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Monkeypox (now Mpox), a zoonotic disease caused by the monkeypox virus

(MPXV) is an emerging threat to global health. In the time span of only six

months, from May to October 2022, the number of MPXV cases breached

80,000 and many of the outbreaks occurred in locations that had never

previously reported MPXV. Currently there are no FDA-approved MPXV-specific

vaccines or treatments, therefore, finding drugs to combat MPXV is of utmost

importance. The A42R profilin-like protein of the MPXV is involved in cell

development and motility making it a critical drug target. A42R protein is highly

conserved across orthopoxviruses, thus A42R inhibitors may work for other family

members. This study sought to identify potential A42R inhibitors for MPXV

treatment using computational approaches. The energy minimized 3D structure

of the A42R profilin-like protein (PDB ID: 4QWO) underwent virtual screening

using a library of 36,366 compounds from Traditional Chinese Medicine (TCM),

AfroDb, and PubChem databases as well as known inhibitor tecovirimat via

AutoDock Vina. A total of seven compounds comprising PubChem CID:

11371962, ZINC000000899909, ZINC000001632866, ZINC000015151344,

ZINC000013378519, ZINC000000086470, and ZINC000095486204, predicted

to have favorable binding were shortlisted. Molecular docking suggested that all

seven proposed compounds have higher binding affinities to A42R (–7.2 to –8.3

kcal/mol) than tecovirimat (–6.7 kcal/mol). This was corroborated by MM/PBSA

calculations, with tecovirimat demonstrating the highest binding free energy of –

68.694 kJ/mol (lowest binding affinity) compared to the seven shortlisted

compounds that ranged from –73.252 to –97.140 kJ/mol. Furthermore, the 7

compounds in complex with A42R demonstrated higher stability than the A42R-

tecovirimat complex when subjected to 100 ns molecular dynamics simulations.

The protein-ligand interaction maps generated using LigPlot+ suggested that

residues Met1, Glu3, Trp4, Ile7, Arg127, Val128, Thr131, and Asn133 are important

for binding. These seven compounds were adequately profiled to be potential

antivirals via PASS predictions and structural similarity searches. All seven potential

lead compounds were scored Pa > Pi for antiviral activity while

ZINC000001632866 and ZINC000015151344 were predicted as poxvirus

inhibitors with Pa values of 0.315 and 0.215, and Pi values of 0.052 and 0.136,

respectively. Further experimental validations of the identified lead compounds are
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required to corroborate their predicted activity. These seven identified compounds

represent solid footing for development of antivirals against MPXV and

other orthopoxviruses.
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monkeypox virus, orthopoxviruses, tecovirimat, molecular docking, molecular

dynamics simulation, ADMET, biological activity prediction

1 Introduction

Mpox is a zoonotic disease caused by infection from the
monkeypox virus (MPXV) (Tayyaba et al., 2022; Kandra et al.,

2023). Two genetically distinct clades have been identified i.e., the
Congo basin (Central African) clade and the West African clade,

with the Congo clade being more frequently reported, more
virulent, and having more documentation of human transmission

(Kabuga and El Zowalaty, 2019; Sadeuh-Mba et al., 2019; Zardi and
Chello, 2022). In 2022, an unusual wave of MPXV resurfaced with

cases identified in over 100 non-endemic countries or regions and
has increased the possibility of another global health crisis (Zardi

and Chello, 2022).
MPXV can be transmitted from person to person through close

contact or by encountering bodily fluids or sores of an infected
person or animal (Zardi and Chello, 2022). Zoonotic transmission

of MPXV occurs through direct contact with or consumption of
animal hosts including non-human primates, but more commonly

including rodents such as tree squirrels, Gambian pouched rats, and
dormice (Kabuga and El Zowalaty, 2019; Zardi and Chello, 2022; Li

et al., 2023). Early MPXV symptoms begin with a fever followed by
an evolving rash characterized by different skin lesions and a

swelling of the lymph nodes which distinguishes MPXV from
other orthopoxviruses such as smallpox caused by the variola

virus (VARV) (Kandra et al., 2023). The number of lesions can
be severe and affect sensitive areas such as the genitals or

oropharynx that can make MPXV extremely painful (Hallo-
Carrasco et al., 2023). Significant amounts of lesions on the

genitals can often cause misdiagnosis of MPXV as syphilis or
other sexually transmitted infections (Cohen, 2022). A large

por t ion of MPXV pat ients a l so suffer f rom human
immunodeficiency virus (HIV), as a report by the Centers for

Disease Control and Prevention (CDC) shows that 82% of 57
patients (≥18 years) hospitalized between August 10 to October
10, 2022, were co-infected with HIV (Miller et al., 2022). Reports of

PCR results from semen samples positive for MPXV suggest the
possibility of MPXV being spread via sexual transmission (Antinori

et al., 2022).
MPXV has an incubation period anywhere from 3 to 17 days

and a full recovery without significant complications can normally
span from 2 weeks to a month. While infected, patients require

hospitalization and single room isolation to control spread of
infection and for pain management (Hallo-Carrasco et al., 2023).

MPXV can be fatal or cause severe complications including
pneumonia, sepsis, encephalitis, and loss of vision as a result of

eye infections (Huang et al., 2022). Fatality rates in African
countries have had at least 75 confirmed deaths (Tomori and

Ogoina, 2022). In non-endemic countries from August 10th to
October 10th the CDC reported that 30% of patients required

ICU-level care and there were 12 deaths, 5 of which MPXV was
the cause or major contributing factor of fatality (Miller et al., 2022).

Stay in the intensive care unit (ICU) and prolonged hospitalization
while immunocompromised can also increase risk of secondary

illnesses by nosocomial infections (de la Calle-Prieto et al., 2023; da
Costa et al., 2022; Jeon et al., 2012). Those most at risk for acquiring

MPXV are usually children, those in contact with animal hosts, and
patients suffering from other conditions (Huang et al., 2022).

MPXV was first identified in 1958 as a pox-like disease outbreak
in monkeys kept at a research institute in Copenhagen, Denmark

(Parker and Buller, 2013). The first human case of MPXV occurred
in 1970 in a nine-month-old boy in the Democratic Republic of

Congo (Meo and Ali Jawaid, 2022; Bunge et al., 2022). It took until
2003 for the first case of MPXV outside of Africa to be reported in
the United States (Antinori et al., 2022; Meo and Ali Jawaid, 2022).

Since then, there have been few other sporadic cases up until 2017
and especially 2022 (Zardi and Chello, 2022). Starting in May of

2022 there was a rapid increase in MPXV cases with outbreak of
MPXV in over 100 locations with no prior reported cases (Zardi

and Chello, 2022). In the time span from May to October 2022 the
CDC reported 86,500 global cases of MPXV with 30,262 being in

the United States (Owens et al., 2023). Even with the significant
increase in MPXV cases, there are very few treatment options

available, and no FDA-approved drugs that are MPXV specific.
There are some preventative measures for MPXV through

vaccination using FDA approved vaccines ACAM2000 or
JYNNEOS. ACAM2000 is reported to have good efficacy but has

issues with negative side effects including myopericarditis (Zardi
and Chello, 2022). JYNNEOS requires further testing to validate its

efficacy (Xiang and White, 2022). Both vaccines have been licensed
for the treatment of smallpox and have been shown to lower the risk

of MPXV infection (Zardi and Chello, 2022). Drug treatments
available for MPXV include tecovirimat and brincidofovir (Niaz
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et al., 2022). Both drugs target smallpox, but due to genetic
similarity among poxviruses, they show promise in MPXV at

least in animal models (Adler et al., 2022; Frenois-Veyrat et al.,
2022; Sherwat et al., 2022; Warner et al., 2022). Tecovirimat targets

a highly conserved protein in poxviruses, p37, and brincidofovir
targets DNA replication of the poxviruses (Xiang and White, 2022).

