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Abstract

Mpox (formerly Monkeypox), a zoonotic illness caused by the Mpox virus,

belongs to the Orthopoxvirus genus in the family Poxviridae. To design and

develop effective antiviral therapeutics against DNA viruses, the DNA‐
dependent RNA polymerase (DdRp) of poxviruses has emerged as a promising

drug target. In the present study, we modeled the three‐dimensional (3D)

structure of DdRp using a template‐based homology approach. After

modeling, virtual screening was performed to probe the molecular interactions

between 1755 Food and Drug Administration‐approved small molecule drugs

(≤500 molecular weight) and the DdRp of Mpox. Based on the binding affinity

and molecular interaction patterns, five drugs, lumacaftor (−11.7 kcal/mol),

conivaptan (−11.7 kcal/mol), betulinic acid (−11.6 kcal/mol), fluspirilene

(−11.3 kcal/mol), and imatinib (−11.2 kcal/mol), have been ranked as the

top drug compounds interacting with Mpox DdRp. Complexes of these

shortlisted drugs with DdRp were further evaluated using state‐of‐the‐art all‐
atoms molecular dynamics (MD) simulations on 200 nanoseconds followed by

principal component analysis (PCA). MD simulations and PCA results

revealed highly stable interactions of these small drugs with DdRp. After

due validation in wet‐lab using available in vitro and in vivo experiments,

these repurposed drugs can be further utilized for the treatment of contagious

Mpox virus. The outcome of this study may establish a solid foundation to

screen repurposed and natural compounds as potential antiviral therapeutics

against different highly pathogenic viruses.
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1 | INTRODUCTION

Mpox virus, formerly called monkeypox virus, (Poxvir-
idae) is an emerging virus of the Orthopoxvirus genus. Its
latest outbreak has led to human‐to‐human (H2H)
transmission in non‐endemic areas reinforcing the need
for more research and support of countermeasures. Mpox
virus is a large (~200 kb), enveloped linear double‐
stranded DNA (dsDNA) virus with ~200 genes.1 Mpox
virus can infect a broad range of animal species,
suggesting it as a continual threat.2 Although the virus
was first recognized in captive nonhuman primates in
1958, the actual reservoir species is thought to be a
rodent species which has yet to be determined.2–4

Human infections were not identified until 1970 and
since then sporadic outbreaks frequently occur in
forested regions of Central and West Africa with cases
outside this region being travel‐related [WHO Fact
Sheets: Monkeypox]. Mpox virus was previously desig-
nated in two clades: Clade I (formerly the Congo Basin
Clade) and Clade II (formerly the West African Clade),
where Clade I was regarded as more virulent.5–7 The
world is currently experiencing the largest recorded
Mpox virus outbreak with significant virus transmission
in non‐endemic regions.6 As of December 27, 2022, a
total of 83 497 confirmed cases and 72 fatalities in 110
countries with local transmission8,9 have been identified.
The WHO recognizes isolates from the 2022 Mpox virus
as belonging to Clade II and they are now specifically
referred to as Clade IIb.4,5 In response to the current
outbreak, public health authorities are recommending
the use of approved Orthopoxvirus vaccines such as
Jynneos/Imvamune for high‐risk individuals including
healthcare workers or those in high‐risk communities.10

Vaccination against smallpox has been estimated from
previous outbreaks to be ~85% effective against prevent-
ing Mpox; however, it has yet to be evaluated for Clade
IIb.11

Mpox virus H2H transmission was thought to be
infrequent, with the majority of human cases acquiring
the virus from contact with infected animals through
bites, scratches, or direct contact with an infected
animal's blood, body fluid, or lesions.12 Previous H2H
transmission most often occurred from an infected
individual to family members within the same house-
hold.3,13,14 Unlike previous outbreaks, the overwhelming
majority of documented Clade IIb cases have been in
males and associated with men who have sex with men,
with HIV being a common coinfection.15,16 The central
conserved region of the Mpox viral genome encodes
housekeeping genes which play a major role in the viral
life cycle including replication, transcription, and virion
assembly.17,18 Terminal regions of the Mpox viral

genome encode key proteins that participate in host
tropism range and pathogenesis (https://viralzone.
expasy.org/). Based on their biological roles, membrane
proteins, structural proteins, and DNA‐dependent RNA
polymerase (DdRp) have been emerged as potential drug
targets of the Mpox virus.19,20 To date, there is no one
specific treatment available for Mpox; however, different
smallpox antiviral drugs including brincidofovir, tecov-
irimat, and cidofovir have been approved.19 In 2019, the
US Food and Drug Administration (FDA) (https://www.
fda.gov/) approved the JYNNEOS vaccine, a third‐
generation poxvirus vaccine, for the prevention of
smallpox and Mpox in adults. In the absence of a specific
treatment, there is an urgent need to discover small
molecule drug compounds as potential inhibitors against
Mpox virus for those who are not vaccinated or have
suboptimal vaccine responses. Drug repurposing ap-
proaches may accelerate the discovery of effective
antiviral candidates against Mpox virus, significantly
minimizing the cost and time that would be involved in
developing a new treatment.21–23

In the present study, we employed an extensive
molecular modeling approach to screen FDA‐approved
drug libraries to identify effective small molecules against
the DdRp of the Mpox virus. Based on their binding
affinity scores and molecular interaction patterns, top
hits (lumacaftor, conivaptan, betulinic acid, fluspirilene,
and imatinib) were evaluated for drug‐likeness followed
by molecular dynamics (MD) simulations on 200 ns to
investigate the stability of the docking complexes at the
atomic level.

