89 �35.68
Log P 4.40 4.39 4.05 5.25 5.92 4.22
Refractivity (Å3) 18.04 22.99 20.81 42.11 43.57 19.22
Polarisability (Å3) 27.90 24.12 29.18 31.40 32.89 28.54
Mass (amu) 286.24 232.24 318.24 285.34 317.34 302.24
Total energy (kcal/mol) 8.78886 16.3107 9.44994 23.9282 13.9124 9.71479
Dipole moment (Debye) 1.638 0.2963 3.456 0.5324 0.3267 2.482
Free energy (kcal/mol) 8.78886 16.3107 9.44994 23.9282 13.9124 9.71479
RMS gradient (kcal/ Å mol) 0.09854 0.09275 0.09028 0.0965 0.09399 0.08983
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had low skin permeation (Table 4) but passively permeated the
BBB (Fig. 8).

Table 5 lists the drug-like behavior of the test phytocompounds
(C-1 to C-6). All compounds, except myricetin (C-3), possessed zero
Lipinski, Ghose, Veber and Egan violations. BBB crossing, as an
important parameter, was explained by the topological polar sur-
face area (TPSA) value that ranged between 20 and 130 Å2.56 The
values were within an acceptable range for all compounds except
myricetin (C-3) and quercetin (C-6), with piperine (C-4) returning
the lowest (38.77 Å2) value (Table 5). The Consensus log P value
was within the permissive limit of <6 for all compounds.

In silico toxicity assessment of the compounds using the pkSCM
server indicated no compound was toxic (Table 6). The AMES val-
Table 4
ADME properties of the compounds.

Compound GI absorption BBB
permeantion

Pgp
substrate

CY
in

Kaempferol (C-1) High No No Ye
Methyl piperate (C-2) High Yes No Ye
Myricetin (C-3) Low No No Ye
Piperine (C-4) High Yes No Ye
Piperlongumine (C-5) High Yes No No
Quercetin (C-6) High No No Ye
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ues of kaempferol and piperine were negative, indicating that both
were non-mutagenic. Additionally, neither compound was an
hERG I/II inhibitor, indicating that the molecules prohibited long
QT syndrome, which led to cardiac signaling disorder. The LD50 val-
ues of the compounds were comparable. There was a difference in
the LOAEL values. Piperine had a LOAEL value of 1.742, and the
value for kaempferol was 2.505. Although piperine showed a hep-
atotoxicity trait, it was established that a calculated restricted
amount was permissible. Based on the toxicity, piperine was a
slightly more suitable drug candidate than kaempferol. Overall,
data analysis showed that piperine (C-4) is a potential candidate
for treating mpox, with further validation of the findings
required.
P1A2
hibitor

CYP2C19
inhibitor

CYP2C9
inhibitor

CYP2D6
inhibitor

CYP3A4
inhibitor

log Kp
(cm/s)

s No No Yes Yes �6.7
s Yes Yes No No �5.9
s No No No Yes �7.4
s Yes Yes No No �5.58

No No No No �6.77
s No No Yes Yes �7.05



Fig. 8. Generated boiled egg graph for (C-1–C-6) test phytocompounds as drug candidates.

Table 5
Drug-likeness properties of the compounds.

Compound MW
(g/mol)

Rotatable
bonds

H-bond
acceptors

H-bond
donors

TPSA (Å2) Consensus
Log P

Lipinski
violations

Ghose
violations

Veber
violations

Egan
violations

Muegge
violations

Bioavailability
Score

Synthetic
Accessibility

Kaempferol (C-1) 286.24 1 6 4 111.13 1.58 0 0 0 0 0 0.55 3.14
Methyl piperate (C-2) 232.23 4 4 0 44.76 2.62 0 0 0 0 0 0.55 2.89
Myricetin (C-3) 318.24 1 8 6 151.59 0.79 1 0 1 1 2 0.55 3.27
Piperine (C-4) 285.34 4 3 0 38.77 3.03 0 0 0 0 0 0.55 3.23
Piperlongumine (C-5) 317.34 6 5 0 65.07 1.96 0 0 0 0 0 0.55 3.18
Quercetin (C-6) 302.24 1 7 5 131.36 1.23 0 0 0 0 0 0.55 3.23

Table 6
Toxicity data of the six selected phytocompounds.