Notably, brincidofovir has had complications of toxicity when used
in human patients (Adler et al., 2022). Tecovirimat can successfully

decrease viral shedding and length of illness, but there is minimal
data on human efficacy of tecovirimat for MPXV (Adler et al., 2022;

Sherwat et al., 2022). Vaccines are limited in quantity and
accessibility and treatment options are limited for MPXV;

therefore, it is of utmost importance to search for new antivirals
to combat MPXV (Chakraborty et al., 2022).

MPXV are large enveloped double stranded DNA viruses
around 200-250 nm and identifiable by their brick-shape, surface

tubules, and dumbbell-shaped core (Parker and Buller, 2013).
MPXV and other poxviruses avoid the host cell’s nucleus and

carry out replication and viral assembly in the cytoplasm
(Realegeno et al., 2017). In poxviruses, the mature virions (MV)

are trapped in the intracellular space of a host cell unless
transported to the golgi for extra preparation and wrapping to

exit the cell as an extracellular virion (EV) (Realegeno et al., 2017).
The EV form of MPXV is necessary for cell motility and viral spread

through the host (Realegeno et al., 2017). To get to the EV form, the
MV must traverse to the plasma membrane of the host cell using

microtubules, and once the virus is coated in a membrane it can fuse
into the cell membrane and exit the cell via different mechanisms

(Duncan et al., 2018; Meiser et al., 2003). One mechanism is the
production of an actin tail used for motility of the EV to a

neighboring cell (Zhang et al., 2000). Actin tail production has
been shown in other poxviruses to be a critical factor in viral release

from an infected cell (Duncan et al., 2018).
In this study MPXV A42R profilin-like protein was used as the

drug target. Profilins are important in cell motility by interacting

with actin and influencing cytoskeletal dynamics (Butler-Cole et al.,
2007) although A42R only weakly interacts with actin unlike other

cellular profilins (Minasov et al., 2022). Actin is important in the
pathogenicity of other poxviruses by impacting viral spread to

neighboring cells. In a study of another profilin homolog of a
different poxvirus, ectromelia virus, it was observed that alpha-

tropomyosin directly interacts with the viral profilin-like protein
(Butler-Cole et al., 2007). Using immunofluorescence, it was

suggested that alpha-tropomyosin may colocalize with actin-tail-
like structures or surface tubules (Butler-Cole et al., 2007). This

colocalization suggests that tropomyosin is involved in the motility
of the virus. A42R also interacts with phosphatidylinositol lipids

(Minasov et al., 2022). Viral interactions with lipids are a
mechanism used to alter the host cell and support the wrapping

of the virus needed for efficient fusion to the plasma membrane and
then protection in the cytoplasm (Heaton and Randall, 2011).

Profilin-like proteins in vaccinia virus (VACV) interact more
strongly with the polyphosphatidylinositides (PPI) than actin

(Machesky et al., 1994). A42R in a structural comparison to

cellular profilins suggest that MPXV may also bind PPIs with a
higher affinity than actin (Minasov et al., 2022). Therefore, A42R is

likely more related to the regulation of phosphatidylinositol
metabolism rather than actin structure, but important in

membrane trafficking and cell motility. When looking at sequence
alignments of A42R across orthopoxviruses, it is a highly conserved

protein, with its most distant homolog being 79% identical
(Minasov et al., 2022). These roles in viral infection and the

conservation of A42R in other relatives support its role as a
critical therapeutic target for MPXV.

Due to the high cost and time inefficiencies of traditional drug
development, computer-aided drug design (CADD) methods are

receiving a lot of recognition regarding identifying therapeutics that
are specific and selective against viral pathogens. The identification

of new compounds can be screened by combined applications of
CADD to help the development of future antiviral drugs. Therefore,

the identification of new bioactive compounds via in silico drug
design is vital in the discovery of new leads that have the potential to

inhibit A42R. This study therefore sought to identify potential
therapeutic candidates through virtual screening and to

characterize the binding mechanisms between the A42R and
potential inhibitory molecules by utilizing molecular dynamics

(MDs) simulations and molecular mechanics Poisson-Boltzmann
surface area (MM/PBSA) methods.

2 Results

2.1 Protein structure and binding
site prediction

The A42R protein retrieved from the Research Collaboratory

for Structural Bioinformatics Protein Data Bank (RCSB PDB) had
two chains, A and B. Each chain is composed of seven antiparallel
b-sheets, three a-helices and a partial helix (Minasov et al., 2022).

Herein, the A42R structure was subjected to energy minimization
using all-atom optimized potentials for liquid simulations (OPLS/

AA) and Chemistry at Harvard Macromolecular Mechanics 36
(CHARMM36) force fields. The A42R protein structure was

minimized using the OPLS/AA force field that had a lower
potential energy of –3.896 × 105 kJ/mol in 667 steps than that of

CHARMM36, which converged in 374 steps with an energy of –
3.709 × 105 kJ/mol (Supplementary Figure S1). Thus, the A42R

structure which was energy minimized using OPLS was used in this
study due to its lower energy which implies a higher stability (Pallio

et al., 2023).
Computed Atlas of Surface Topology of proteins (CASTp) 3.0’s

(Tian et al., 2018) prediction of binding pockets for A42R resulted
in pocket 1 as the largest with an area of 115.519 Å2 and a total

volume of 31.983 Å3 (Table 1). Upon visualizing the other pockets
in PyMOL, it was observed that the other pockets were relatively

small and could not accommodate ligands. Residues lining pocket 1
included Met1, Glu3, Trp4, Lys6, Ile7, Asp10, Ile22, Thr99, Ile104,

His124, Ala125, Arg127, Val128, Thr131, and Asn133 (Table 1). Of
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the twenty predicted binding pockets, pocket 1 stood out as the

largest cavity and was the only binding site of A42R assessed in
this study.

2.2 Molecular docking via AutoDock Vina

AutoDock Vina module in PyRx version 0.9.2 successfully

screened 26,315 compounds (25,196, 821, and 298 from TCM,
AfroDb, and PubChem, respectively) against MPXV A42R profilin-

like protein (Trott and Olson, 2010; Dallakyan and Olson, 2015).
Docking conformations were visualized for compounds with the

lowest docking scores (highest binding affinities). Compounds were
checked for binding to pocket 1, the most plausible binding site.

TCM compounds ZINC000070455208 and ZINC000085543530,
both with the lowest docking score at –9.0 kcal/mol, and

ZINC000043552595 at –8.9 kcal/mol were eliminated as they did
not bind to pocket 1. Similarly, ZINC000095485942 from AfroDb

with a docking score of –8.5 kcal/mol was eliminated. After
eliminating compounds not bound to pocket 1, the pose with the

most negative docking score was selected as the best for each ligand.
A previous docking study screening Plantago lanceolate compounds

against A42R resulted in comparable binding energies ranging from
–5.3 to –9.9 kcal/mol (Bajrai et al., 2022). The top 1% from TCM

was shortlisted comprising 252 compounds with docking scores of –
7.7 kcal/mol or less. All compounds passing below the –7.0 kcal/mol

threshold were retained from AfroDb and PubChem leaving 44 and
3 respectively. Other molecular docking studies screening for

compounds against A42R resulted in binding energies greater
than –6.8 kcal/mol (Burkhanova et al., 2022; Preet et al., 2022).

The lowest docking score from TCM was observed for
ZINC000043552595 with –8.8 kcal/mol, from AfroDb was

ZINC000095486204 with –8.3 kcal/mol, and from PubChem CID:
11371962 with –7.2 kcal/mol. These are considered good especially

in comparison to tecovirimat, a known MPXV inhibitor whose
binding energy was above the –7.0 kcal/mol threshold at –6.7 kcal/

mol. It is worth noting that tecovirimat has not been shown to target
the A42R pro te in . Other top compounds inc luded

ZINC000000899909, ZINC000001632866, ZINC000015151344,
ZINC000013378519, and ZINC000000086470. Interactions such
as hydrophobic and hydrogen bonds are important for the

stability of the ligand binding to the A42R interface (Table 2).