2 | METHODOLOGY

A plethora of computer‐aided drug design based methods
have been applied to screen small chemical molecules as
potential inhibitors against the DdRp of the Mpox virus.
The methodology is described in detail as follows:

2.1 | Homology modeling and structural
evaluation

The peptide sequence of DdRp 147 kD (Accession
Number A0A0F6N8L8) was obtained from the UniProt
(https://www.uniprot.org/) in FASTA format with a
length of 1286 amino acids (aa). Crystal structures of
many Mpox viral proteins were not available in the
protein data bank (PDB); therefore, homology modeling,
also known as the comparative modeling approach, was
applied to predict the three‐dimensional (3D) structure
model of DdRp. To identify the homologous template
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structure, the position‐specific iterated BLAST (PSI‐
BLAST) algorithm24 was applied against the comprehen-
sive PDB25 with high alignment score and lower e‐value
parameters. After shortlisting the homologous structure,
the automated SWISS‐MODEL server26,27 was employed
to deduce the 3D model with a template modeling
option. Overall quality of the modeled 3D structure was
evaluated using Ramachandran plot calculation by
analyzing the phi (Φ) and psi (Ψ) torsion angles and
covalent bond quality. Two dedicated servers, SAVES
(PROCHECK)28 and PSVS,29 were utilized to generate
the Ramachandran plot of the DdRp model. Further, the
3D structure model of the DdRp was visualized in
different shapes. The predicted final 3D model of DdRp
was superimposed over the template structure from
vaccinia virus with the aid of the UCSF Chimera
package.30

2.2 | Preparation of library and receptor

Initially, a comprehensive library of 2716 FDA‐approved
molecules was downloaded from DrugBank31 in struc-
tural data file (SDF) format. Some molecules of the
library were found to have a molecular weight (mw)
≥500 g/mol; therefore, we applied a filter to obtain small
molecules with a mw ≤500 g/mol to achieve a potential
drug target according to the Lipinski rule of five. As
many as 1755 drug molecules were shortlisted for
preparation and docking. 3D conformation of these
1755 molecules was downloaded from the comprehen-
sive PubChem repository32 in SDF format. Proceeding to
the next step, geometry optimizations of the downloaded
molecules were performed using the Merck molecular
force field 94 (MMFF94) embedded in the Open Babel
(command line) tool, followed by converting them into
PDBQT format for docking purposes.33

Before virtual screening, a modeled 3D structure of
DdRp was prepared using MGLTools34 and UCSF
Chimera.30 DdRp was prepared by adding polar hydro-
gen atoms and Kollman charges assigned on the
structure. The ff14SB force field was applied for protein
structure optimization and energy minimization.

2.3 | Pocket site prediction and virtual
screening

As there is not much information available for pocket site
residues of DdRp, we employed the CB‐Dock2 server35

for cavity detection. The DdRp pocket site residues were
encased in a grid box with dimensions 78 × 92 × 92 Å
centered at the coordinates X = 187.89, Y = 190.31, and

Z = 175.38. The prepared 3D structure of DdRp and
geometry optimized ligand structures were selected for
the virtual screening. Virtual screening was performed
using AutoDock Vina (https://vina.scripps.edu/) soft-
ware with the combination of pyVSvina, a python script.
For further investigations, the docked pose with the
minimum full fitness score was considered. Discovery
studio, PyMOL (https://pymol.org/2/), UCSF Chimera,30

and PLIP (Protein−ligand interaction profiler) server36

were utilized to visualize the 2D and 3D interaction plots
of the docking complexes received as a result of virtual
screening.

2.4 | Drug likeness properties

The ADMET profiling of drug molecules including
absorption, distribution, metabolism, excretion (ADME),
and toxicity properties plays an important role in
shortlisting the drug compounds based on Lipinski's rule
of five37 and Veber's rule.38 ADMET properties of the top
hits were evaluated using the SWISSADME server.39

2.5 | All‐atoms MD simulations

We employed state‐of‐the‐art all‐atoms MD simulations
to understand the structural dynamics of the top‐ranked
screened complexes using OPLS4 force field parameters
in the Desmond simulation package of Schrödinger LLC.
Each complex was solvated using the TIP3P water model
within the orthorhombic periodic boundary conditions at
the distances of 10 Å units as previously defined by.40

