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The mpox (previously monkeypox) outbreak in more than 100 non-endemic countries in 2022 posed a
serious global health concern. Mpox is emerging as a global public health threat from a seemingly
neglected disease. A42R profilin-like protein frommpox virus (PDB ID: 4QWO) could be a preferred target
lead. The binding affinity of commonly used drugs/mAbs (tecovirimat, brincidofovir, cidofovir) for A42R
profilin-like protein was examined in silico through molecular docking. Further, the results were com-
pared with those of the phytochemicals curcumin, rutin, and theaflavin. Tecovirimat (�7.31 kcal/mol,
IC50 = 4.39 lM) and theaflavin (�6.99 kcal/mol, IC50 = 7.54 lM) had the highest affinities. Molecular
dynamics simulation of the theaflavin–4QWO complex was performed to ascertain the stability of
ligand–protein interactions in natural charge, molecular electrostatic potential, and frontier molecular
orbital analyses. The predicted QSAR and pharmacokinetic properties of all compounds were evaluated
to find a suitable candidate for designing and developing new drugs. The evaluated log P values for brin-
cidofovir and tecovirimat were higher than those of the other drugs in the QSAR study. Theaflavin had an
impressive log P of 4.77, which hints at its high biological activity. The findings recommend further
in vitro experimental validation to develop potential low-cost mpox therapies.
� 2023 Published by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Mpox (formerly monkeypox) was once endemic to the African
continent. Cases rose in more than 100 non-endemic nations in
2022, posing global public health challenges.1 As a result, the
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World Health Organization (WHO) included it under the category
‘public health emergency of international concern’ (https://www.
who.int/europe/news/item/23–07-2022-who-director-general-
declares-the-ongoing-monkeypox-outbreak-a-public-health-event-
of-international-concernb) on July 23, 2022. Mpox spreads mainly
during close contact with the skin, face, and/or mouth of infected
individuals.2 Human-to-human transmission occurs via the body
fluids (respiratory secretions, saliva from coughing, and droplets),
skin lesions/contaminated clothing, or bedding of mpox-infected
individuals.3,4 The mpox outbreak in 2022 primarily affected speci-
fic sexually active communities such as men who have sex with
men, bisexual people, and transgender individuals,5 although other
groups, such as women and non-binary individuals, also contracted
the virus.6,7 Mpox rashes develop in unexpected and hard-to-
notice areas such as the anus, genitals including the vagina, mouth,
and throat.8

Although mpox is generally self-limiting, it could be severe in
new-borns, young children, pregnant women, and immunosup-
pressed individuals based on their health conditions and the nat-
ure of their complications.8 The effect can worsen with
underlying immunodeficiency. Complications can also include sec-
ondary infections, sepsis, bronchopneumonia, encephalitis, and
vision loss. Mpox is an enveloped double-stranded DNA virus
belonging to the Poxviridae family (similar as the smallpox virus)
and Orthopoxvirus genus. This zoonotic virus consists of Central
African and West African clades,7 and the latter clade (consisting
of subclades a and b) reportedly dominated the 2022 outbreak.
The research gap in understanding the replication process of mpox
during infection is immense, and the origin of the 2022 mpox out-
break remains mysterious.

Supportive care, symptomatic treatment, and bacterial superin-
fection management for skin lesions and eye infections and com-
plications are valuable treatment options for mpox.9 Primarily
developed against smallpox, the antiviral tecovirimat is currently
used against mpox, although it is not yet widely available.10 Criti-
cal cases can be treated with vaccinia immunoglobulin intra-
venous, cidofovir, and brincidofovir.2,9–12 No vaccine provides
100% protection, and the effectiveness of currently available mpox
vaccines such as JYNNEOSTM and ACAM2000� appears dubious. In
view of viral mutations, breakthrough infections, and the side
effects of vaccines, a safer and efficacious next-generation vaccine
that remains effective against mutants has been recommended.13

The present work examined the binding affinities of tecovirimat,
brincidofovir, and cidofovir for A42R profilin-like protein in an in
silico through molecular docking study. The results were compared
with those of curcumin, rutin, and theaflavin via in silico drug
design. ADMET data analyses were used to assess the drug-
likeness of the test compounds.
2. Materials and methods

2.1. Quantum chemical studies

An ab initio estimation of the properties of the test molecules
was performed using Gaussian 09 W software.14,15 To assess
electronic structure characteristics, the Becke, three-parameter,
Lee–Yang–Parr (B3LYP) hybrid functional16,17 with a 6–311++G
(d,p) basis set18,19 was employed, and to optimise the molecular
structures of test molecules, frontier molecular orbitals (FMOs)
and molecular electrostatic potential (MEP) were used. The high-
est (EHOMO) and lowest (ELUMO) energies of the unoccupied
molecular orbital, gap energy (DEgap), dipole moment (l), elec-
tron affinity (A), ionisation potential (I), electronegativity (v),
electrophilicity index (x), electronic chemical potential (l),
and global hardness (g), and softness (S) were measured, and
119
the electronic features were analysed following the available
literature.