Optimization of both hydrophobic and hydrogen bonds can be used
to improve drug selectivity to reduce off-target adverse effects and

improve efficacy (Patil et al., 2010).

2.3 Molecular interactions between A42R
and top compounds

The protein-ligand interaction maps for the seven potential
candidates and tecovirimat are presented in (Figure 1;

Supplementary Figure S2). Tecovirimat (PubChem CID:
16124688) interacted with A42R residues Glu3, Trp4, Ile7, Arg127,

Val128, Thr131, and Asn133 via hydrophobic bonds and formed two
interactions with Met1 via hydrogen bonding with lengths 3.19 and

3.33 Å (Supplementary Figure S2F). PubChem CID: 11371962
interacted with A42R residues Glu3, Trp4, Ile7, Arg127, Val128,

Thr131, and Asn133 via hydrophobic bonds and one 3.08 Å
hydrogen bond with Met1 (Supplementary Figure S2A).
ZINC000000899909 formed hydrophobic bonds with residues Glu3,

Trp4, Ile7, Arg127, Val128, Thr131, andAsn133 and a hydrogen bond
with Met1 (3.19 Å) (Figure 1A). ZINC000001632866 formed

TABLE 2 Binding energies from AutoDock Vina of the seven lead

compounds and tecovirimat with A42R.

Compound

Binding
Energy
(kcal/
mol)

Interacting Residues

Hydrophobic
Bonds

Hydrogen
Bond
(Bond

Length, Å)

Tecovirimat -6.7
Glu3, Trp4, Ile7,
Arg127, Val128,
Thr131, Asn133

Met1 (3.19
and 3.33)

PubChem
CID: 11371962

-7.2
Glu3, Trp4, Ile7,
Arg127, Val128,
Thr131, Asn133

Met1 (3.08)

ZINC000000899909 -7.8
Glu3, Trp4, Ile7,
Arg127, Val128,
Thr131, Asn133

Met1 (3.19)

ZINC000001632866 -8.0
Met1, Glu3, Trp4,

Ile7, Arg127, Val128,
Thr131, Asn133

–

ZINC000015151344 -7.9
Glu3, Trp4, Arg127,
Val128, Thr131

Met1 (3.16)
and

Asn133 (3.29)

ZINC000013378519 -8.1

Met1, Glu3, Trp4,
Lys6, Ile7, Asp10,
Arg127, Val128,
Thr131, Asn133

–

ZINC000000086470 -7.6
Glu3, Trp4, Ile7,
Arg127, Val128,
Thr131, Asn133

Met1 (3.16)
and

Met1 (2.79)

ZINC000095486204 -8.3
Glu3, Trp4, Arg127,

Val128,
Thr131, Asn133

Met1 (3.17)

The interacting residues and the type of interaction is presented for each protein-
ligand complex.

TABLE 1 Four largest predicted binding cavities via CASTp with their

area, volumes and residues lining each pocket.

Pocket
No.

Area
(Å²)

Volume
(Å3)

Residues lining the Pocket

1 115.519 31.983 Met1, Glu3, Trp4, Lys6, Ile7, Asp10,
Ile22, Thr99, Ile104, His124, Ala125,
Arg127, Val128, Thr131, and Asn133.

2 37.568 17.259 Glu18, Thr86, Tyr88, Ala89, Pro90,
Ser92, Met107, Lys109, and Pro110.

3 19.000 2.456 Ile7, Ile8, Ile11, Ala20, Ala21, Ile22,
Ile104, Leu106, Cys121, and His124.

4 11.978 1.143 Leu51, Ile52, Thr53, Asn54, His55,
Asn72, and Met75.
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hydrophobic bonds with residues Met1, Glu3, Trp4, Ile7, Arg127,

Val128, Thr131, and Asn133 (Supplementary Figure S2B).
ZINC000015151344 formed hydrophobic bonds with residues Glu3,

Trp4, Arg127, Val128, and Thr131 and two hydrogen bonds with
residues Met1 and Asn133 with bond lengths 3.16 and 3.29 Å,

respectively (Figure 1B). ZINC000013378519 formed hydrophobic
bonds with residues Met1, Glu3, Trp4, Lys6, Ile7, Asp10, Arg127,

Val128, Thr131, and Asn133 (Supplementary Figure S2C).
ZINC000000086470 formed hydrophobic bonds with residues

Glu3, Trp4, Ile7, Arg127, Val128, Thr131, and Asn133, as well as
two hydrogen bonds with Met1 of bond lengths 3.16 and 2.79 Å

(Supplementary Figure S2D). ZINC000095486204 formed
hydrophobic bonds with residues Glu3, Trp4, Arg127, Val128,

Thr131, and Asn133 and a hydrogen bond with Met1 of bond
length 3.17 Å (Supplementary Figure S2E). In all 8 compounds, the

residues Met1, Glu3, Trp4, Arg127, Val128, Thr131, and Asn133
were involved in protein-ligand interactions. Met1 was involved in

at least one hydrogen bond for 6 of the 8 compounds and involved

in 2 hydrogen bonds for tecovirimat and ZINC000000086470. Ile7

was also a prevalent interaction residue involved in 6 of the 8
protein-ligand interactions. Other studies that looked at interacting

residues between A42R and ligands have also mentioned Trp4 and
Arg127 involvement (Minasov et al., 2022; Dassanayake

et al., 2022).

2.4 ADMET prediction

There were a total of 111 compounds that failed ADME and

were eliminated from consideration. These included compounds
that violated more than one of Lipinski’s rules or any violations to

Veber’s rule. The top compound ZINC000043552595 violated
Veber’s rule and was eliminated (Table 3). Twenty other

compounds with low docking scores from TCM failed ADME
leaving the top compound from TCM to be ZINC000013378519

with a docking score of –8.1 kcal/mol. Top compounds from

TABLE 3 Pharmacokinetic evaluation of the 8 potential lead compounds and Tecovirimat. The consensus logP value (SwissADME) is reported in

this table.

Compound
MW
(g/
mol)

logP
o/w

TPSA
(Å²)

BBB
Permeant

GI
Ab-

sorption

ESOL
Solubility
Class

No. of Lipinski’s
rule violations

No. of Veber’s
rule violations

Tecovirimat 376.33 2.76 66.48 Yes High Soluble 0 0

PubChem
CID: 11371962

364.32 2.79 66.48 Yes High Soluble 0 0

ZINC000043552595 552.48 5.44 170.8 No Low Poor 1 1

ZINC000000899909 336.34 3.81 72.81 Yes High Moderate 0 0

ZINC000001632866 242.31 5.26 0 No Low Moderate 1 0

ZINC000015151344 312.36 3.29 66.76 Yes High Moderate 0 0

ZINC000013378519 482.52 5.19 88.38 No High Poor 0 0

ZINC000000086470 336.38 3.69 44.76 Yes High Moderate 0 0

ZINC000095486204 363.45 3.9 61.72 Yes High Moderate 0 0

BA

FIGURE 1

Protein-ligand interaction maps of two top compounds presenting important binding residues for compounds (A) ZINC000000899909 and (B)

ZINC000015151344. For the interaction maps, black circles are carbon, red circles are oxygen, blue circles are nitrogen, and yellow circles are sulfur.

Residue names in green interact in hydrogen bonding, dashed green lines are the hydrogen bond representation. Black residues are interacting by

hydrophobic bonds corresponding to red markings on the ligands.
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AfroDb and PubChem remained as ZINC000095486204 at –8.3
kcal/mol, and PubChem CID: 11371962 at –7.2 kcal/mol. A total of

142 out of 252 passed, 43 out of 44 passed, and 3 of 3 passed for
TCM, AfroDb, and PubChem, respectively. The shortlisted

compounds had a molecular weight between 242.31 g/mol and
482.52 g/mol and TPSA’s ranging up to 88.38 Å2 (Table 3).