The charge of the complexes was electrically neutralized
with balancing Na+/Cl− ions, followed by energy
minimization by heating and equilibrium processes
before the MD simulations. The complexes were
subjected to the minimization protocol based on the
steepest descent method, then heated at 0−310 K with
the annealing steps of 2000 and the time steps of 0.001 ps.
In all runs, we applied a temperature of 310 K and a
pressure of 1 bar in the NPT ensemble. The simulation
length was 200 ns with a relaxation time of 1 ps for the
ligands and the protein. The long‐range electrostatic
interactions were calculated using the particle mesh
Ewald method, where a cut‐off of 9.0 Å was set for the
radius in Coulomb interactions. MD simulations as NPT
ensembles were performed using GPUs for the 200 ns
production phase applying Nose−Hoover chain thermo-
stat and Martyna−Tobias−Klein barostat methods. The
trajectories were harvested at 100 ps intervals for analy-
sis. The behavior and interactions between the ligands
and protein were gauged using the Simulation
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Interaction Diagram tool implemented in the Desmond
MD package. The dynamic stability of each system was
monitored by computing the backbone RMSD, radius of
gyration, and flexibility by root mean squared fluctuation
analysis.

2.6 | Principal component
analysis (PCA)

To determine the important conformations during the
simulation, PCA was performed for all complexes using
the Bio3D package41 implemented in the R‐Project and
ProDy software.42 To have a better understanding of the
dynamics of the DdRp, cross‐correlation analysis
(DCCM) was executed to evaluate the correlated motion
between residues in different residues' domains. The Cα
atom of each residue interacted with each other in the
form of a pair of nodes. Additionally, PCA provides
useful information regarding the mutation effect on
protein dynamics and can be used to investigate
how changes in aa sequence affect the protein's

conformational space and how these changes alter the
protein's function at the atomic level.

3 | RESULTS AND DISCUSSION

3.1 | Homology modeling and structural
evaluation of DdRp

The solved 3D structure of Vaccinia virus DdRp
cotranscription capping complex (PDB ID: 6RIE; Chain
A) was selected as a template based on the alignment
result with a sequence identity of 99.07% to the DdRp of
Mpox virus. Based on the shortlisted template structure,
the DdRp 3D structure model was predicted using the
SWISS‐MODEL server (Figure 1A,B). As evident from
Figure 1, the modeled DdRp structure showed less than
1 Å RMSD with respect to the selected template structure
(PDB ID: 6RIE; Chain A) upon superposition using the
UCSF Chimera package (Figure 1C). The structural
stereochemical property of the modeled structure was
evaluated using ϕ and ψ torsion angles of the

FIGURE 1 Homology modeling, superimposed structure, structure evaluation, and pocket site annotation: (A) Solved 3D structure of
DdRp subunit rpo147 (PDB ID:6RIE) of vaccinia, derived from the RCSB‐PDB. (B) Modeled 3D structure of DdRp of Mpox virus using
homology modeling approach utilizing the chain A of PDB ID: 6RIE as template. (C) Superimposed 3D structure of predicted model and
template structure less than 1 Å RMSD; cyan color reflects the vaccinia structure while pink color depicts the DdRp of Mpox virus.
(D) Calculated Ramachandran plot for the predicted model of DdRp. (E) Surface representation of annotated pocket site residues of DdRp.
Protein 3D structure model was visualized and annotated in different shapes using UCSF Chimera package from the resource for
biocomputing, visualization, and informatics at the University of California, San Francisco (supported by NIH P41 RR‐01,081). DdRp, DNA‐
dependent RNA polymerase; Mpox, monkeypox; 3D, three‐dimensional.
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Ramachandran plot. As shown in Figure 1D, residues
totals of 89.9%, 9.7%, and 0.4% were found in the most
favored regions, additional allowed regions, and gener-
ously allowed regions, respectively. The overall G‐scores
(all dihedral angles) −0.11 indicated an acceptable range
of the DdRp model. Verify3D and ProSA‐web (−ve)
calculated the 0.19 and 0.44 scores respectively, which
suggested that the modeled structure was of good quality.
Overall, the deduced 3D structure model of DdRp
showed excellent geometry which was found to be
acceptable for further annotations. After evaluating the
structural geometry of the modeled DdRp, coordinates
have been uploaded to the Protein Model Database43 and
assigned the following id PM0084406. This submitted
model is publicly available and can be utilized in the
future to screen therapeutics against Mpox virus.
Figure 1E depicts the pocket site residues of DdRp.

3.2 | Virtual screening identified five
candidate antivirals

The molecular docking results showed that out of 1755
small drug molecules used in the present study, five
drugs, lumacaftor, conivaptan, betulinic acid, fluspiri-
lene, and imatinib, were found to have a higher negative
binding energy of −11.7, −11.7, −11.6, −11.3, and

−11.2 kcal/mol in comparison with other molecules.
These top five molecules were shortlisted for further
annotation and interactions analysis based on the
calculated binding energies and the docking poses in
the pocket site of DdRp. The docking complexes of these
shortlisted compounds with DdRp demonstrated a
number of molecular interactions including hydrogen
bond, hydrophobic, and pi−pi stacking interactions
(Figure 2). Table 1 presents detailed interaction patterns
of all five top‐ranked compounds with their Pubchem id,
mw, binding affinity score, and 3D structures.

