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pepper natural products against homology-modeled DNA-directed RNA polymerase
of the monkeypox virus using molecular docking. Our findings revealed that
structurally similar triterpenes such as a-amyrin, B-amyrin, and B-sitosterol had
strong binding affinities towards the DNA-directed RNA polymerase and can inhibit
this pivotal viral enzyme. The stability of one of the drug candidate molecules, -
amyrin with the strongest binding affinity towards the binding cavity of the enzyme
was also confirmed via molecular dynamics simulation. This study showed that a-
amyrin is a promising DNA-directed RNA polymerase inhibitor to treat monkeypox
disease. It also paves the way for the idea of the potential dietary supplement

candidate for monkeypox patients.

1. Introduction

Human monkeypox is a zoonotic disease caused by
monkeypox virus. Its clinical manifestations such as
fever and skin lesions are similar to smallpox disease,
which devastated the humankind in the history and
identified as a potential bioterrorism agent [1, 2].
Since then, mostly African countries have been
affected with the monkeypox  outbreaks.
Nevertheless, there have also been cases reported
from other countries. Indeed, it has become a public
health concern over the globe [3]. Generally, two
different clades of monkeypox have been described as
Central African clade with the fatality rate of ~10%
and West African clade with the fatality rate of ~3%
[4, 5].

According to WHO, the main mode of transmission
of monkeypox virus takes place from animal to
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human due to direct contact with infected animals and
handling their raw meat. In fact, it can also be
transmitted from human to human through respiratory
droplets, direct contact with body fluids, sexual
intercourse, and transplacental transfer. The infection
has two periods; the first one is the incubation period

during which fever, intense headache,
lymphadenopathy, back pain, myalgia and intense
asthenia are observed. Particularly,

lymphadenopathy, which is the swelling of the lymph
nodes, is a distinctive symptom of monkeypox
disease as compared to similar diseases such as
chickenpox and smallpox. In the second period, skin
eruption is observed and the rash is more likely to be
mostly seen on the face and extremities more than on
the trunk.

Monkeypox virus is a double-stranded DNA virus
with the genome size of about 197 kbp, which exhibits
around 96% identity to the smallpox virus [6, 7]. It is
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a member of poxviruses that belong to the
orthopoxvirus genus including the closely related
variola, monkeypox, cowpox, and vaccinia Vviruses.
Studies indicated that monkeypox virus is more
closely related to variola than to vaccinia virus [7, 8].
Monkeypox virus cases have recently been reported
in UK on 13 May 2022. Since then, multiple cases of
monkeypox were reported in several non-endemic
countries including the US and other European
countries. They were identified as Western African
clade [3, 9]. According to Centers for Disease Control
and Prevention (CDC), as of 1 of November 2023, the
number of monkeypox cases in the US approached to
almost 31,000 confirmed cases and the total number
of cases reached to more than 91,000 over the world.
For this outbreak, the rate of transmission is relatively
high compared to previous outbreaks and it is
suspected to be due to mutations enhancing human
transmission. A significant portion of cases has been
reported due to sexually transmitted infections with a
perianal or genital rash, which were observed among
men who have sex with men [3, 10, 11].

For the treatment of monkeypox, there are no
effective drugs currently available in the medicine.
However, brincidofovir and tecovirimat are approved
by FDA for the treatment smallpox, which is due to a
potential biowarfare with smallpox [12, 13]. In animal
models, these two drug molecules have also been
effective  against  orthopoxviruses including
monkeypox [14, 15]. In a recent case study in UK, out
of seven monkeypox patients, three of them were
orally treated with brincidofovir and one received
tecovirimat, while the remaining patients were not
treated with any antiviral drug. In patients treated with
brincidofovir, elevated liver enzymes was observed
and the therapy was ended, while for the patients
treated with tecovirimat, no adverse effects were seen.
This case study revealed that it is urgent to conduct
the future prospective studies of these antivirals for
monkeypox disease treatment [16]. With the current
knowledge, a definitive conclusion cannot be drawn
for these drugs to be used in the treatment of
monkeypox disease [10, 17].