2.2. Molecular docking study

The affinity of the test compounds for A42R profilin-like protein
(PDB ID: 4QWO) was calculated by receptor-oriented molecular
docking using AutoDock Vina (open-source) software.20,21 The 3D
protein structure was taken from the PDB database (https://
www.rcsb.org/structure/4qwo).22 Recently, the X-ray crystal struc-
ture (1.52 Å resolution) of the mpox A42R profilin-like protein was
reported.23 The structure was generated using the Chimera suite24

by adding and optimising hydrogen atoms and removing any
atomic/steric clashes. Ligands were obtained from PubChem in
the.sdf format and saved by converting them into the PDBQT for-
mat. The Kollman charge, fragmental volume and attribute, solva-
tion parameter, and polar hydrogen were adjusted using AutoDock
tools. The AutoGrid engine was used to make a grid box around the
protein-binding site. The ligand with best possible binding energy
and lowest docking score was further analysed. The 2D and 3D
interactions were visualised using Discovery Studio 3.5.

2.3. IC50 prediction

IC50, which represents the half-maximal inhibitory concentra-
tion, measures a ligand’s specific potency in the inhibition of bio-
logical function. AutoDock v4.2 was used to determine the
predicted IC50 for each test ligand.25 For the best docking con-
former, the Lamarckian genetic algorithm (LGA) with
default �, y, and z atomic salvation parameters of 126 Å was cho-
sen.26 LGA cluster analysis was used to collect binding energies
with IC50 values for various docking forms. With respect to the
IC50, the lowest binding energy of the docking results was consid-
ered. Calculations were repeated three times to confirm the conflu-
ence of the results.

2.4. Molecular dynamics (MD) simulation

MD simulation was performed to assess the stability of protein–
ligand (P-L) complex leads. The best-scored conformations of
receptor–ligand systems were determined using the Desmond
v3.6 package (DE Shaw Research, New York, New York, USA).
OPLS_2005 force field MD simulation was performed for 100 ns
to analyse the theaflavin–4QWO complex.27 The system builder
tool of Desmond was used to fix the �, y, and z dimensions of
the cubical water box (TIP3P water model) with a buffer space of
10 Å28 and box volume of 478,000 Å3. As required for each system,
Na+ and Cl� counterions were added. MD simulation was con-
ducted with a temperature of 300 K, pressure of 1 atm, and ther-
mostat relaxation time of 200 ps.29 Temperature and pressure
were regulated using the Nose–Hoover chain thermostat and
Martyna–Tobias–Klein barostat methods.30,31 As the system
relaxed, a 100 ns run under NPT ensemble was executed.
3. Results and discussion

3.1. FMO analysis and chemical reactivity

The optimised structures of the test molecules are presented in
Fig. 1. FMO analysis provides researchers with data on chemical
reactivity. FMOs are the related energies of a compound’s ELUMO

and EHOMO. HOMO reflects electron-donating ability, and LUMO
reflects electron-accepting ability.

The ELUMO values of brincidofovir, cidofovir, rutin, tecovirimat,
and theaflavin were �6.14, �6.80, �5.65, �7.16, and �5.65 eV,
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Fig. 1. The obtained optimised structures of brincidofovir, cidofovir, rutin, tecovirimat, and theaflavin with atom numbering in the gaseous phase using B3LYP/6–311++G(d,p).
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respectively, whereas the EHOMO values of these compounds were
�1.00, �1.74, �2.06, �1.56, and �1.76 eV, respectively. The chem-
ical stability of a molecule is described byDEgap.32 TheDEgap values
120
of brincidofovir, cidofovir, rutin, tecovirimat, and theaflavin were
5.14, 5.06, 3.59, 5.59, and 3.88 eV, respectively. The structural reac-
tivity of a test molecule is demonstrated by a low DEgap.33 A mole-
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cule is a soft molecule when its DEgap is small, indicating that it is
highly polarisable, which is associated with low kinetic stability
and high chemical reactivity.
Fig. 2. FMOs of brincidofovir, cidofovir, rutin, tecovirimat, and t
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The HOMO and LUMO maps incorporated into the structures of
brincidofovir, cidofovir, rutin, tecovirimat, and theaflavin are
depicted in Fig. 2. The negative and positive phases of the molecu-
heaflavin in the gaseous phase using B3LYP/6–311++G(d,p).