3.3 | Intermolecular contact analysis

3.3.1 | Lumacaftor‐DdRp complex

Lumacaftor is an FDA‐approved pharmaceutical drug
used to treat cystic fibrosis, a disease of the lungs.44 The
docking results of lumacaftor‐DdRp complex was stabi-
lized with docking energy of −11.7 kcal/mol. Our
modeling predicted lumacaftor to form two hydrogen
bonds with Leu837 (2.91 Å) and Tyr1179 (2.29 Å), there-
by forming stable conformations (Figure 3). Six residues,
namely Tyr787 (3.43 Å), Tyr826 (3.44, 3.88 Å), Ile820
(3.82 Å), Phe824 (3.54, 3.72 Å), Phe884 (3.57, 3.69 Å), and
Ala833 (3.77 Å), provided stability to complex with

FIGURE 2 Representation of 2D interaction patterns (A−D) and 3D interaction patterns of top‐ranked compounds with DdRp (E−G).
(A) Complex of conivaptan and DdRp. (B) Complex of betulinic acid and DdRp. (C) Complex of fluspirilene and DdRp. (D) Complex of
imatinib and DdRp. (E) Close 3D view of DdRp pocket with conivaptan. (F) Pocket view with betulinic acid. (G) Pocket view with
fluspirilene; and (H) pocket view with imatinib. 2D and 3D interaction patterns of docking complexes were visualized using PLIP server and
PyMOL program, respectively. DdRp, DNA‐dependent RNA polymerase; PLIP, protein−ligand interaction profiler; 3D, three‐dimensional.
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hydrophobic interactions in the model. Two residues,
Tyr826 (4.21 Å) and Tyr1179 (4.14 Å), established the Pi
−Pi stacking interactions.

3.3.2 | Conivaptan‐DdRp complex

Conivaptan is a drug molecule well known for its role in
preventing the binding of the neurohypophysial hor-
mone Arginine vasopressin to V1a and V2 receptors,
leading to the reduction of brain edema and the blood‐
brain barrier.45 This drug is approved for the treatment of
euvolemic hyponatremia and hypervolemic hyponatre-
mia.46 The docking complex of conivaptan‐DdRp

predicted the formation of a hydrogen bond with
Leu837 (3.57 Å), leading to stable conformations. This
compound was found to have eight hydrophobic inter-
actions with Pro797(3.44 Å), Ile820 (3.74, 3.89 Å), Phe824
(3.45 Å), Phe884 (3.83 Å), Leu837 (3.55 Å), Asn881
(3.50 Å), Asp1176 (3.67 Å), and Tyr1179 (3.76 Å)
(Figure 2A,E). Tyr1179 (5.17 Å) residue showed the
Pi−Pi stacking interaction.

3.3.3 | Betulinic acid‐DdRp complex

Betulinic acid is exclusively found in the bark of several
plant species, principally the white birch (from which it

TABLE 1 List of top ranked compounds and their molecular interaction patterns with DdRp of MPXV.

Compound
name

PubChem
id

Binding
energy
(kcal/mol) 3D image Molecular interactions

Lumacaftor 16678941 −11.7 Hydrogen bond: LEU837 (2.91 Å),
TYR1179 (2.29 Å)

Hydrophobic bond: TYR787 (3.43 Å), TYR826
(3.44, 3.88 Å), ILE820 (3.82 Å), PHE824
(3.54, 3.72 Å), PHE884 (3.57, 3.69 Å),
ALA833 (3.77 Å)

Pi−Pi stacking: TYR826 (4.21 Å),
TYR1179 (4.14 Å)

Conivaptan 151171 −11.7 Hydrogen bond: LEU837 (3.57 Å)
Hydrophobic bond: PRO797 (3.44 Å), ILE820

(3.74, 3.89 Å), PHE824 (3.45 Å), PHE884
(3.83 Å), LEU837 (3.55 Å), ASN881 (3.50 Å),
ASP1176 (3.67 Å), TYR1179 (3.76 Å)

Pi−Pi stacking: TYR1179 (5.17 Å)

Betulinic acid 64971 −11.6 Hydrogen bond: LEU837 (2.18, 3.37 Å)
Hydrophobic bond: TYR787 (3.37, 3.60,

3.60, 3.96 Å)
PHE824 (3.89 Å), PHE884 (3.41, 3.49 Å), TYR826

(3.60, 3.69, 3.90 Å), TYR1179 (3.32, 3.55, 3.61,
3.76, 3.79 Å), LEU837 (3.60 Å), LEU1168
(3.21 Å), ASP1176 (3.72 Å)

Fluspirilene 3396 −11.3 Hydrogen bond: ASP1176 (2.36 Å),
GLN1180 (2.34 Å)

Hydrophobic bond: TYR787 (3.61, 3.76 Å),
TYR1179 (3.73 Å), PHE824 (3.83 Å),
PHE884 (3.95 Å), LEU837 (3.70 Å)

Pi−Pi stacking: TYR787 (4.25 Å),
TYR1179 (3.78 Å)