As WHO declared monkeypox as a global health
emergency and the unavailability of approved drugs
for the treatment of monkeypox, the discovery and
development of new drug candidates become
increasingly important. Therefore, in this study, we
investigated the potential of natural products from
chili pepper against monkeypox virus using in silico
approaches. Particularly, natural products from chili
pepper were docked against homology-modeled
DNA-directed RNA polymerase. The articles in the
literature about the chemical composition of chili
pepper was used to prepare the list of chili pepper
natural products including capsaicinoids, carotenoids,
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terpenoids, flavonoids. In specific, capsaicinoids
occupy the majority of the natural product
composition [18, 19]. RNA polymerases have been
used as an important drug target for various viruses
such as SARS-CoV-2, hepatitis C virus, cowpox
virus, Zika virus, influenza viruses, and so on [20—
23]. Chili extracts and one of the important
constituent, capsaicin, were previously tested against
some viral species including herpes simplex virus,
Lassa virus, and SARS-CoV-2 [24-27]. The results
clearly indicated the high potential of chili pepper
natural products as antiviral agents. Considering the
dietary supplement potential of chili pepper natural
products, the discovery of the drug or dietary
supplement candidate/s from chili pepper can extend
the options for the treatment of monkeypox disease.
Our docking results showed a-amyrin has the
strongest affinity for DNA-directed RNA polymerase
of monkeypox virus. This result was further
confirmed in molecular dynamics simulations during
which a-amyrin stably bound to DNA-directed RNA
polymerase of monkeypox virus throughout the
simulation. Thus, our study reveals that a-amyrin is a
potential DNA-directed RNA polymerase inhibitor to
treat monkeypox disease. It also puts forth the idea of
the potential dietary supplement candidate for
monkeypox patients.

2. Materials and Methods
2.1. Design and Preparation of Ligand Library

A ligand library from chili pepper, Capsicum annum,
was created by exploring the literatures from various
sources. 47 ligands were shortlisted for generating a
ligand library. Their two-dimensional structures were
obtained in isomeric SMILES from PubChem
Database and subsequently converted into three-
dimensional structures through energy minimization
process in ChemDraw 8.0 software. All the ligands
with three-dimensional structure were eventually
prepared for molecular docking experiment using
AutoDock Tools software, in which aromatic carbon
and rotatable bonds were detected, torsion number
was automatically set, non-polar hydrogens were
merged, and Gasteiger charges were added for all
ligand molecules [22].

2.2. Homology Modeling

DNA-directed RNA polymerase is the main
physiological enzyme of monkey-pox virus and is
involved in the catalysis of the viral transcription
process to form RNA from DNA by utilizing the
nucleotides [28-30]. DNA-directed RNA polymerase
is essential for regulating the important process of
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viral transcription for the synthesis of viral RNA,
which is further required by the virus to biosynthesize
the various structural and functional proteins. The
unavailability of the three-dimensional structural
model of this enzyme led us to developing a structural
model by using homology modeling approach. The
protein sequence of the DNA-directed RNA
polymerase of monkeypox virus required for
performing homology modeling was obtained from
Uniprot database (Sequence ID: Q8V4V3) by using
Swiss-Modeller webserver [29, 31]. The modeled
macromolecular structure was validated by using
Ramachandran plot [32]. Ramachandran plot depicts
the position of amino acids in the ‘favorable’ or
‘disallowed’ regions based upon the analysis of the
torsional phi and psi angles of the macromolecular
backbone.