BBB permeability should be considered in the adaptation of
these compounds as potential MPXV inhibitors. There has been a

rising concern about neurological complications associated with
MPXV (Sepehrinezhad et al., 2023; Pastula et al., 2022; Billioux

et al., 2022). Known neurological symptoms of MPXV have
commonly included headache, neuropathic pain, depression, and

anxiety (Billioux et al., 2022). A rarer symptom associated with
MPXV is encephalitis, but it may be linked to a relatively common

symptom, conjunctivitis, that occurs in about 30% of unvaccinated
patients (Urmi et al., 2023). In the 2022 outbreak, in an examination

of two MPXV patients suffering from encephalitis MPXV DNA was
detected in the cerebrospinal fluid (Billioux et al., 2022). It has been

reported in MPXV and in other viruses that some ocular symptoms
like conjunctivitis may play a role in viral infiltration to the brain

resulting in encephalitis (Urmi et al., 2023; Koyuncu et al., 2013;
Yue et al., 2022). To address the concern of MPXV populating the

brain, the permeability of the compounds to cross the blood brain
barrier (BBB) was predicted. From the top compounds PubChem

CID: 11371962, ZINC000000899909, ZINC000015151344,
ZINC000000086470, and ZINC000095486204 were predicted to

be permeable to the BBB (Table 3). Excluding the eliminated
ZINC000043552595, compounds ZINC000001632866 and

ZINC000013378519 were predicted to not cross the BBB, but
alternative administration routes could be employed to bypass the

BBB (Hersh et al., 2016; Gernert and Feja, 2020; Broni et al., 2023).
Of the twenty-five shortlisted compounds that had high binding

affinities to pocket 1 and passed ADME, there was a total of 18 that
passed toxicity screening (Supplementary Table S1). There were 21,
19, 14, and 23 compounds predicted to have no toxic effects

regarding mutagenicity, tumorigenicity, reproductive effects, or
irritancy (Supplementary Table S1) after subjecting them to

toxicity risk prediction using DataWarrior 5.5.0. Ten compounds
inc lud ing ZINC000013378519 , Z INC000015151344 ,

ZINC000095909830, ZINC000095913878, ZINC000000689683,
ZINC000000897930, ZINC000000134782, ZINC000048998695,

ZINC000014557836, and ZINC000038658035 had no predicted
toxicity in any of the four categories (Supplementary Table S1).

Only compound ZINC000095485910 of the top twenty-five had
high mutagenic risk. Six compounds had high tumorigenic risk

including compounds ZINC000095486204, ZINC000001632866,
ZINC000028702248, ZINC000031852149, ZINC000095485910,

and ZINC000095486327.
Top compounds ZINC000095486204 and ZINC000001632866

from AfroDb and TCM respectively failed toxicity screening.
ZINC000095486204 had both high risk in mutagenicity and low

reproductive effect risks while ZINC000001632866 had both low
mutagenic and high tumorigenic risks. While this should eliminate

them from further use their structures were of interest as they had
low docking scores when screened against A42R and good predicted

antiviral activity. ZINC000001632866’s binding to A42R was

specifically of interest because it had predicted antiviral activity to
poxviruses. So, while these drugs should be cautioned against

because of their potential toxicity, their structures may be of value
in designing new antipoxvirus drugs.

2.5 Prediction of biological activities of
shortlisted compounds

For each of the seven potential lead compounds PubChem

CID: 11371962 (N-(3,5-dioxo-4-azatricyclo[5.2.2.02,6]undec-8-
en-4-yl)-4-(trifluoromethyl)benzamide), ZINC000000899909

(Sojagol), ZINC000000086470 (Obovatin 5-Methyl Ether),
ZINC000001632866 (3-Methylbenzo[c]phenanthrene) ,

ZINC000095486204 ((1S,3R)-7-(4-hydroxy-5-methoxy-7-
methylnaphthalen-1-yl)-1,3-dimethyl-3,4-dihydro-2H-

isoquinolin-1-ol), ZINC000013378519 (1-[(7-Hydroxy-4-
methoxy-9,10-dihydrophenanthren-2-yl)oxy]-4-methoxy-9,10-

dihydrophenanthrene-2,7-diol), and ZINC000015151344 (4,18-
Dihydroxy-2-oxatricyclo[13.3.1.13,7]icosa-1(18),3,5,7(20),15

(19),16-hexaen-10-one) the probability of activity (Pa) obtained
for each activity related to viral inhibition, or antiviral activity was

greater than the corresponding probability of inactivity (Pi) using
the Prediction of Activity Spectra of Substances (PASS) (Lagunin

et al . , 2000; Parasuraman, 2011). ZINC000000899909,
ZINC000000086470, ZINC000001632866, ZINC000095486204,

ZINC000013378519, and ZINC000015151344 were all predicted
to inhibit viral entry (Supplementary Table S2).

Two compounds that stood out were ZINC000001632866 and
ZINC000015151344 which were predicted as antivirals for

poxviruses with Pa values of 0.315 and 0.215, and Pi values of
0.052 and 0.136, respectively. These two compounds were also

predicted to have antiviral activity to other double stranded DNA
viruses in the Adenoviridae, Herpesviridae, and Hepadnaviridae

families (Supplementary Tables S2B, C). Predicted activity to inhibit

adenoviruses had Pa values of 0.387 and 0.381 and Pi values 0.035
and 0.037 for ZINC000001632866 and ZINC000015151344,

respectively. In total, each of these two compounds had predicted
antiviral activity for ten different viruses, nine of which they had in

common including poxviruses, picornavirus, adenovirus,
cytomegalovirus (CMV), influenza, herpes, hepatitis C (HCV),

rhinovirus, and HIV (Supplementary Tables S2B, C).
Additionally, ZINC000001632866 was also predicted to have

antiviral activity against parainfluenza, and ZINC000015151344
had predicted antiviral activity against hepatitis B (Supplementary

Tables S2B, C).
MPXV infections can be complicated by other comorbidities.

ZINC000000899909, ZINC000001632866, ZINC000015151344, and
ZINC000013378519 all had predicted activity to inhibit HIV in

several ways by targeting HIV fusion, integration, or reverse
transcription and since HIV is a common comorbidity of MPXV

these compounds may be useful in further protection from HIV
related exacerbations (Supplementary Tables S2A-D) (Hoffmann

et al., 2022). Human MPXV patients have been reported with
inflammation in the spleen and liver though there is a lack of

evidence for large amounts of MPXV replication in hepatocytes
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(Lum et al., 2022). ZINC000000899909, ZINC000013378519,
ZINC000000086470, and PubChem CID: 11371962 were all

predicted to have antiviral activity against hepatitis either generally
or specifically B or C (Supplementary Tables S2A, D, E, G).

ZINC000000899909, ZINC000001632866, and ZINC000015151344
were predicted to inhibit hepatitis C virus (HCV) internal ribosome

entry site important for translation initiation in HCV (Dibrov
et al., 2014).

Other antiviral activity predicted included compounds
ZINC000000899909 and ZINC000000086470 against rhinoviruses

with Pa values of 0.383 and 0.568 and Pi values of 0.111 and 0.009,
respectively (Supplementary Tables S2A, E). ZINC000000086470

and ZINC000013378519 had predicted antiviral activity against
herpes and influenza (Supplementary Tables S2D, E). PubChem

CID: 11371962 had predicted antiviral activity against human
coronavirus with Pa of 0.247 and Pi of 0.080.

There were several other predicted activities that could lead to
viral inhibition. All top seven compounds were predicted as RelA

expression inhibitors, JAK2 expression inhibitors, and Pin1
inhibitors (Supplementary Tables S2A-G). The nuclear factor kB

(NF- kB) pathway is important to viruses because this pathway can
be activated by detection of viral particles leading to an immune

response (Takada et al., 2002). RelA inhibitors block RelA, in NF-
kB and Sp1 sufficiently to inhibit HIV-1 replication and decrease

HIV-1 transcription (Takada et al., 2002). The highest predicted
activity for RelA expression inhibition from the seven compounds

was ZINC000000086470 with a Pa of 0.647 and Pi of 0.003, and
second was ZINC000000899909 with a Pa of 0.623 and Pi of 0.003.