Fig. 2 (continued)
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Fig. 2 (continued)

Table 1
Calculated chemical parameters.

ETotal l EHOMO ELUMO DE I A v CP g r x

Brincidofovir –56949.56 6.38 –6.14 –1.00 5.14 6.14 1.00 3.57 –3.57 2.57 0.19 2.48
Cidofovir –34573.33 9.94 –6.80 –1.74 5.06 6.80 1.74 4.27 –4.27 2.53 0.20 3.60
Rutin –61246.10 2.05 –5.65 –2.06 3.59 5.65 2.06 3.86 –3.86 1.80 0.28 4.14
Tecovirimat –37225.19 5.06 –7.16 –1.56 5.59 7.16 1.56 4.36 –4.36 2.80 0.18 3.40
Theaflavin –55034.46 12.61 –5.65 –1.76 3.88 5.65 1.76 3.71 –3.71 1.94 0.26 3.54
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lar orbital wave function distributions are represented in green and
red, respectively. The images (Fig. 2) indicate that LUMOs and
HOMOs are mostly concentrated across the entire molecule struc-
ture of each compound.

The relationship between structural stability and global chemi-
cal reactivity relies on the understanding of global reactivity
parameters. The calculated EHOMO, ELUMO, DEgap, I, A, total energy
of the optimised molecular structure (ETotal), and global reactivity
properties such as v, l,x,g, and S of brincidofovir, cidofovir, rutin,
tecovirimat, and theaflavin in the gaseous phase are presented in
Table 1. The optimised geometries of brincidofovir, cidofovir, rutin,
tecovirimat, and theaflavin, which had ETotal values of �56,949.56,
�33,573.33, �61,246.10, �37,225.19, and �55034.46 eV, respec-
tively (Table 1), indicated high stability.

The l values of brincidofovir, cidofovir, rutin, tecovirimat, and
theaflavin in the gaseous phase produced using the DFT technique
were 6.38, 9.94, 2.05, 5.06, and 12.61 Debye, respectively. They
exhibited low I values as follows: brincidofovir, 6.14 eV; cidofovir,
6.80 eV; rutin, 5.65 eV; tecovirimat, 7.16 eV; and theaflavin,
5.65 eV. These values indicate good electron-donating properties.
The global values of g and S were estimated as follows: brincido-
fovir, 2.57 and 0.19 eV, respectively; cidofovir, 2.53 and 0.20 eV,
respectively; rutin, 1.80 and 0.28 eV, respectively; tecovirimat,
2.80 and 0.18 eV, respectively; and theaflavin, 1.94 and 0.26 eV,
respectively. A useful interpretation of the values is as intramolec-
ular charge transfer indicator. Low g and high S values indicate
that a test structure is a soft molecule.

The x values of brincidofovir, cidofovir, rutin, tecovirimat, and
theaflavin were 2.48, 3.60, 4.14, 3.40, and 3.54 eV, respectively.
According to Domingo et al., the compounds were all categorised
as ‘‘high electrophiles” (>1.50 eV).34 The ability of an atom or set
of atoms to draw electrons is quantified by v. According to our cal-
culations, the v values of brincidofovir, cidofovir, rutin, tecoviri-
mat, and theaflavin were 3.57, 4.27, 3.86, 4.36, and 3.71 eV,
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respectively, whereas the l values were � 3.57, �4.27, �3.86,
�4.36, and �3.71 eV, respectively (Table 1).

3.2. MEP

MEP is valuable for illustrating molecular electronic density, and
it is used to identify both positive and negative surface electrostatic
potentials with coloured dots.35 Red, orange, or yellow ‘negative’ sites
(high electron density) represent electrophilic assault; green ‘posi-
tive’ sites (low electron density) reflect nucleophilic attack; and blue
‘positive’ sites (high electron density) represent neutral regions. The
MEPs of brincidofovir, cidofovir, rutin, tecovirimat, and theaflavin
(Fig. 3) were calculated using B3LYP/6–311++G(d,p)(Gas).