2.3. Molecular Docking Studies

Three-dimensional structure model of the DNA-
directed RNA polymerase prepared by homology
modeling was used to proceed further with molecular
docking studies. Macromolecular structure of the
target protein was prepared for molecular docking
simulation studies by assigning autodock atom type,
Gasteiger charge and its equal distribution among the
macromolecular residues [33]. The utilized docking
protocol was internally validated by docking the
structural model of the target protein with an
endogenous ligand, S-adenosylmethionine (SAM).
After the validation of the docking protocol, the
similar parameters were further utilized for
computational screening of the ligand library against
the macromolecular drug target protein used in the
current study [22, 34].
2.4, Pharmacokinetic  and
Evaluation

Toxicological

The lead molecule must possess qualities that will
enable it to be therapeutically effective within the
body. Therefore, assessing the ADME characteristics
(absorption, distribution, metabolism, and excretion)
of the chemical is a significant part of the drug
development process. Computer simulations can be a
suitable substitute for biological studies in predicting
the pharmacokinetic profile of new ligands, leading to
higher success rate, lower costs, and a decrease in the
number of animals used for experimental testing. The
pkCSM-pharmacokinetics server was employed to
anticipate the physicochemical, pharmacokinetic, and
toxicological characteristics of the lead compound
identified from the docking-based screening [35-37].
Major pharmacokinetic characteristics, such as blood-
brain barrier (BBB) permeability and passive human
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gastrointestinal absorption (HIA), may be easily
estimated using pkCSM. Molecular weight (MW),
topological polar surface area (TPSA), partition
coefficient (LogP), rotatable bonds count, hydrogen
bond acceptor/donor (HBA/HBD), and solubility
(LogS) of the lead compounds were calculated. These
variables control the lead candidates’ ADME-T
profile. The druggability of lead molecules was
further determined by their gastrointestinal
absorption, permeability across BBB, and the
inhibitory potential of the cytochrome P450
isoenzymes [37-39]. Lipinski's rules of five, Veber's
rule, and druggability were used to standardize these
characteristics. pkCSM permits substances to be
tested for cytochrome P450 (CYP) inhibitory action.
This is an essential topic since CYP isoforms are
engaged in medication excretion via metabolic
biotransformation, affecting therapeutic efficiency as
well as drug toxicity and side effects [37, 40].

2.5. Molecular Dynamics Simulation

The Desmond program of Schrédinger was utilized to
execute MD simulations for 100 ns on the
macromolecular complex of a-amyrin and a
homology-modeled  viral DNA-directed RNA
polymerase, which were acquired from the virtual
screening, to further investigate their binding strength
and binding pattern [38, 39]. The TIP3P explicit water
model was employed to create a simulation box with
an orthorhombic shape and a 10 A gap between the
ligand-protein complex and the wall of the box. To
establish an isosmotic environment, counter ions were
added to neutralize the charge, with a concentration
of 0.15 M NaCl. The system was optimized by
carrying out 2000 iterations with a merging criterion
of 1 kcal/mol. MD simulations were then conducted
with the minimized energy complex system. The
temperature and air pressure were monitored, with
300K and 1.013 bars respectively, for the duration of
the simulation. The trajectory path was adjusted to 9.6
and the energy interval was changed to 1.2 ps, with
the resulting trajectories being used to generate
simulation interaction diagrams at the end of the
simulation [33, 34, 40].
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3. Results and Discussion The three-dimensional structural model of the
macromolecular target protein used in this study was
3.1. Homology Modeling tested against SAM to validate the docking protocol.
Table 1. The grid box used in the molecular dynamics studies.
x-D y-D z-D Spacing (A) X center y center zZ center
40 40 40 0.581 165.852 145.231 189.106