JAK2 is a substrate for Abl family tyrosine kinases and Abl
family tyrosine kinases are a known target for anti-MPXV drugs

(Rabaan et al., 2023). MPXV and vaccinia virus (VACV) use a
conserved mechanism described previously to move from cell to

cell. For both viruses, enveloped virions are important as it has been
previously shown that the formation of actin tails necessary for
motility require Abl and Src family kinases, though only Abl kinases

are needed for release of the enveloped virions (Reeves et al., 2005;
Reeves et al., 2011). There has been success with imatinib mesylate

in blocking this pathway in mice models successfully inhibiting viral
exit of VACV (Reeves et al., 2005). Abl family tyrosine kinase

inhibitors have also been reported to inhibit viral replication by
interrupting viral DNA synthesis (Rabaan et al., 2023; Reeves et al.,

2005). Since JAK2 is known to be activated by poxviruses and it is
involved in this pathway important for viral replication and

motility, inhibition of JAK2 expression is a good target to inhibit
poxviruses (Rabaan et al., 2023; Reeves et al., 2011; Ahmed et al.,

2009). JAK2 expression inhibitors are also useful in controlling
inflammation caused by response to viral infection. MPXV

infection experiments in cynomolgus macaques have reported
fatality associated with high numbers of cytokines termed a

‘cytokine storm’ (Lum et al., 2022; Goff et al., 2011). This is not
uncommon as similar aberrant immune responses occur in SARS-

CoV-2 in human patients and Influenza A in mice studies (Gajjela
and Zhou, 2022; Wang et al., 2020). SARS-CoV-2 in human

patients when treated with JAK2 inhibitors resulted in preventing
severe respiratory side effects resulting from viral infection with

minimal impact on the hosts immune system (Gajjela and Zhou,
2022). Influenza A manipulation of JAK2 is vital for viral

replication. In a study using JAK2 inhibitor, gingerenone, they
were able to limit severe respiratory effects and prolong survival of

mice (Wang et al., 2020). There is evidence that poxviruses can
activate tyrosine kinases like JAK2 and that inhibition of JAK2 can

alter cytokine signals protecting mice subjects from lethal VACV
infection (Ahmed et al., 2009). The compound with the highest

predicted JAK2 expression inhibition was ZINC000013378519 with
a Pa of 0.902 and a Pi of 0.003. Also, with high predicted activity

were compounds ZINC000001632866, ZINC000015151344, and
ZINC000095486204 with Pa values of 0.860, 0.796, and 0.620 and

Pi values of 0.004, 0.008, and 0.029, respectively.
Pin1 is a peptidylprolyl isomerase involved in activating several

oncogenes and turning off tumor suppressors which make it a target
for viruses including SARS-CoV-2, HIV, and hepatitis B (Kanna

et al., 2022; Zhou et al., 2021; Hou et al., 2015). In SARS-CoV-2 and
other viruses Pin1 aids in viral growth (Kanna et al., 2022). Pin1 has

been shown to promote HIV uncoating, reverse transcription, and
viral integration to the host genome, and upon Pin1 inhibition these

steps are also inhibited (Hou et al., 2015). Pin1 in hepatitis B viral
infection associates with hepatitis B X protein (HBx), a critical

protein for viral transcription and replication (Zhou et al., 2021).
ZINC000001632866 and ZINC000015151344 had the two highest

predicted activities as Pin1 expression inhibitors with Pa values of
0.661 and 0.636 and Pi values of 0.011 and 0.013, respectively.

Compounds ZINC000000899909, ZINC000015151344, and
ZINC000095486204 were predicted as APOA1 expression

enhancers with Pa values of 0.443, 0.420, and 0.362 and Pi values
of 0.047, 0.059, and 0.104, respectively. APOA1 is the gene encoding

apolipoprotein A-I, a major component of high-density lipoprotein
(HDL) (Singh et al., 1999; Srinivas et al., 1990). HDL has broad
antiviral activity inhibiting viral entry into cells (Singh et al., 1999).

Apolipoprotein A-I has been shown to limit cell fusion in HIV
infected cells, in recombinant vaccinia virus infected CD4+ HeLa

cells expressing HIV envelope protein, and herpes simplex virus all
of which during viral infection decrease HDL levels (Srinivas et al.,

1990; Owens et al., 1990). In herpes simplex virus, Apolipoprotein
A-I was able to inhibit cell fusion at 1 µM concentrations (Srinivas

et al., 1990).
Other targets for suggested anti-MPXV drugs to block viral

replication include DNA or RNA polymerase and topoisomerase
inhibitors (Rabaan et al., 2023). All compounds were predicted to

have DNA or RNA polymerase inhibition and compounds
ZINC000000086470, ZINC000095486204, and PC11371962 were

predicted to inhibit topoisomerase I while compound
ZINC000013378519 was predicted to inhibit both topoisomerase I

and II (Supplementary Tables S2A-G). The predicted antiviral
activities of the seven potential lead compounds had Pa > Pi and

are worthy of further experimental validation in vitro (Jamkhande
and Barde, 2014).
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2.6 Compound sources and structural
similarities to compounds with known
biological activities

PubChem CID: 11371962 was structurally similar to

tecovirimat with a score of 0.962. Tecovirimat has shown
inhibitory activity against MPXV in vitro with an IC50 of 12.7 nM

and in mice models with an EC50 of 0.008 µM against Zaire Central
African clade MPXV isolates and an EC50 of 0.006 µM against

MPXV isolates from the 2022 Canadian/West African clade
(Frenois-Veyrat et al., 2022; Warner et al., 2022). Tecovirimat has
limited cases of use in human treatment of MPXV but has shown

efficacy in the treatment of MPXV (Mbrenga et al., 2022; Desai
et al., 2022). Tecovirimat targets viral p37 and F13L phospholipase

needed for enveloping the virus, in this study tecovirimat was used
as a reference control, though it does not target A42R specifically

(Sherwat et al., 2022; Desai et al., 2022; Mucker et al., 2013).
PubChem CID: 11371962 had a higher predicted binding affinity

for A42R than tecovirimat (Table 2).
Compound ZINC000000899909 or sojagol, is a natural

compound that is extracted from Glycine max or soybeans.
Soybean metabolites include different flavonoids, isoflavonoids,

and coumarins that have been suggested to play different roles in
antimicrobial activit ies in plants (Silva et al . , 2021).

ZINC000000899909 was predicted to have structural similarity to
(+)-rutamarin alcohol with a score of 0.716. (+)-Rutamarin

alcohol’s direct parent is psoralens and is classed as a coumarin
(Ulubelen and Öztürk, 2006). (+)-Rutamarin alcohol is reported to

target topoisomerase II, that is critical for viral replication (Xu et al.,
2014). ZINC000000899909 was reported in PASS to have inhibitory

activity of both topoisomerase I and II with Pa’s of 0.272 and 0.147
and Pi’s of 0.018 and 0.035, respectively. (+)-Rutamarin alcohol has

effectively inhibited herpesvirus replication in vitro with an IC50 of
1.12 µM and herpes virion production with an EC50 of 1.62 µM (Xu

et al., 2014). It also inhibited Epstein Barr virus DNA replication at
IC50 2.38 µM and virion production with an EC50 of 2.94 µM

(Hassan et al., 2022). Other coumarins, novobiocin and
coumermycin inhibit viral topoisomerase 1B with Ki values of 10-

25 µM and 350 µM, respectively (Sekiguchi et al., 1996). Vaccinia
topoisomerase 1B has enough differences from human

topoisomerase 1B to be selective to the viral version and is a
suggested target in poxviruses (Sekiguchi et al., 1996; Sliva and

Schnierle, 2007).
Compound ZINC000015151344 or 4,18-Dihydroxy-2-

oxatricyclo[13.3.1.13,7]icosa-1(18),3,5,7(20),15(19),16-hexaen-10-
one, is a natural compound that can be obtained from the tree

Engelhardia roxburghiana. Other compounds extracted from the
leaves of Engelhardia roxburghiana include flavonoids with effects

as anti-inflammatories, anti-proliferatives, and antioxidants (Xin
et al., 2012). ZINC000015151344 was predicted to have structural

similarity to zingerone and 5-pentyl-2-phenoxyphenol with scores
of 0.813 and 0.802 respectively. Zingerone is a compound from

ginger with high antioxidant activity along with other important
properties to ease complications associated with viral infection

including anti-inflammatory, antimicrobial, anticancer, and
antidiarrhoeic effects (Ahmad et al., 2015). Oxidative stress is

associated with several viruses including vaccinia virus that causes
redox imbalances in its hosts to promote viral replication (Aydemir

and Ulusu, 2022). There is support of antioxidant compounds
reducing lung inflammation after influenza A and B infection.