The negative areas of brincidofovir, cidofovir, rutin, tecovirimat,
and theaflavin were located around O2 atoms (Fig. 3). The H atom
linked to N was the centre of the positive areas, making it vulner-
able to nucleophilic assault. The faint blue areas represented weak
interaction locations, and the green regions presented neutral
areas with no potential.

3.3. Natural charge analyses

Atomic charges in molecules are significant because they represent
the physicochemical properties of molecules such as the electronic
structure, dipole moment, vibrational spectra, and polarisability, and
others.36 The gaseous-phase atomic charges of brincidofovir, cidofovir,
rutin, tecovirimat, and theaflavin were analysed by NBO (explaining
intramolecular charge transfer among the bonding and antibonding
orbitals) using B3LYP/6–311++G(d,p) (Fig. S1).

The electronegativity equalisation and charge transfer in the
chemical reactivity of the test molecules were analysed by NBO.
This revealed that the carbon atoms in brincidofovir, cidofovir,
rutin, tecovirimat, and theaflavin contained both positive and neg-
ative charges. Positive atoms were coupled to electron-



Fig. 3. Computed gaseous-phase MEP maps of the test compounds using B3LYP/6–311++G(d,p).
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withdrawing oxygen and nitrogen atoms (Fig. S1) at P1, C36, C38,
C30, and C35 in brincidofovir; P1, C16, C18, C11, and C15 in cido-
fovir; C31, C22, C25, and C35 in rutin; C27, C19, C18, and C20 in
tecovirimat; and C33, C41, C39, and C25 in theaflavin. All hydrogen
atoms were positively charged. O50, O40, O140, N8, and O60 were
electron-withdrawing atoms, meaning that H86, H29, H71, H38,
and H60 (hydrogen) had major positive charges compared with
other hydrogen atoms.

Other atoms such as carbon atoms (brincidofovir: C17, C21,
C23, C22, C24, C29; cidofovir: C11, C15, C13, C12, C17, C14; rutin:
C20, C26, C33, C38, C37, C42, C32; tecovirimat: C16, C9, C10, C13,
C12, C14, C15; and theaflavin: C29, C37, C36, C40, C38, C18, C21)
had negative charges. Additionally, P1 in brincidofovir
(2.178610), P1 in cidofovir (2.23806), C31 in rutin (0.45742), C27
in tecovirimat (1.10624), and C33 in theaflavin (0.45937) had the
greatest positive charges, as they were connected to withdrawing
oxygen atoms (O50 and O70 in brincidofovir; O50 and O40 in cid-
ofovir; O120 in rutin; F1, F2, and F3 in tecovirimat; and O100 in
theaflavin) opposite other carbon atoms. As was deciphered, all
hydrogen atoms were positively charged. The most negatively
charged atoms were C29 in brincidofovir (�0.41447), C14 in cido-
fovir (�0.38262), C39 in rutin (�0.34635), C15 in tecovirimat
(�0.2992), and C21 in theaflavin (�0.41332).
3.1. Molecular docking analyses

Molecular docking is an efficient tool in structure-based drug
discovery.37 The binding interactions between the target protein
(PDB ID: 4QWO) and the test ligands (brincidofovir, cidofovir,
124
tecovirimat, curcumin, rutin, and theaflavin) were predicted. All
ligands interacted with the A42R profilin-like protein of mpox in
the binding pocket cavity, with all compounds binding to the
amino acids HIS5, HIS55, PRO36, ASN30, ASN37, ALA33, ALA41,
and ILE8 (Fig. 4. and Fig. S2). The best-pose docking scores (binding
free energy) were observed in the range of � 7.31 (tecovirimat)
to � 1.5 (brincidofovir). Theaflavin also had an attractive binding
energy of � 6.99. The binding energy and predicted IC50 values
for all ligands are listed in Table 2.

3.2. MD simulation

With their high binding energies and low predicted IC50 values,
tecovirimat and theaflavin displayed significant interactions with
the protein target 4QWO. Theaflavin was subjected to MD simula-
tion as the lead compound. For insights into the stability of the
theaflavin–A42R profilin-like protein complex, the MD simulation
was performed for 100 ns. The overall stability was further inves-
tigated by analysing the root mean square deviation (RMSD) and
root mean square fluctuation (RMSF; Figs. S3–S5).