A suitable gridbox was used to conduct molecular
The protein sequence of viral target protein DNA- dynamics as shown in Table 1.
directed RNA polymerase obtained from UniProt Following this, the molecular ligand library was
database consists of 1750 amino acid residues. The ~ computationally screened against the homology-
homology modeling of this protein sequence was modelled DNA-directed RNA polymerase of the
performed by using crystallized structure model of monkeypox virus. The best lead molecule was
DNA-dependent RNA polymerase subunit rpol32 identified based on a minimum binding energy of -5
from vaccinia virus (PDB ID: 6RID) and poxvirus  to -15 kcal/mole [33, 38]. The binding scores of the
(PDB ID: 7AMV) with the help of SWISS-MODEL ligand molecules with high affinity to the
webserver [41, 42]. The validation of the prepared macromolecular target protein as well as the
structural model of viral DNA-dependent RNA interacting residues and chemical structures were
polymerase was performed using a Ramachandran listed in Table 2. Analysis of the docking scores
plot. The Ramachandran plot obtained for the  obtained after the computational screening of the
structural model of DNA-directed RNA polymerase  designed library clearly showed that the a-amyrin had
of monkeypox virus revealed that the structural model the strongest binding affinity towards the DNA-
has 97.519% residues observed in the highly
preferred region demonstrated in green colour,  directed RNA polymerase of the monkeypox virus.
2.195% residues were in the preferred region
demonstrated in orange colour, while 0.286%  3.3.  Pharmacokinetic and  Toxicological
residues were observed in the non-preferred region Evaluation
demonstrated in red colour (Figure 1).
The characteristics of a drug molecule, such as its
3.2. Molecular Docking Studies physicochemical and pharmacokinetic properties, are
essential for the evaluation of its pharmacodynamics
and toxicological qualities. Lipinski’s rule of five

Figure 1. Ramachandran plot for the structural model of DNA-directed RNA nolvmerase of monkeypox virus.
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Figure 2. RMSD profiles of the Ca backbone of DNA-directed RNA polymerase of monkeypox virus and a-amyrin

observed during the MD simulation for 100 ns.
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states that these parameters should be within a certain
range, such as a molecular weight of less than 500,
fewer than 10 hydrogen bond acceptors, fewer than 5
hydrogen bond donors, and a topological polar
surface area of 20-130 A2, with the exception of the
partition coefficient (LogP) value, which should be
less than 0.5. The reported features of a-amyrin
indicate that it has drug-like properties with improved
pharmacokinetics.  Additionally,  P-glycoprotein
serves as a natural filter for drugs, toxins, and other
foreign substances. a-amyrin has not been predicted
to act as a substrate for the P-glycoprotein, however,
was predicted to act as a P-glycoprotein inhibitor.
Similarly, a-amyrin was predicted not to act as
CYP450 isoenzymes substrate, except CYP3AA4.
AMES, hERG-I inhibition, minnow toxicities were
also investigated in the current study. Overall, based
on physicochemical criteria, the projected
pharmacokinetics and toxicological profile of a-
amyrin matched well within the stated range,
indicating that the molecule may be a good future
therapeutic candidate [37, 43]. Table 3 lists the
pharmacokinetic and toxicological features of
shortlisted compounds.

3.4. Molecular Dynamics Simulation

MD simulation using the Schrodinger Desmond
program was conducted to con-firm the long-term
stability of the DNA-directed RNA polymerase of the
monkeypox virus when it was associated with the
proposed herbal-based inhibitor molecule, a-amyrin.
The macromolecular target has 1155 amino acid
residues having 9317 heavy atoms out of total 18702
atoms and the ligand is having 31 heavy atoms out of
total 81 atoms with only 1 rotatable bond. The protein
backbone's stability and changes in structure were
monitored by calculating the RMSD over the
simulation period. Results from the MD simulation of
the macromolecular target and a-amyrin complex
showed that it remained stable throughout the 100 ns
simulation, with an average RMSD value of between
5.0-13.5 A for the macromolecular backbone. Despite
some initial fluctuations for adjusting the ligand
within the enzyme’s cavity, the RMSD value of the
ligand molecule was maintained within the 3-5 A
range throughout the simulation run. After attaining
the active binding site of the DNA-directed RNA
polymerase of the monkey-pox virus, the ligand a-
amyrin went through a series of vibrations to attain
the most consistent affirmation within the active
binding site. Figure 2 displayed that RMSD profiles
of the complex, ligand, and macromolecule had only
slight variations and were consistent over time.
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Table 2. The binding score achieved for each ligand from the intended ligand library against the monkeypox
virus's DNA-directed RNA polymerase with the identified interaction residues.