Terameprocol is an antioxidant with both antiviral and anti-
inflammatory effects that in vitro inhibited viral yield in both

cowpox and vaccinia virus (Aydemir and Ulusu, 2022). 5-pentyl-
2-phenoxyphenol is an antibacterial compound (Shawon et al.,

2021). Chemically ZINC000015151344 is classified as a
diarylether under the broader diarylheptanoids and 5-pentyl-2-

phenoxyphenol’s direct parent is diphenyl ethers. Diphenyl ethers
are of interest as new antiviral scaffolds (Kini et al., 2019). Diphenyl

ether-based compounds have shown broad antiviral activity
including efficacy against vaccinia virus in vitro with an EC50 of 9

µM (Ibrahim et al., 2016).
Compound ZINC000000086470 or Obovatin 5-Methyl Ether,

was predicted to have structural similarity to sakuranetin,
naringenin, (2S)-7-hydroxyflavanone, 5-deoxyflavanone,
hesperetin, and 4’-hydroxyflavanone with scores 0.747, 0.742,

0.74, 0.736, 0.73, and 0.709, respectively. ZINC000000086470 can
be found naturally in several species including Tephrosia

bracteolata, Lonchocarpus costaricensis, and Pongamia pinnata.
Extracts from Tephrosia bracteolata have shown antidiabetic,

antioxidant, and antimicrobial properties (Egharevba et al., 2019).

TABLE 4 Contributing energy terms for the protein-ligand complexes determined via MM/PBSA calculations.

Compound Van der Waals Electrostatic Energy Polar Solvation Energy SASA Energy Binding Energy

Tecovirimat -103.240 ± 1.282 -25.951 ± 1.204 73.090 ± 1.699 -12.646 ± 0.106 -68.694 ± 1.198

PC-11371962 -104.257 ± 1.653 -24.260 ± 0.947 66.086 ± 1.851 -13.094 ± 0.176 -75.443 ± 1.517

ZINC000000899909 -121.779 ± 1.060 -24.517 ± 0.878 62.516 ± 1.318 -13.387 ± 0.106 -97.140 ± 1.443

ZINC000001632866 -125.513 ± 1.372 -16.293 ± 0.877 61.733 ± 1.234 -14.076 ± 0.086 -94.219 ± 1.318

ZINC000015151344 -114.491 ± 1.193 -30.548 ± 1.408 85.817 ± 1.558 -14.043 ± 0.063 -73.252 ± 1.186

ZINC000013378519 -144.534 ± 1.377 -10.922 ± 1.353 85.748 ± 2.210 -17.900 ± 0.133 -87.652 ± 1.578

ZINC000000086470 -98.844 ± 1.690 -6.989 ± 0.954 43.996 ± 1.662 -12.718 ± 0.164 -74.667 ± 1.461

ZINC000095486204 -106.888 ± 1.531 -19.915 ± 2.504 67.250 ± 3.405 -14.681 ± 0.158 -74.196 ± 1.416

All energy values are in kJ/mol. The energy values are presented as “energy ± standard deviation”.
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Pongamia pinnata is a species of tree with a wide variety of
medicinal applications including uses as an antiseptic, and for the

treatment of ulcers, malaria, bronchitis, and many more (Al
Muqarrabun et al., 2013). More than seven different flavonoids

have been extracted from Lonchocarpus costaricensis. Flavonoids
are compounds in the flavanone class that are suggested to have

broad antiviral activities (Jannat et al., 2021). Flavanoid compounds
can inhibit a multitude of viral targets affecting viral binding, entry,

and replication (Jannat et al., 2021). Sakuranetin has shown
inhibitory activity against Influenza B replication with an IC50 of

7.21 µg/mL (Kwon et al., 2018). Hesperetin has antiviral activity
against Sindbis neurovirulent strain with IC50 of 20.5 µg/mL

(Paredes et al., 2003).
Compound ZINC000013378519 or 1-[(7-Hydroxy-4-methoxy-

9 ,10-d ihydrophenanthren-2-y l )oxy] -4-methoxy-9 ,10-
dihydrophenanthrene-2,7-diol, is a natural product that can be

obtained from members of the medicinal orchids, Pholidota

chinensis, or Bletilla striata. Both orchid sources have a variety of

known medicinal applications. P. chinensis has been used for the
treatment of chronic bronchitis, fevers, stomachaches, ulcers, and

has shown some anti-inflammatory effects in response to bacterial
infections (Martha and Gutierrez, 2010). B. striata has shown

activity as an antimicrobial agent, antioxidant, an anticancer
agent, an anti-inflammatory, and has been used in wound healing

and as a hemostatic agent (Martha and Gutierrez, 2010). The
predicted biological activities of the shortlisted compounds

corroborate their potential antiviral activity against MPXV. These
7 compounds are attractive antiviral candidates for in

vitro experimentation.

2.7 Molecular dynamics simulations

To describe the structural conformation changes and atomic
motions, 100 ns MD simulations were carried out for the unbound

A42R, and A42R complexes with ligands ZINC000000899909,
ZINC000001632866, ZINC000015151344, ZINC000013378519,

ZINC000000086470, ZINC000095486204, and PC11371962. The
top seven compounds used for MD had the highest binding

affinities for A42R while binding to pocket 1, passed ADME, and
had reasonably good predicted antiviral biological activity. Of the

top compounds ZINC000000899909, ZINC000015151344,
ZINC000013378519, ZINC000000086470, and PC11371962 also

passed toxicity screening, where compounds ZINC000001632866
and ZINC000095486204 failed. ZINC000001632866 was

specifically predicted to have antiviral activity against poxviruses.
Since both compounds had potential for A42R specific inhibition

and had high binding affinities, their ligand-protein interactions
were of interest as they could be used as scaffolds or for

optimization for future drug design, they were included in the
MD simulations.

2.7.1 RMSD of A42R and A42R-ligand complexes
Since RMSD fluctuations are related to changes in the protein’s

backbone, it is a good measurement of protein stability through the

simulation (Adelusi et al., 2022). Low RMSD values correspond to

more stability and high deviations represent less stability (Mangat
et al., 2022; Bell and Zhang, 2019). All structures reached

equilibrium by 20 ns (Figure 2). Unbound A42R remained mostly
stable with few fluctuations from 20 ns until the end of the

simulation with an average RMSD of 0.1378 nm (Figure 2). A42R
complexes with compounds ZINC000095486204, PC11371962,

ZINC000000899909, and ZINC000000086470 were more stable
than the unbound protein during the simulation, with average

RMSD values of 0.1116, 0.1258, 0.1359, and 0.1368 nm,
respectively (Figure 2). The other A42R complexes had RMSD

averages less than 2 Å corroborating the stability of the complexes
(Ramı ́rez and Caballero, 2018). All compounds except

ZINC000013378519 had RMSD averages lower than tecovirimat’s
RMSD average of 0.1482 (Figure 2).