Imatinib 5291 −11.2 Hydrogen bond: ASP1176 (2.45, 3.19 Å)
Hydrophobic bond: TYR787 (3.82 Å), TYR826

(3.84 Å), ASP1176 (3.40 Å)
Pi−Pi stacking: TYR787(4.05 Å), TYR1179

(4.22, 4.57 Å), PHE884 (4.94 Å)

Abbreviations: DdRp, DNA‐dependent RNA polymerase; Mpox virus, monkeypox virus.
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gets its name), eucalyptus, and plane trees.47 This
pentacyclic triterpene possesses a wide range of strong
diuretic, antiviral, antimicrobial, antidiabetic, antiparasi-
tic, immunomodulatory, and anticancer activities.47–52

From the docking analysis, it was modeled that the
betulinic acid molecule forms a hydrogen bond with
Leu837 (2.18, 3.37 Å). As evident from Figure 2B,F, this
compound also manifests hydrophobic interactions with
eight residues: Tyr787 (3.37, 3.60, 3.60, 3.96 Å), Phe824
(3.89 Å), Phe884 (3.41, 3.49 Å), Tyr826 (3.60, 3.69,
3.90 Å), Tyr1179 (3.32, 3.55, 3.61, 3.76, 3.79 Å), Leu837
(3.60 Å), Leu1168 (3.21 Å), and Asp1176 (3.72 Å).

3.3.4 | Fluspirilene‐DdRp complex

Fluspirilene is one of the FDA‐approved drugs to treat
schizophrenia. This traditional antipsychotic drug also
showed anti‐glioma stem cell activity based on in vitro
and in vivo experiments.53 The binding affinity of the
fluspirilene compound towards the DdRp active site is

annotated by two hydrogen bonds with Asp1176 (2.36 Å)
and Gln1180 (2.34 Å) residues (Figure 2C,G). Five
residues, Tyr787 (3.61, 3.76 Å), Tyr1179 (3.73 Å),
Phe824 (3.83 Å), Phe884 (3.95 Å), and Leu837 (3.70 Å),
demonstrated hydrogen bonds with DdRp. The fluspir-
ilene molecule was found to have Pi−Pi stacking
interactions with Tyr787 (4.25 Å) and Tyr1179 (3.78 Å).

3.3.5 | Imatinib‐DdRp complex

Imatinib (also known as “Gleevec” or “Glivec”) is a
known tyrosine kinase inhibitor.54 This oral chemo-
therapy medication is used to treat a plethora of cancers,
blood conditions, and COVID‐1955; [https://go.drugbank.
com/drugs/DB00619]. The molecular interaction
between the imatinib‐DdRp docked complex showed
one hydrogen bond with Asp1176 (2.45, 3.19 Å). Three
residues, Tyr787 (3.82 Å), Tyr826 (3.84 Å), and Asp1176
(3.40 Å), formed hydrophobic interactions. As depicted in
Figure 2D,H, three residues, Tyr787 (4.05 Å), Tyr1179

FIGURE 3 Representation of molecular interaction pattern between lumacaftor and DdRp: (A) Binding energy graph of top‐ranked
molecules. (B) 2D structure of lumacaftor molecule. (C) 3D cartoon representation of docking complex of lumacaftor‐DdRp. (D) Close view
of binding pattern of lumacaftor (green sticks) to the pocket site of DdRp. Hydrogen bonds are shown as yellow dotted line networks; (E) 3D
plot of interaction between lumacaftor and DdRp. The blue, gray, and green lines represent the hydrogen bonds, hydrophobic interactions,
and pi‐stacking, respectively. (F) Solid surface transparent representation of pocket site with lumacaftor in green sticks; and (G) mesh
surface view of DdRp pocket. Different open‐source programs (UCSF Chimera, PyMOL, and PLIP server) were utilized to visualize and
annotate the molecular interactions. DdRp, DNA‐dependent RNA polymerase; PLIP, protein−ligand interaction profiler; 3D, three‐
dimensional.
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(4.22, 4.57 Å), and Phe884 (4.94 Å), interacted through
Pi−Pi stacking interactions.

All five drug molecules (lumacaftor, conivaptan,
betulinic acid, fluspirilene, and imatinib) screened in
this present study were predicted to tightly fit into the
binding pocket of the DdRp of Mpox virus in a significant
manner. Interestingly, the top three compounds, luma-
caftor, conivaptan, and betulinic acid, showed common
hydrogen bond interactions with the residue Leu837,
while Asp1176 residue commonly formed a hydrogen
bond with fluspirilene and imatinib molecules. Sharing
common hydrogen bond interactions showed molecules
targeting the conserved pocket site for binding with
DdRp. Docking results presented in this study may
support previous reports on the inhibition mechanism of
small chemical molecules against different drug targets
of Mpox virus.21–23