Name

Structure BE

Interacting Residues

a-amyrin

/

Ho -8.19

Arg45, Prol198, Vall95, llel74,
Tyr205, Lys173, Lys421, Leu360,
Glul72, Lys364, Tyrd47

B-sitosterol

777

His371, 1le49, Leu201, Tyr205,
Vall195, Glul72, Lys421, Thr368,
llel74, Lys173, Asp423, Tyrd47,

Lys364, Leu360

B-amyrin

HO -1.71

Pro198, Ser196, Val195, Tyr205,
llel74, Lys421, Tyrd447, Lys173,
Leu360, Glul72, Lys364

Ergost-5-en-3-
ol

HO

-7.18

Leu360, Lys421, Glul72, Thr368,

Glu367, Arg45, Thr203, Val195,

His207, His371, Tyr205, lle174,
Lys173

Zeaxanthin

-6.79

Arg45, His207, Lys364, Lys209,

Ser224, Thr225, Thrl75, Lys173,

lle174, Lys421, Ser193, Leu360,
Tyr205, Glu367, Thr368

Capsanthin

-6.77

HO

Lys364, Lys421, Lys173, Asp449,
Val451, Lys179, His207, Lys420,
Tyr205, 1le174, Val195, Thr368

B-carotene

-6.61

Val451, Asp449, Lys452, Glu367,

His371, Thr203, Lys364, Val195,

Thr368, Glul72, Leu360, 1le174,

Tyr205, Lys421, Lys420, Glu450,
Lys173

B-

cryptoxanthin

-6.52

llel74, Lys209, Tyr208, Ser191,
Ser224, Thr225, His207, Lys226,
Tyr205, Lys421, Lys173

Methyl-3-
hydroxy
cholestenoate

-6.40

Arg206, Thr225, Tyr208, Lys209,
Ser223, His207, Tyr205, His371,
Arg204, Asn314

SAM

Lys226, Thr227, His207, Tyr205,
Thr225, Lys209, GIn8
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Table 3. Physicochemical, pharmacokinetics, and pharmacodynamics properties of the lead molecules (Y= Yes; N=No).

. o- B- ) . Ergost- . . ) ) . Methyl-3-

Property Descriptor amyrin | sitosterol p-amyrin 5-en-3-ol Zeaxanthin | Capsanthin | B-carotene | B-cryptoxanthin hydroxycholestenoate SAM
MW (g/mol) 426.73 | 414.718 426.73 400.691 568.886 584.885 536.888 552.887 502.856 398.445
LogP - 8.0248 8.0248 8.1689 7.6347 10.5474 9.8063 12.6058 11.5766 8.401 -3.257

Rotatable bond - 0 6 0 5 10 11 10 10 8 7
HBA - 1 1 1 1 2 3 0 1 3 11
HBD - 1 1 1 1 2 2 0 1 0 4
TPSA (A)? 192.398 | 187.039 192.398 180.674 256.963 261.814 247.375 252.169 216.868 152.263