3.2.1. Protein RMSD
The MD simulation was performed to examine the P-L interac-

tions using Schrödinger’s Desmond package.38–41 The 100 ns thea-
flavin–4QWO complex simulation was performed to calculate the
RMSD and RMSF (Figs. 5 and 6). The overall RMSD of theaflavin
reached a maximum of 2.0 Å, suggesting that the complex was
stable (a low RMSD indicates greater stability). After initial fluctu-
ation up to nearly 5 ns, RMSD slowly reached equilibrium. For the



Fig. 4. 2D interactions of the test ligands with A42R profilin-like protein (PDB ID: 4QWO).

Table 2
Docking of the test ligands with A42R profilin-like protein (PDB ID: 4QWO).

Sl. No. Ligand Binding energy (kcal/mol) IC50 value

1 Brincidofovir –1.5 79.59 mM
2 Cidofovir –3.5 2.70 mM
3 Tecovirimat –7.31 4.39 uM
4 Curcumin –5.03 204.76 uM
5 Rutin –3.91 1.36 mM
6 Theaflavin –6.99 7.54 uM

The predicted IC50 values for theaflavin and tecovirimat were 7.54 and 4.39 lM,
respectively. Considering the binding energy, predicted IC50 values, and ADMET
properties, tecovirimat and theaflavin were selected as lead compounds, and
theaflavin was further analysed.
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theaflavin–4QWO complex, the RMSD was 1.7 Å at equilibrium.
RMSF maximally fluctuated at 1.6 Å initially and remained lower
125
throughout the simulation (Fig. 6). RMSF helps distinguish the
changes along the protein chain. The interactions of the amino acid
residues of the protein with the ligand are coloured green in Fig. 6
(vertical bars), and these interactions were further considered for
P-L contact analyses. The ‘fit on protein’ trend (brown line) and ‘li-
gand’ trend (pink line) of the RMSF are presented in Fig. S6.
3.2.2. Ligand properties
The RMSD, radius of gyration (rGyr), molecular surface area

(MolSA), solvent accessible surface area (SASA), and polar surface
area (PSA) of the ligand were analysed. With fluctuation, the RMSD
of the ligand started at 0.6 Å, gradually reaching equilibrium
around 1.2 Å (Fig. 7). The rGyr (protein structure compactness) of
the ligand started at 4.75 Å, gradually reaching equilibrium around
4.85 Å (Fig. 7). Strong intramolecular H-bond interactions sug-
gested strong inhibition capacity. The ligand exhibited a MolSA



Fig. 5. Protein–ligand RMSD trajectory.

Fig. 6. Protein–ligand RMSF trajectory.
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of 420–450 Å2 with equilibrium at 450 Å2. The SASA of the ligand
started at 390 Å2, covered a range of 300–480 Å2, and then gradu-
ally approached equilibrium around 360 Å2. PSA remained con-
stant throughout the simulation. It started from 420 Å2 and
ended at 450 Å2 at equilibrium. The ligand properties remained
constant throughout the simulation with minimal fluctuation in
the initial stage and gradually approached equilibrium. The results
corroborated the stability of the ligand during interaction with the
protein active site.

3.2.3. P-L contacts
P-L interactions are usually one of four types: ionic, hydropho-

bic, hydrogen bonding, and water bridges. Hydrogen bonding is
126
crucial in drug design and development. Contact histograms
(Fig. 8) confirmed the stability of the theaflavin–4QWO complex
via P-L contacts.39,40 The histograms for 4QWO exhibited active-
site amino acids (ASN30, VAL31, LEU32, ALA34, ILE35, ASN37,
ARG38, THR39, LYS42, ASN44, GLU47, GLN64) interacting via H-
bonds with the ligand (Fig. 8 and Figs. S7–S8). VAL31, ALA34,
ASN37, ALA41, LYS42, and PRO45 of 4QWO were particularly
involved in hydrophobic interactions (Fig. 8; Table S1). The ligand
also exhibited ionic interactions with ASN37 and LYS42 at the
active site. The 4QWO residues HIS5, LYS29, ASN30, VAL31,
LEU32, ALA34, ILE35, ASN37, ARG38, PHE40, ALA41, LYS42, ILE43,
ASN44, GLU47, LEU61, GLY63, and GLN64 mainly interacted with
the ligand via water bridges. The number of contacts across the tra-



Fig. 7. Ligand property trajectory of the theaflavin–4QWO complex.
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jectory varied between 0 and 15. Amino acid contribution was
analysed from the P-L binding interaction in each trajectory frame.
The theaflavin–4QWO complex had thick bands for LYS29, ASN30,
VAL31, ASN37, ARG38, LYS42, PRO45, and GLN64, suggesting that
the cited amino acids have more interactions with the ligand in
all possible orientations (Fig. 9).