A42R-ZINC000095486204 complex reached equilibrium
quickly at around 5 ns and remained stable throughout the

simulation with little fluctuation reflected in its low RMSD
average of 0.1116. A42R-PC11371962 was mostly stable

throughout the simulation. It reached equilibrium around 10 ns
and had only moderate fluctuations until the end of the simulation
(Figure 2). The A42R-ZINC000000899909 complex reached

equilibrium around 20 ns and rose gradually from 30 to 50 ns
then maintained stability for the rest of simulation (Figure 2).

A42R-ZINC000000086470 reached equilibrium at around 15 ns
and then rose at 20 ns to about 0.150 nm until 70 ns where it fell

back to around 0.132 nm for the rest of the simulation (Figure 2).
The least stable complexes with A42R were A42R-tecovirimat

and A42R-ZINC000013378519. The A42R-tecovirimat complex
had a few spikes at 35, 85, and 95 ns jumping to 0.1810, 0.1985,

and 0.2370 nm, respect ive ly (Figure 2) . The A42R-
ZINC000013378519 complex had a small peak at 10 ns before

equilibrating around 15 ns. It then maintained until about 80 ns
where it dropped briefly and then rose back up for the rest of the

simulation (Figure 2). The A42R-ZINC000015151344 complex

FIGURE 2

RMSD plot of the unbound A42R protein and A42R-ligand

complexes. The unbound A42R protein, A42R complexes with

tecovirimat, ZINC000000899909, ZINC000001632866,

ZINC000015151344, ZINC000013378519, ZINC000000086470,

ZINC000095486204, and PC11371962 are colored black, red, green,

blue, yellow, brown, grey, violet, and cyan, respectively.
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equilibrated around 15 ns and maintained stability until around 55
ns where it began to rise and then spiked around 80 ns (Figure 2).

The A42R-ZINC000001632866 complex equilibrated around 15 ns
and maintained stability until 60 ns where it began to decline and

then rose again around 80 ns until the end of simulation (Figure 2).

2.7.2 Radius of gyration of A42R and A42R-
ligand complexes

Radius of gyration (Rg) is useful in evaluating stability, folding,

and compactness of a protein (Lobanov et al., 2008; Ivankov et al.,
2009). Rg is also known as the RMSD of atoms from the centroid of

a protein (De Vita et al., 2021). Rg plots of the A42R unbound and
A42R-ligand complexes correspond to good stability and

compactness of A42R. Of all the Rg values plotted, they stayed
between 1.3567 and 1.4044 nm and are considered stable folding

(Lobanov et al., 2008). Unbound A42R had an average Rg of 1.3694
nm and all A42R-ligand complexes had similar averages ranging

from 1.3705 and 1.3841 nm. The A42R-ZINC000095486204
complex had the lowest Rg average of the complexes at 1.3705

nm. It dropped around 20 ns and then remained with few
fluctuations for the remainder of the 100 ns (Figure 3). A42R-

ZINC000000899909, A42R-ZINC000001632866, and A42R-
ZINC000000086470 complexes had Rg averages of 1.3762, 1.3760,

and 1.3761 nm, respectively. The A42R-ZINC000000899909
complex rose around 20 ns and then dropped back around 60 ns

(Figure 3). A42R-ZINC000001632866 spiked at 18 ns but then had
few fluctuations for the remainder of the simulation (Figure 3).

A42R-ZINC000000086470 rose slightly between 20 ns and 40 ns
and then maintained small fluctuations for the remainder of the

simulation (Figure 3). The Rg averages of the remaining
compounds were 1.3841, 1.3799, 1.3784, and 1.3798 nm for
A42R-tecovirimat, A42R-PC11371962, A42R-ZINC000015151344,

and A42R-ZINC000013378519 complexes, respectively. The A42R-
PC11371962 complex was mostly stable but rose at 50 ns and then

came back down at 70 ns staying stable for the remainder of the
simulation (Figure 3). A42R-ZINC000015151344 complex had

slightly larger fluctuations but was otherwise stable for the 100 ns
(Figure 3). The A42R-ZINC000013378519 complex rose quickly

from 5 to 10 ns, dropping around 50 ns before fluctuating around
1.3745 nm for the remainder (Figure 3). A42R-tecovirimat had the

largest fluctuation, though it was still not very large. A42R-
tecovirimat had some larger fluctuations compared to the other

compounds between 10 ns and 50 ns and then had a relatively large
rise around 80 ns until the remainder of the simulation (Figure 3).

Other studies that have carried out MD simulations on A42R-ligand
complex have resulted in comparable or higher RMSD values

(Bajrai et al., 2022; Burkhanova et al., 2022).

2.7.3 RMSF of A42R-ligand complexes
RMSF of the unbound protein and its complexes were assessed

to better understand residue interactions between the protein
binding pocket and ligand (De Vita et al., 2021). RMSF also

describes residues involved in mobility of the RMSD plots (De
Vita et al., 2021). Low RMSF values indicate residues with strong

interactions as they stay stable compared to high RMSF values that
indicate weaker interactions characterized by higher mobility (De

Vita et al., 2021).
Fluctuations in RMSF were similar among the complexes

(Figure 4). There were large fluctuations between residues 53-58,
87-93, and 96-112 (Figure 4). The highest fluctuations resulted from

A42R-ZINC000000899909, A42R-ZINC000000086470, A42R-
PC11371962, and A42R-tecovirimat. A42R-tecovirimat induced

high fluctuations at residue His55 at 0.3139 nm, residue His100 at
0.2001 nm, residue Arg119 at 0.2010 nm, and the highest

fluctuation at residue Gly132 at 0.5941 nm (Figure 4). A42R-

FIGURE 3

Radius of gyration plot of the unbound A42R protein and A42R-

ligand complexes. The unbound A42R protein, A42R in complex

with tecovirimat, ZINC000000899909, ZINC000001632866,

ZINC000015151344, ZINC000013378519, ZINC000000086470,

ZINC000095486204, and PC11371962 are colored black, red, green,

blue, yellow, brown, grey, violet, and cyan, respectively.

FIGURE 4

RMSF plot of the unbound A42R protein and A42R-ligand

complexes. The unbound A42R protein, A42R in complex with

tecovirimat, ZINC000000899909, ZINC000001632866,

ZINC000015151344, ZINC000013378519, ZINC000000086470,

ZINC000095486204, and PC11371962 are colored black, red, green,

blue, yellow, brown, grey, violet, and cyan, respectively.
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ZINC000000899909 had high fluctuations at residue Tyr70 at 0.25
nm and residue Tyr88 at 0.2631 nm (Figure 4). A42R-

ZINC000000086470 had a high fluctuation at residue His55 at
0.3804 nm (Figure 4). The A42R-PC11371962 complex had a high

fluctuation at residue Leu58 at 0.2841 nm and residue Ala89 at
0.2640 nm (Figure 4). More minor fluctuations occurred around 26-

30 and 38-53 (Figure 4). Residues experiencing minimal
fluctuations were 3-20, 74-80, and 118-122, suggesting residues in

these areas may interact strongly with the protein. Residues Trp4
and Ile7 had low RMSF values of 0.05655 nm and 0.6530 nm

respectively. Residue Ala20 had the lowest RMSF value of 0.0452
nm. Residue Thr120 also had minimal fluctuation and a low RMSF

of 0.04779 nm (Figure 4).

2.7.4 Snapshot generation
To verify the position of the ligands during the simulation,

snapshots were generated at 25 ns intervals. For each complex the

ligand was bound to binding pocket 1 of A42R. Using structural
alignment of the snapshots to the initial structure further confirmed
the stability of the complexes during the MD simulation. RMSDs

were then calculated for the alignment of each A42R complex using
the align module in PyMOL.