Absorption Wat?:ﬂi‘;}t;’"'ty 6906 | -6871 | -7.001 | -7.006 | -6.903 6.968 -7.314 717 7.146 -2.685
. CaCOz
Absorption permeability 1.358 1.205 1.368 1.217 1.3 1.275 1.256 1.324 1.249 -0.229
Intestinal
Absorption absorption (%) | 97.891 94.866 97.983 94.367 88.683 89.827 91.072 89.891 96.645 14.993
(human)
Skin
Absorption Permeability -2.828 -2.794 -2.841 -2.846 -2.75 -2.771 -2.74 -2.738 -2.903 -2.735
(Log Kp)
Absorption | " -9lyeoprotein N N N N N N N N N Y
substrate
Absorption | " -glyeoprotein 1} Y N | N N N N N Y N
inhibitor
Absorption | " -glyeoprotein Y Y | Y Y Y Y Y Y N
Il inhibitor
Distribution VDss (human) 0.321 0.24 0.360 0.389 -0.263 -0.314 0.229 -0.06 0.09 -0.358
Fraction
Distribution unbound 0 0 0 0 0 0 0 0 0 0.551
(human)
Distribution BBB. . 0.713 0.797 0.719 0.774 -0.244 -0.276 0.936 0.771 -0.086 -1.341
permeability
Distribution CNS -1.925 | -1.754 -1.925 -1.765 -1.559 -1.35 -1.094 -1.292 -2.451 -3.921
permeability
Metabolism CYP2D6 N N N N N N N N N Y
substrate
Metabolism CYP3A4 Y Y Y Y Y Y Y Y N
substrate
Metabolism CYPIAZ N N N N N N N N N N
inhibitor
Metabolism CYP2C19 N N N N N N N N N N
inhibitor
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Metabolism CYpP2C3 N N N N N N N N N N
inhibitor
Metabolism CYP2D6 N N N N N N N N N N
inhibitor
Metabolism CYP3A4 N N N N N N N N N N
inhibitor
Excretion | [o@l Clearance | g 49 1 ggog | goas | 0572 1.039 0.868 1.061 0.923 0.378 0.491
(log ml/min/kg)
Excretion Renal OCT2 N N N N N N N N N N
substrate
Toxicity AMES toxicity N N N N N N Y N N N
Max. tolerated
Toxicity dose (human) | -0.275 | -0.555 -0.086 -0.525 -1.143 -1.152 -0.423 -0.845 -0.452 0.643
(log mg/kg/day)
— hERG | N N
Toxicity inhibitor N N N N N N N N
Toxicity hERG II Y Y Y Y Y N Y Y N N
inhibitor
Oral Rat Acute
- Toxicity
Toxicity (LD50) 2.345 2.326 2.333 2.173 2.629 2.552 2.111 2.468 2.49 2.416
(mol/kg)
Oral Rat
Chronic
Toxicity Toxicity 1.031 0.829 1.041 0.876 2.596 2.402 0.64 0.658 1.954 2.291
(LOAEL)
(mg/kg/day)
Toxicity Hepatotoxicity
. Skin
Toxicity Sensitization
Toxicity T. pyriformis | 4;q 0.454 0.427 0.598 0.331 0.345 0.322 0.331 0.463 0.285
toxicity (mg/L)
Toxicity MinNw toxicity | -1.953 | -2.12 2.074 -1.888 2722 2523 -3.899 -3.25 -2.759 2.354
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The movement of amino acids in the active site was
evaluated by calculating the RMSF of the
macromolecule's Ca atoms. This was done to identify
the fluctuations of the amino acids in relation to their
initial positions. The RMSF values of the residues are
displayed on the y-axis of the RMSF plot, while their
number is shown on the x-axis. Most of the residues
of the macromolecular backbone, except the terminal
ones, had RMSF values that ranged between 2 and 5
A. It became evident that the fluctuations of the active
amino acids had a mean variation of 2.0-2.5 A, which
is an acceptable range within the macromolecular
active site. The MD simulation of 100 ns produced an
RMSF plot for the Ca backbones of the receptor
macromolecule and ligand, as shown in Figure 3.

RMSF (4)
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DNA-directed RNA polymerase of the monkeypox
virus was analyzed throughout the MD simulation
process and it was found that ligand molecule
interacts with lle174, Leu360, and Pro198 amino acid
residues of the protein by hydrophobic interaction,
amino acid Ser196 via forming a hydrogen bond, and
amino acids Arg45, Prol97, Val200, Thr203, and
Glu367 via forming water bridges. The interactions
observed between the a-amyrin and macromolecular
target DNA-directed RNA polymerase of the
monkeypox virus were demonstrated in residues
throughout the simulation were demonstrated in
Figure 5. The macromolecular target protein was
found to be interacting with a-amyrin through the
residues such as Arg45, Pro197, Val200, Thr203, and

-
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Figure 3. RMSF profiles of the DNA-directed RNA polymerase of monkeypox virus and a-amyrin observed after

performing the MD simulation for 100 ns.