3.2.4. Secondary structure analysis
The secondary structure of a protein is better characterised by

a-helix (red) and b-strand (blue) structures (Fig. S9). The secondary
structure region covered 46.44% of the entire simulation. The
upper half of the plot presents the SSE distribution by residue
index in the protein structure, and bottom half summarises the
SSE composition for each trajectory frame during simulation.

3.2.5. Torsional analysis
The 2D depiction of theaflavin with colour-coded rotatable

bonds (RBs) is schematically presented in Fig. S10 with conforma-
tional evolution from 0 to 100 ns for each RB across the simulation
trajectory. The rotatable torsional bond was supported by a radial
plot with the same colour bar plots. The radial plot explicated tor-
sion angle conformation during simulation. Simulation initiated
from the centre of the radial plot oriented to the outside as time
progressed. During trajectory-establishing simulation, the tor-
sional conformation of each rotatable bond in theaflavin was com-
puted, and the data of the conformational evolution of each ligand
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were provided (Fig. S10). The dartboard plots on the left reveal the
angle of each bond at a given time during simulation. The radial
was central, and the time evolution was outwards. The histograms
on the right present the probability of the torsions as a function of
the angle. The angular coordinate indicates the torsional angle, and
the radial coordinate represents the rotatable bond.42 The com-
pound has few RBs contributing to its stability.
4. ADMET properties

The pharmacokinetic significance, utility index, and accuracy
rate of the model were determined using the ADMET model. A
web server (https://biosig.lab.uq.edu.au/pkcsm/) was used to cal-
culate the ADMET variables of the ligand, as it has proven useful
for designing target-specific potential leads for small drugs.43 For
drug development, it is essential to predict the effects of a com-
pound on the body, such as the amount absorbed in the gastroin-
testinal tract when taken orally and its ultimate fate. Poor
absorption would affect the distribution and metabolism of a drug
and potentially result in neurotoxicity and nephrotoxicity. Further,
therapeutic variables such as the water solubility, permeability,
volume distribution, unbound fraction, BBB permeability, CNS per-
meability, total clearance, and toxicity of a test molecule can be
predicted using ADMET data (Table 3). The Caco-2 human intesti-
nal mucosa cell line is frequently used as an in vitro model to pre-
dict the absorption of orally administered drug. Intestinal

https://biosig.lab.uq.edu.au/pkcsm/


Fig. 8. Interactions and contact histograms of 4QWO residues during MD simulation.
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absorption estimates the proportion of a medicine absorbed by the
human gastrointestinal tract, which is frequently the primary drug
absorption route, and absorption of less than 30% of the drug is
considered poor. P-glycoprotein acts as a biological barrier that
extrudes poisons and xenobiotics from cells. The antimicrobial
peptides assessed in the study do not block P-glycoprotein I and
II. In addition, the likelihood that a specific substance would der-
mally pass could be anticipated. If the log Kp of a chemical is no
more than 2.5, it is considered less skin-permeable. It follows that
the development of transdermal medication delivery might be of
interest for cyclopeptides. LD50 is a common indicator of acute tox-
icity, and drug-induced liver damage is a major cause of drug attri-
tion and a critical safety concern. Hepatotoxicity is linked to the
disruption of normal liver function, and the predicted values of
all cyclopeptides were positive. However, the expected values of
skin sensitivity were negative.
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5. QSAR studies

The activity, reactivity, and properties of test elements can be
precisely predicted by QSAR analysis. The HyperChem Professional
8.0.3 application was used for the analysis. To reduce energy, an
(MM + ) force field, semi-empirical PM3 methods, and the
Fletcher–Reeves conjugate gradient algorithm were used to opti-
mise the ligand structures. Compound 5 had the highest partition
coefficient (log P) of 8.48. Log P is extremely important to explain
the biological activity of the generated compound. Log P is partic-
ularly crucial for determining the permeability of the cell mem-
brane to medication.40 Several crucial physical parameters such
as the surface area, mass, volume, hydration energy, polarisability,
refractivity, total energy, free energy, and RMS gradient were
determined (Table 4) to propose ligand action.



Fig. 9. P-L contact plots for the theaflavin–4QWO complex during MD simulation.

Table 3
ADMET properties of the ligands.