Compound AMES
toxicity

Max.
tolerated
dose (human)

hERG I
inhibitor

hERG II
inhibitor

Oral Rat Acute
Toxicity (LD50)

Oral Rat Chronic
Toxicity (LOAEL)

Hepato-
toxicity

Skin
sensitivity

T. pyriformis
toxicity

Minnow
toxicity

Kaempferol (C-1) No 0.531 No No 2.449 2.505 No No 0.312 2.885
Methyl piperate (C-2) No 0.494 No No 2.073 1.673 No No 1.349 0.46
Myricetin (C-3) No 0.822 No No 2.784 2.775 No No 0.287 2.717
Piperine (C-4) No �0.516 No No 2.493 1.754 Yes No 1.931 1.202
Piperlongumine (C-5) No 0.451 No No 2.424 1.538 No No 1.055 1.415
Quercetin (C-6) No 0.775 No No 2.607 2.464 No No 0.335 1.957
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4. Limitations and challenges

This study considered only one mpox protein (which was
analyzed in greater detail) and ascertained the interaction of this
protein with several compounds. Further studies can extend to
other mpox proteins. The vaccine and drug efficacies of the identi-
fied mpox protein are unknown, which is required. Furthermore,
the drug effect by combining the two (C-1 and C-4) promising phy-
tocompounds should be examined rather than confirming a single
167
selected phytochemical as a drug candidate, which is in line with
other combinatorial medicines. Mpox has been declared a
neglected tropical disease, which shows that the global research
and development interest in mpox has remained limited. This issue
has resulted in inadequate knowledge of the various critical
aspects of the etiology and the etiological agent of its occurrence
and the associated human health concerns.

This reported work is essentially a computational study. Hence,
the findings need to be further confirmed and validated by addi-
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tional dry-laboratory (e.g., PCA) and wet-laboratory (in vitro and
in vivo) research, and clinical trials can then be conducted. This
effort should provide efficacy on the selected compounds (C-1
and C-4). Further, international cooperation in a concerted effort
to find workable global solutions is needed and highly
recommended.

5. Conclusions

There is growing interest in using phytocompounds to combat
viral infections. Interaction studies against A42R profilin-like pro-
tein from mpox and ADMET of six phytochemicals identified C-1
(kaempferol) and C-4 (piperine) as lead candidates. Piperine (C-4)
with a predicted IC50 of 7.63 lM displayed the strongest binding
(–6.98 kcal/mol) energy, as determined by docking analysis. The
binding energy for kaempferol (C-1) was –5.57 kcal/mol with a sig-
nificant ADMET. MD simulations revealed that C-1 and C-4 formed
stable P-L complexes with the target protein. As per P-L interac-
tions, kaempferol (C-1) exhibited all (water bridges, hydrophobic,
ionic and H-bonding) non-covalent interactions. The Log P values
of the compounds were appreciable and between 4 and 6, the high-
est being for piperlongumine (5.92) and piperine (5.25). The lowest
TPSA toxicity value (38.77 Å2) was found for piperine (C-4).
Pharmacokinetics, drug-likeness and QSAR results indicated that
C-4 and C-1 are potential lead candidates to validate, design and
develop novel drugs against mpox. The negative AMES values of
C-1 and C-4 indicated that both were non-mutagenic. C-4 showed
slightly lower toxicity compared with C-1. A comprehensive study
to confirm and validate the potential of the phytocompounds to
treat mpox is recommended. These compounds can be
recommended for drug design after in vitro validation and in vivo
authentication. Analysis of other promising phytochemicals using
cutting-edge technologies should offer a range of new innovative
therapeutics for untreatable etiological pathogeneses.
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