Macromolecular secondary structures (a-helices
(21.80%) and B-sheets (19.30%)) with a total of
41.10% were conserved throughout the simulation
process. The stability of the receptor-ligand complex
was due to the formation of hydrogen bonds,
hydrophobic contacts, and ionic interactions
throughout the MD simulation. To measure the
stability of a-amyrin, the intensity of these
interactions was observed during MD simulation.

To measure the stability of a-amyrin, the intensity of
these interactions was observed during MD
simulation. The interaction of a-amyrin against the
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Glu367 via water bridges, with residues 1le174 and
Leu360 via hydrophobic inter-action, and with
Ser196 via classical hydrogen bonding with the ligand
(Figure 5).
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Figure 4. Analysis of the way a-amyrin interacts with viral DNA-directed RNA polymerase indicated that the
macromolecular residues shown in green had hydrophobic connections, and the sky blue residues had polar connections
with the complexed ligand. The orange-colored residues were negative, and the dark blue were positive.

4. Discussion

Monkeypox disease have been a public health
concern in the history and humankind has
occasionally faced monkeypox outbreaks [44, 45]. It
is because of a smallpox-like virus, monkeypox virus,
which can be transmitted via large respiratory
droplets, close or direct contact with skin lesions,
sexual intercourse, and possibly via contaminated
fomites [46]. The most recent outbreak was declared
as a global health emergency as of 24th of July, 2022.
The number of monkeypox cases has been increasing
around the globe and reached to around 31,000 within
just three months. This number increased to more than
90,000 cases.

However, there is no currently available approved
drugs specifically for monkeypox disease [17]. It is
therefore urgent and essential to discover and develop
novel drug candidate/s against monkeypox virus. It
can also be beneficial to identify potential dietary
supplement candidate/s as an alternative and easy-to-
access option for the treatment of monkeypox disease,
particularly in the poor regions of the world.
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For the discovery of potential drug and/or dietary
supplement candidate/s, this study focused on chili
pepper as a medicinal plant. Chili pepper have used in
the traditional medicine for the treatment of various
diseases. For instance, Mayas used it for treating
asthma, coughs, and sore, while the Aztecs used it to
relieve toothaches [47]. In modern time, it is used in
tear gas to control crowds by security agencies and
has a wide range of application areas starting from
culinary to pharmaceutical industry [48]. Various
biological activities of chili pepper were summarized
in the literature and can be listed as antioxidant,
anticancer, anti-inflammatory, antiviral, antifungal,
antiobesity, and antiplatelet [48-50]. Particularly for
antiviral activities, chili extracts and one of the
important natural products in chili pepper, capsaicin,
showed promising antiviral activities against some
viral species including herpes simplex virus, Lassa

virus, and SARS-CoV-2 [24-27], indicating its
antiviral potential for other viral species. In this study,
we explored the antiviral potential of chili pepper
against monkeypox virus using in silico techniques.
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Figure 5. Protein-ligand contacts between viral RNA polymerase and complexed ligand a-amyrin. The green bars
indicate H-bonds, the blue bars signify water bridges, the purple bars show hydrophobic interactions, and the dark pink
bars highlight ionic interactions between the viral RNA polymerase and its complexed ligand, a-amyrin.