Property Model Name Predicted values Decision unit

Cidofovir
(PubChem
CID60613)

Rutin
trihydrate
(PubChem
CID16218542)

Tecovirimat
(PubChem
CID
16124688)

Theaflavin
(PubChem
CID135403798)

Brincidofovir
(PubChem
CID483477)

Absorption Water solubility –2.953 –2.931 –4.411 –2.892 –4.712 Numeric (log mol/L)
CaCO2 permeability 0.168 –1.115 1.064 –0.602 –0.419 Numeric (log Papp in 10-6 cm/s)
Intestinal absorption (human) 51.766 12 95.401 58.515 68.212 Numeric (% Absorbed)
Skin Permeability –2.764 –2.735 –3.215 –2.735 –2.732 Numeric (log Kp)
P-glycoprotein substrate No Yes Yes Yes Yes Categorical (Yes/No)
P-glycoprotein I inhibitor No No Yes Yes Yes
P-glycoprotein II inhibitor No No No Yes Yes

Distribution VDss (human) –0.516 0.062 0.252 0.064 –0.363 Numeric (log L/kg)
Fraction unbound (human) 0.829 0.187 0.131 0.304 0.175 Numeric (Fu)
BBB permeability –1.491 –2.455 –0.261 –2.163 –2.234 Numeric (log BB)
CNS permeability –3.533 –5.853 –2.26 –4.039 –4.026 Numeric (log PS)

Metabolism CYP2D6 substrate No No No No No Categorical (Yes/No)
CYP3A4 substrate No No Yes No Yes
CYP1A2 inhibitor No No No No No
CYP2C19 inhibitor No No Yes No No
CYP2C9 inhibitor No No No No No
CYP2D6 inhibitor No No No No No
CYP3A4 inhibitor No No No Yes Yes

Excretion Total Clearance –0.261 0.033 –0.49 0.225 0.912 Numeric (log ml/min/kg)
Renal OCT2 substrate No No No No No Categorical (Yes/No)

Toxicity AMES toxicity No Yes No No No
Max. tolerated dose (human) 0.961 0.594 –0.531 0.437 0.74 Numeric (log mg/kg/day)
hERG I inhibitor No No No No No Categorical (Yes/No)
hERG II inhibitor No Yes No Yes Yes
Oral Rat Acute Toxicity (LD50) 1.518 2.52 2.621 2.487 2.635 Numeric (mol/kg)
Oral Rat Chronic Toxicity
(LOAEL)

2.442 3.936 1.25 4.938 2.631 Numeric (log mg/kg_bw/day)

Hepatotoxicity Yes No No No Yes Categorical (Yes/No)
Skin Sensitisation No No No No No
T. pyriformis toxicity 0.249 0.285 0.526 0.285 0.288 Numeric (log ug/L)
Minnow toxicity 4.06 8.191 0.058 5.851 –0.588 Numeric (log mM)
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Table 4
QSAR rating for optimised compounds.

Function parameter Cidofovir
(PubChem CID60613)

Rutin trihydrate
(PubChem CID16218542)

Tecovirimat
(PubChem CID 16124688)

Theaflavin
(PubChem CID135403798)

Brincidofovir
(PubChem CID483477)

Surface area (Appr) (Å2) 427.94 583.22 433.08 545.77 1265.13
Surface area (Grid) (Å2) 468.09 729.31 565.00 718.67 1098.94
Volume (Å3) 757.89 1401.22 953.98 1338.67 1796.96
Hydration energy (kcal/mol) –29.15 –46.76 –6.38 –44.31 –16.95
Log P 2.36 2.23 8.24 4.77 8.48
Refractivity (Å3) 44.39 82.99 50.18 55.62 134.13
Polarizability (Å3) 21.71 54.75 33.69 54.33 57.22
Mass (amu) 279.19 610.53 376.33 564.50 561.70
Total energy (kcal/mol) –21.3922 31.9801 208.133 26.7081 3310.58
Dipole Moment (Debye) 0 0 0 0 0
Free energy (kcal/mol) –21.3922 31.9801 208.133 26.7081 3310.58
RMS Gradient (kcal/Å mol) 0.07456 0.08764 0.08459 0.09366 0.08529
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6. Significance of the study