In a recent study,21 reported fludarabine as a
potential inhibitor of the DdRp subunit (A6R) of Mpox
virus based on virtual screening. This compound
exhibited the binding affinity score of −7.53 kcal/mol.
The docking complex of fludarabine compound and A6R
predicted the formation of four hydrogen bonds with
Gln108, Thr105, Arg94, and Gly93 residues. Based on the
extensive molecular docking and interaction pattern
investigations, two antivirals, Norov‐29 and bemnifosbu-
vir, have been proposed as promising inhibitors of DdRp.
These compounds exhibited the strong binding affinity
and hydrogen bond interactions with pocket site residues
of DdRp. Abduljalil, Elfiky (2022).56 Other key proteins
of the Mpox virus including A42R profilin‐like protein,
thymidylate kinase, and D9 decapping enzyme, have also
emerged as potential drug targets to screen the potential
inhibitors using existing cheminformatics meth-
ods.23,49,57 explored the inhibition potential of
mitoxantrone‐related drug compounds against A42R
profilin‐like protein of Mpox virus using a computational
repurposing approach. Based on the docking and 3D
pharmacophore analysis, four PubChem compounds,
153640723, 24848320, 58102019, and 145293737, have
been proposed as top‐ranked compounds with the
binding energy of −7.2, −6.9, −7.0, and −7.0 kcal/mol,
respectively. In another study, Sahoo et al. (2023),57

presented a computational drug repurposing investiga-
tion and reported four US FDA approved compounds
(tipranavir, cefiderocol, doxorubicin, and dolutegravir) as
potential inhibitors against thymidylate kinase and D9
decapping enzyme of Mpox virus. These compounds
showed strong binding patterns and acceptable binding
affinity scores with Mpox virus drug targets.

The drug repurposing approach has increasingly
become an attractive strategy in the discovery of new
uses for approved and investigated drugs to reduce

development costs and timelines.58 In this present study,
we have applied this approach to screen promising drug
candidates against DdRp of Mpox. Based on extensive
molecular modeling investigations, five FDA‐approved
drugs (lumacaftor, conivaptan, betulinic acid, fluspiri-
lene, and imatinib) have been proposed as potential
inhibitors of DdRp. These screened small drugs possess
inhibition potential against a plethora of diseases and
antiviral activities are well‐reported.44,45,47,53 Therefore,
these small drugs may be utilized to develop effective
antiviral therapy against Mpox after validation in wet lab.

3.4 | ADME properties

All five top‐ranked compounds, lumacaftor, conivaptan,
betulinic acid, fluspirilene, and imatinib, were selected for
the drug‐likeness evaluation based on Lipinski's rule of five37

and Veber's rule38 using the SWISSADME server.39 Calcu-
lated ADME properties of these top hits are summarized in
Table 2. Different parameters such as number of hydrogen
bond acceptors, number of hydrogen bond donors, number
of rotatable bonds, consensus logP, molar refractivity,
bioavailability score, synthetic accessibility, topological polar
surface area (TPSA), and solubility, were described with
optimal range of each property. Lumacaftor, conivaptan,
betulinic acid, fluspirilene, and imatinib have the following
mw, respectively: 452.41, 498.57, 456.70, 475.57, and
493.60 g/mol; these drug molecules have mw ≤500 g/mol.
These top‐ranked molecules depicted fewer than 10 hydro-
gen bond donors and five hydrogen bond donors. All five
molecules showed a number of rotatable bonds less than 10
(ranging between 2 and 8). TPSA value of all molecules was
found with the range of 35.58−97.75. All five compounds
were found to have consensus logP values less than 7, which
indicates good permeability across the cell membrane.
Lumacaftor, conivaptan, betulinic acid, fluspirilene, and
imatinib have molar refractivity values of 113.98, 153.54,
136.91, 145.27, and 154.50, respectively. These molecules
present asynthetic accessibility scores of <10, which suggests
that compounds can easily be synthesized.59,60 These top‐
ranked compounds also validated Lipinski's rule of five and
Veber's rule, which state the oral bioavailability of drug
molecules.61,62 Taken together, evaluation of ADME proper-
ties suggested that these screenedmolecules harbor favorable
drug‐likeness properties and can be utilized for further
annotation and the validation.

3.5 | MD simulation

We employed state‐of‐the‐art all‐atoms MD simulations
to understand the structural dynamics of the top‐ranked
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screened complexes using OPLS4 force field parameters
embedded in the Desmond simulation package of
Schrödinger LLC. The MD simulation length was 200
ns with a relaxation time of 1 ps for the ligands and the
protein. The dynamic stability of each system was
monitored by computing the backbone RMSD, hydrogen
bonds, and flexibility by root mean squared fluctuation
analysis throughout the simulation trajectory. The
calculated RMSD plot of the protein backbone depicted
the constant range of stability throughout the simulation
with a range between 4 and 10 Å. As evident from
Figure 4A, almost all ligands showed high‐level fluctua-
tion patterns between 0 and 40 ns. After 40 ns, all five
compounds attained stability around 100 ns of a similar
trend. However, initial fluctuations did not affect the
stability of the docking complexes. Measured ligand
RMSD plot represented the constant range of stability
with fluctuations throughout the MD simulations. As
shown in Figure 4C, the calculated ligand RMSD plot
showed the stability of ligand compounds with few small
fluctuations in fluspirilene (black), imatinib (red), con-
ivaptan (blue), and lumacaftor (orange). These four
molecules demonstrated initial fluctuations between 1
and 40000 ps on average 2.0 Å. After 60 ns, three
molecules, fluspirilene (black), imatinib (red), and
lumacaftor (orange), showed the second phase of small
fluctuations. Betulinic acid (green) demonstrated a
straight line without notable fluctuations during MD
simulations and indicated minimum conformational
changes (Figure 4C). Therefore, betulinic acid (green)
significantly contributed to the stability of the complex.
Altogether, calculated RMSD plots reflected the mini-
mum conformational changes and all docking complexes
were found stable during MD simulations.