The molecular docking experiments in this study
revealed that some of the natural products from chili
pepper had strong binding affinities to the DNA-
directed RNA polymerase of the monkeypox virus.
The top lead molecules out of 47 ligands were
tabulated in Table 2. Particularly, a-amyrin, -
sitosterol, and B-amyrin possess very low binding
energy scores of -8.19, -7.77, and -7.71, respectively.
Out of these hit molecules, MD simulations were
conducted for a-amyrin complexed with the
macromolecular target protein since it had the lowest
binding energy value. Throughout the 100 ns MD
simulation, a-amyrin complexed with DNA-directed
RNA polymerase of the monkeypox virus was highly
stable and it was interacting with some of the amino
acid residues as shown in Figure 4. The structural
similarity of these three lead compounds, which are
pentacyclic  triterpenes, might generate the
expectation of having a similar profile in MD
simulations for the other two lead compounds. In a
recent study, Alandijany et al. also investigated
potential drug candidates for monkeypox using DNA-
directed RNA polymerase as well as viral core
cysteine proteinase of monkeypox virus. They
computationally discovered some of the tetracycline
family ligands, exhibiting multi-target inhibition as a
therapeutic solution for monkeypox viral infection
[51]. While this study revealed that tetracyclic
compounds can be potent against multi-target of
monkeypox virus, our study indicated pentacyclic
compounds can provide a potential solution for
monkeypox outbreak. Furthermore, Akash et al.
computationally investigated natural curcumin
derivatives for the anti-viral drug discovery against
monkeypox and smallpox infections and found that
curcumin derivatives can indeed show potential for
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the treatment of monkeypox and smallpox viruses
with strong binding affinity toward profilin-like
protein from monkeypox virus [52]. Interestingly,
similar to our study and the study by Alandijany et al.,
curcumin derivatives with strong binding affinities
indeed had multi-cyclic structures with three aromatic
rings. This can unearth that multi-cyclic ligands can
be potent antiviral agents in the prevention and
treatment of monkeypox virus.

The pentacyclic triterpenes may be classified under
four groups: oleanane, ursane, lupane and hopane. a-
amyrin has an ursane skeleton, while B-amyrin has an
oleanane skeleton. Amyrins are widely distributed in
nature and exist in various plants and plant materials
including leaves, bark, wood, and resins [53]. They
exhibit various biological activities such as analgesic,
anti-inflammatory, anxiolytic, anticonvulsant, anti-
colitis, antidepressant, antihyperglycemic, anti-
pancreatitis, and gastroprotective and
hepatoprotective activities [53-55]. On the other
hand, B-sitosterol is the main phytosterol found in the
majority of plants and was reported to exhibit anti-
inflammatory, antineoplastic, antipyretic, and
immunomodulation activities [56]. However, there is
not much literature showing the antiviral potential of
amyrins. Glycyrrhetinic acid, a derivative of the B-
amyrin, was obtained from the herb liquorice and had
an inhibitory effect on various viruses including
hepatitis B virus (HBV) and HIV [57]. There is also
some in silico studies for the antiviral potential of
amyrins against SARS-CoV-2. For instance, o-
amyrin and B-sitosterol were listed among the top-
ranked molecules with the lowest binding energies
towards both the spike glycoprotein of SARS-CoV-2
and human ACE2 receptor [58]. a- and B-amyrin were
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also tested against main protease of SARS-CoV-2
using in silico approaches and showed strong binding
affinities to the main protease [59]. To our
knowledge, there is no study in the current literature
showing the potential of amyrins as an antiviral agent
against monkeypox virus. Thus, our study paved the
way for the potential of amyrins as antiviral drug
and/or dietary supplement candidate/s in the
treatment of monkeypox disease.

5. Conclusion

In conclusion, due to the current outbreak of the
monkeypox virus and the unavailability of approved
drugs, there is an urgent need for the discovery and
development of drug candidates effective against the
monkeypox virus. In the current study, the natural
products from chili pepper were evaluated for their
potential antiviral activities against the monkeypox
virus through in silico studies. The molecular docking
experiments for 47 ligand molecules from chili
pepper were performed against the homology-
modeled DNA-directed RNA polymerase of the
monkeypox virus. a-amyrin, p-sitosterol, and -
amyrin were among the top-ranked molecules with
strong binding affinities towards DNA-directed RNA
polymerase of the virus. In particular, the stability of
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