In 2022, human mpox spread rapidly and caused a global health
crisis. Although little is known about the virus’s proteome, its gen-
ome has been extensively analysed and reported. An experimental
mpox protein structure is yet to be reported excluding those
obtained using computational models. Minasov et al. (2022)
reported the first 1.52 Å resolution X-ray structure of the mpox
protein A42R.23 A42R, a cellular protein known to regulate actin
cytoskeleton assembly, is structurally similar to profilins. Compar-
ison of A42R with known profilin family members revealed critical
structural differences supporting the earlier discovery that A42R
did not bind to poly(L-proline) and only weakly bound to actin.
The analysis suggested that A42R might discretely interact with
phosphatidylinositol lipids. The data suggested that comparing cel-
lular profilins might not readily determine the role of A42R in
orthopoxvirus replication. This could facilitate the development
of strategies to combat mpox should this infectious disease emerge
as a pandemic in future. Continuously emerging and/or re-
emerging deadly viruses such as SARS-CoV-2, Ebola, Marburg,
and mpox prove that current antiviral regimens are insufficient.44

Further, vaccine development is costly and time-consuming, and
mass administration is even more challenging.45,46 Moreover, vac-
cine development is impeded if a viral strain is highly evolving.
This highlights the need to develop novel broad-spectrum antivi-
rals with activity against an array of emerging viruses, as well as
their mutants or variants. A42R profilin-like protein (PDB:
4QWO; small actin-binding protein involved in cell development,
cytokinesis, membrane trafficking, and cell motility) from mpox
virus Zaire-96-I-16 could be a target protein for designing the inhi-
bitor. Anthracene structures closely related to mitoxantrone
reportedly have the capacity to inhibit mpox and synergistically
act with cidofovir.47 Further, in silico and in vitro studies on stabil-
ity could effectively improve the design of inhibitors in the future.
One study suggested that glycocin F, a natural biomolecule, is
effective against A42R profilin-like protein and has high potential
as a broad-spectrum antiviral.44 Analyses of the binding affinity
of some curcumin derivatives against mpox and smallpox virus
(PDB ID: 3IGC) demonstrated their outstanding ADMET character-
istics.48 Hence, these derivatives could also act as potential antivi-
ral agents for mpox treatment.

Viral surface proteins could be promising candidates to develop
vaccines. Thus, cysteine proteinase of mpox was selected as the
target, and the primary amino acid sequence was analysed to
develop suitable inhibitors.49 N-(2-allylcarbamoyl-4-chloropheny
l) � 3,4-dimethoxy-benzamide exhibited the highest (�6.7 kcal/-
mol) binding affinity against the core cysteine proteases of mpox.50

Cefiderocol, dolutegravir, doxorubicin, and tipranavir bound
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strongly to both D9 decapping enzyme and TMPK of the Israeli
mpox virus strain as target proteins in an in silico drug repurposing
study [7,8].51,52 Another study chose p37, topoisomerase 1, and
thymidylate kinase as the primary targets because these are
reportedly promising drug targets in treating other pox viruses.53

Research to discover novel antivirals is necessary as zoonotic dis-
eases increasingly threaten human life.

This work investigated the docking score, IC50, ADMET proper-
ties, and QSAR data of several commonly used mpox drugs/mAbs
(tecovirimat, brincidofovir, cidofovir) and bioactive phytochemi-
cals (curcumin, rutin, and theaflavin). The results suggested that
tecovirimat and theaflavin were the best binding ligands against
PDB ID: 4QWO. The theaflavin–4QWO complex was further sub-
jected to MD simulation as a novel drug lead. The complex had
an impressive log P (4.77), validating its bioactivity. The test com-
pounds passed all drug-likeness criteria, and thus, in vitro experi-
mental validation of theaflavin and rutin might be considered to
develop an effective drug against mpox.
7. Conclusion

This work investigated molecular docking of drugs/mAbs (te-
covirimat, brincidofovir, cidofovir) prescribed against mpox to
assess their affinity for A42R profilin-like protein. The compounds
were compared against the phytochemicals curcumin, rutin, and
theaflavin. A42R profilin-like protein from mpox virus (PDB ID:
4QWO) could represent a target for developing new lead com-
pounds. Tecovirimat (�7.31 kcal/mol, IC50 = 4.39 lM) and theafla-
vin (�6.99 kcal/mol, IC50 = 7.54 lM) had the greatest affinity for
the protein. The stability of the interactions of the theaflavin–
4QWO complex was ascertained through MD simulation. The eval-
uated log P values for brincidofovir and tecovirimat obtained via
QSAR analysis were greater than those of the other compounds.
Theaflavin had an impressive log P of 4.77, which explained its bio-
logical activity. Per the ADMET data, the test compounds passed
the drug-likeness criteria. These compounds might be considered
for further in vitro experimental validation to develop economical
and globally available anti-mpox drugs. This work should serve
as a precursor to developing more effective therapeutic measures
against mpox.
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