Root mean square fluctuation (RMSF) plot was
calculated to explore the flexibility of the individual
residues of the system within the time frame (Figure 4B).
The average RMSF values of the lumacaftor, conivaptan,
betulinic acid, fluspirilene, and imatinib molecules complex
with DdRp were found to be 2.75, 3.32, 2.97, 3.12, 2.79 Å,
respectively. We also observed from the RMSF plot that
those residues between 1000 and 1100 had higher than
predicted fluctuations on 10Å as compared to other regions
of the protein. Few binding site residues belong to this
region and were involved in the interaction pattern, which
may be a reason for fluctuation in the presence of ligand
molecules. The fewer number of fluctuations observed in
the docking complexes support the docking results and
suggest that the DdRp significantly interacts with luma-
caftor, conivaptan, betulinic acid, fluspirilene, and imatinib
molecules.

To understand the stability of the molecules' binding
pattern to the DdRp, hydrogen bond analysis wasT
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conducted for all five docking complexes. Time‐
dependent behavior of the hydrogen bonds was investi-
gated and monitored. As shown in Figure 4D, lumacaf-
tor, conivaptan, betulinic acid, fluspirilene, and imatinib
compounds depicted sustained hydrogen bonds with
DdRp, and all five molecules were predicted to have
more than one average hydrogen bond per frame during
MD simulations. The investigated hydrogen bond inter-
action patterns demonstrated that all five molecules
maintain a strong interaction profiling with pocket site
residues of DdRp and were stable throughout the
simulation. Overall, MD simulation analyses were
obtained with stable conformation and all five molecules
interacted with the pocket site of DdRp with minor
conformational changes.

3.6 | Interaction fraction analysis

During the MD simulations, all five compounds were
also analyzed for the total number of receptor−ligand
interactions including hydrogen bonds, hydrophobic
interactions, ionic interactions, and water bridges. The
analyses were graphically plotted in Figure 5. The
interaction fraction of DdRp complex with fluspirilene
showed the average binding percentage during MD
simulations (Figure 5A). Four residues, Lys835, Thr836,
Leu837, and Asp1176, showed hydrogen bond occupancy

of less than 20%, while 12 residues, Lys782, Ala784,
Tyr787, Ile820, Phe824, Tyr826, Ala833, Lys835, Leu837,
Phe884, Phe1154, and Leu1168, represented less than
60% hydrophobic bond occupancy. Only Tyr1179 showed
100% hydrophobic bond occupancy with the fluspirilene
molecule. Eight residues, Gly823, Lys835, Thr836,
Leu837, Asp1176, Tyr1177, and Gln1180, demonstrated
the important role of the water bridge interaction with
fluspirilene. Only the Asp1176 residue denoted an ionic
interaction. The Asp1176 residue was predicted by MD
simulations and docking analysis to establish a hydrogen
bond interaction. Interaction fraction analysis of DdRp
complex with imatinib represented hydrogen bonds
occupancy of less than 90% with Gly823, Thr836,
Leu837, Cys1164, Asp1176, Tyr1179, and Gln1180
(Figure 5B). Nine residues, Tyr787, Ile820, Phe824,
Tyr826, Ala833, Leu837, Phe884, Leu1168, Tyr1179 dem-
onstrated less than 100% hydrophobic bond occupancy.
Tyr787, Lys819, Gln822, Gly823, Val825, Lys834, Lys835,
Asn881, Glu1157, Gly1161, Glu1165, Glu1173, Asp1176,
Tyr1179 were found to be involved in hydrophobic
interaction bonds. From the MD simulations of DdRp
complex with betulinic acid, residues Lys835, Asn881,
and Asp1176 were observed to be involved in hydrogen
bond formation for more than 50% occupancy of the
simulation (Figure 5C). Seven residues (Tyr787, Ile820,
Phe824, Ala833, Leu837, Phe884, and Tyr1179) were
noted to form hydrophobic interaction bonds. Ile449,

FIGURE 4 MD simulations on 200 ns: (A) RMSD plot of the backbone; (B) C‐alpha RMS fluctuation plot; (C) ligand RMSD plot; and
(D) hydrogen bonds plot (DdRp—fluspirilene complex [black], DdRp—imatinib complex [red], DdRp—betulinic acid complex [green],
DdRp—conivaptan complex [blue], and DdRp—lumacaftor [orange]). DdRp, DNA‐dependent RNA polymerase; MD, molecular dynamics.
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His450, Lys782, Lys819, Gln822, Gly823, Tyr826, Lys834,
Lys835, Thr836, Val879, Asn881, Asp883, Phe884,
Asp1176, Tyr1179, and Gln1180 were found to be
strongly involved in water bridge interaction formation
with imatinib. The interaction fraction analysis of DdRp
complex with conivaptan revealed that Tyr787, Ile820,
Gly823, Lys835, Thr836, Leu837, Tyr1179, and Gln1180
manifest hydrogen bond interactions with less than 50%
occupancy of the simulation time (Figure 5D). Twelve
residues, Tyr787, Pro797, Ile820, Phe824, Tyr826, Ala833,
Leu837, Phe884, Arg1160, Leu1168, Tyr1177, and
Tyr1179 established hydrophobic bond interactions.
Thirteen residues (Tyr787, Lys819, Gln822, Thr836,
Leu837, Asn881, Phe884, Glu1157, Arg1160, Asp1176,
Tyr1179, Gln1180, and Asp1183) were also observed to
participate in forming water bridge interactions with
conivaptan. In the case of the complex of DdRp and
lumacaftor, Gly823, Lys829, Thr836, Leu837, and
Glu1165 residues were found to be involved in hydrogen
bond interactions formation with more than 100%
occupancy simulation time. Eight residues, Tyr787,
Phe824, Tyr826, Ala833, Leu837, Phe884, Leu1168, and
Tyr1179, were found to be strongly involved in establish-
ing hydrophobic interactions. Thirteen residues (Lys782,
Gln822, Gly823, Val825, Ser827, Lys829, Asn881,
Gly1161, Glu1165, Asp1176, Leu1178, Tyr1179, and
Gln1180) were observed to be involved in water bridge

interactions formation (Figure 5E). No ionic interactions
were noted in the complexes of imatinib, betulinic acid,
conivaptan, and lumacaftor molecules with DdRp.
Interaction fraction analysis showed additional interac-
tions during MD simulations when compared to docking
results, which significantly contributed to establishing
strong interaction patterns with the pocket site of DdRp.

3.7 | PCA

To obtain the conformational state information of the
ligand bound protein DdRp, we performed PCA using
Cα‐atoms from each trajectory. The first three PCs
accounted for 56.63%, 40.05%, and 47.95% of the variance
in the motion observed in the trajectories of conivaptan,
betulinic acid, and fluspirilene with covariances of 94%,
92%, and 91% respectively, while PCs of imatinib and
lumacaftor accounted for 33.51% and 26.92%, sharing the
same covariance of 89%.

The 2D diagrams between eigenvectors PC1 and PC2
were utilized to compare the conjoined movements
which depict the variance in the conformational distri-
bution. DCCM analysis is shown in Figure 6, with cyan
indicating positive cross‐correlation, magenta indicating
negative cross‐correlation, and white indicating no cross‐
correlation. The lumacaftor shows more cyan, which

FIGURE 5 Graphical representation of interaction fraction analysis: (A) Interaction between DdRp and fluspirilene. (B) Interaction
between DdRp and imatinib. (C) Interaction between DdRp and betulinic acid. (D) Interaction between DdRp and conivaptan; and
(E) interaction between DdRp and lumacaftor. DdRp, DNA‐dependent RNA polymerase.
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FIGURE 6 Calculated PCA plots of docking complexes: (A) Fluspirilene; (B) imatinib; (C) betulinic acid; (D) conivaptan; and
(E) lumacaftor. PCA, principal component analysis.
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indicates the strong positive correlation in the region
surrounding 200, 500, 700, and 1100 aa. Other com-
plexes, such as conivaptan, have binding site residue in
the 200, 400, and 700 aa, showing positive correlation,
while both positive and negative cross‐correlation was
observed around aa near 800. In the betulinic acid
complex, initial 200 aa, there is evidence of both positive
and negative cross‐correlation, but the region surround-
ing 900−1100 aa showed a negative correlation. In
addition, imatinib showed positive correlation near 500
and 900 aa with many regions with negative correlation.

4 | CONCLUSIONS

The ongoing 2022 Mpox outbreak is a serious public threat
across the globe. To date, no effective medicines are available
to inhibit the Mpox virus. Due to important roles in the life
cycle of the Mpox virus, DdRp has emerged as one of
the potential drug targets. In the present study, we report the
inhibition potential of FDA‐approved repurposed small
drugs against Mpox virus. Based on integrative molecular
modeling approaches, we screened the top five drug
molecules, namely lumacaftor, conivaptan, betulinic acid,
fluspirilene, and imatinib, as potential inhibitors against
DdRp. These top‐ranked molecules demonstrated a high
range of negative binding affinities and remarkable molecu-
lar interaction patterns. MD simulations of these drug
molecules in complexes with DdRp exhibited a stable
conformation on 200 ns, further confirmed by interaction
fraction and PCA analysis. The inhibitory potential of these
screened promising drug candidates may also be further
validated in the wet lab with the help of cell culture and
model organism experiments. In the future, these screened
compounds may be utilized for antiviral therapy against
emerging strains of poxviruses.
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