The RMSD values for A42R-ZINC000095486204 snapshots at
25 ns, 50 ns, 75 ns, and 100 ns as aligned to the initial structure at 0

ns were 0.903, 0.839, 1.148, and 1.406 Å, respectively. A42R-
PC11371962 snapshots generated RMSD values of 1.063, 1.015,

0.888, and 0.829 Å, respectively. The low RMSD values for A42R-
ZINC000095486204 and A42R-PC11371962 are consistent with the

RMSD plots (Figure 2). A42R-ZINC000000086470 snapshots
generated RMSD values 1.25, 1.198, 1.923, and 1.247 Å, at 75 ns,

respectively which are consistent with a minor fluctuation noted
previously (Figure 2). A42R-ZINC000000899909 snapshots

generated RMSD values of 0.817, 1.524, 1.112, and 1.411 Å,
respectively. A42R-ZINC000001632866 snapshots generated

RMSD values of 1.106, 1.629, 0.855, and 1.389 Å, respectively
when the structures at 25, 50, 75, and 100 ns were aligned to the

initial structure. A42R-ZINC000015151344 snapshots generated
RMSD values of 1.028, 1.284, 1.305, and 1.168 Å where the 75 ns

RMSD value reflects the spike seen (Figure 2). A42R-
ZINC000013378519 snapshots generated RMSD values of 1.405,

1.129, 1.406, and 1.497 Å. A42R-tecovirimat snapshots generated
RMSD values of 1.234, 1.267, 1.006, and 1.026 Å. The time of

snapshots did not overlap with the major spike shown in the RMSD
plot for A42R-tecovirimat (Figure 2). For all these A42R-ligand

complex snapshots, they are relatively low RMSD values supporting
the stability of these complexes as previously described in

observations from the RMSD plots (Figure 2).

2.7.5 Hydrogen bond analysis
Hydrogen bonds (H-bonds) between A42R and ligand during

the 100 ns MD simulations were monitored using GROMACS “gmx

hbond” (Supplementary Figure S3). H-bonds contribute to protein-
ligand binding when the donor and acceptor have greater or lesser

hydrogen bonding ability than the hydrogen or oxygens of water
(Chen et al., 2016). H-bond pairings should be considered for

further optimization of these compounds. Only A42R-

ZINC000001632866 complex showed no H-bonds predicted from
“gmx hbond”, this was supported by the visualization of LigPlot+,

that also showed no H-bonds (Supplementary Figures S2C, S3).
A42R- ZINC000000086470 began the simulation with 1 H-bond,

which was lost rapidly, the H-bond was only recovered briefly from
45 ns to 70 ns before it was lost for the remainder of the simulation

(Supplementary Figure S3). A42R-tecovirimat started and ended
the simulation with 2 H-bonds, but for the majority of the

simulation only produced 1 H-bond (Supplementary Figure S3).
A42R-ZINC000015151344 formed the most hydrogen bonds

during the MD simulations. A42R-ZINC000015151344 started
with only 1, but eventually reached four H-bonds around 75 ns.

A42R-ZINC000015151344 also maintained the highest amount
throughout the simulation, for most of the MD simulation, it

retained at least two H-bonds (Supplementary Figure S3). A42R-
ZINC000000899909 managed to produce 3 H-bonds at around 20

ns, but for the majority of the simulation only maintained 1 H-bond
(Supplementary Figure S3). A42R-ZINC000013378519 fluctuated

between 1 and 2 H-bonds throughout the simulation. A42R-
ZINC000095486204 for the majority retained 1 or 2 H-bonds, all

H-bonds were lost around 70 ns (Supplementary Figure S3). A42R-
PC11371962 started the simulation with 2 H-bonds and at least 1

H-bond for almost the entire simulation excluding from 10 ns to 19
ns and few drops in between was retained (Supplementary

Figure S3).

2.8 MM/PBSA calculation of binding free
energies and per residue
energy contributions

Free binding energies and other energy contributors namely van

der Waals (vdW), electrostatic, polar solvation and solvent
accessible surface area (SASA) energies were also calculated using
MM/PBSA (Table 4) (Kumari et al., 2014). The vdW energy of the

A42R-ligand complexes ranged between –98.944 and –144.534 kJ/
mol, where A42R-ZINC000000086470 had the least negative vdW

energy and A42R-ZINC000013378519 displayed the most negative
vdW energy (Table 4). The second most negative vdW energy was

A42R-ZINC000001632866 with –125.513 kJ/mol followed by
A42R-ZINC000000899909 with –121.779 kJ/mol. SASA energies

ranged from –12.646 to –17.900 kJ/mol where A42R-tecovirimat
had the least negative SASA energy and A42R-ZINC000013378519

had the most negative SASA energy (Table 4). The SASA energy has
a linear relationship to non-polar solvation energy and differs

minimally between structurally similar ligands (Kumari et al.,
2014; Kollman et al., 2000; Genheden and Ryde, 2015).

A42R-tecovirimat had the highest binding energy at –68.694 kJ/
mol (Table 4). Tecovirimat is a known inhibitor of MPXV, inhibiting

p37 and F13L phospholipase and has not been shown to bind A42R
(Sherwat et al., 2022; Mbrenga et al., 2022; Desai et al., 2022; Mucker

et al., 2013). The other seven ligands had lower binding energies than
tecovirimat suggesting that they might have higher affinities for A42R

(Table 4). The compound with the lowest binding energy was
ZINC000000899909 at –97.140 kJ/mol and close behind was

ZINC000001632866 at –94.219 kJ/mol and ZINC000013378519 at

Ashley et al. 10.3389/fcimb.2024.1351737

Frontiers in Cellular and Infection Microbiology frontiersin.org11



–87.652 kJ/mol (Table 4). PC-11371962, was structurally similar to
tecovirimat, but had a higher affinity for A42R with a binding energy

o f –75 . 443 k J /mo l (Tab l e 4 ) . Z INC000000086470 ,
ZINC000095486204, and ZINC000015151344 all had comparable

binding energies with –74.667, –74.196, and –73.252 kJ/mol,
respectively (Table 4). These compounds have relatively good

binding energies for A42R and provide rationale for in vitro

validation of their inhibitory activity against MPXV, as well as

other poxviruses. Compounds ZINC000001632866 and
ZINC000095486204 did not pass toxicity screening but can be used

as scaffolds and for information on A42R binding to aid in drug
development targeting A42R, as they had low binding energies.

2.8.1 Per-residue energy decomposition
The g_mmpbsa tool was used to calculate the per residue energy

contribution between A42R and the corresponding ligand (Kumari
et al., 2014). Residues with contributing energies greater than 5 or

less than –5 kJ/mol suggest residues important for protein-ligand
interactions and should be considered for lead optimization (Kwofie
et al., 2019). Per residue energy contribution charts were generated

for each A42R-ligand complex (Figure 5; Supplementary Figure S4).
Critical residues identified by per residue energy contributions

included Trp4, Ile7, and Val128. Trp4 contributed over 5 kJ/mol for
interactions between A42R and ligands ZINC000000899909,

ZINC000000086470, and ZINC000095486204, with energy
contributions of –5.2857, –7.5260, and –6.0570 kJ/mol, respectively

(Figures 5A; Supplementary Figure S4C, D). Also, for the other
complexes while not over the –5 kJ/mol threshold, Trp4

contributed between the range of –3.9842 to –4.7901 kJ/mol for all
other complexes (Figures 5B; Supplementary Figure S4A, B, E, F). Ile7

was another critical residue greatly contributing to interactions in
compounds ZINC000000899909, ZINC000001632866 ,

ZINC000015151344, and ZINC000013378519 with energies of –

5.3297, –5.7645, –7.7124, and –8.9099 kJ/mol, respectively

(Figure 5; Supplementary Figure S4A, B). Ile7 was one of the
highest contributors in PC-11371962 with an energy of –4.5854 kJ/

mol, second only to Arg127 with an energy of –4.8324 kJ/mol
(Supplementary Figure S4E). Val128 was a critical residue greatly

contributing to interaction with A42R for compounds tecovirimat,
ZINC000000899909, ZINC000001632866, ZINC000015151344, and

ZINC000013378519 with energy contributions of –5.7186, –7.1385, –

5.7766, –6.2818, and –5.7641 kJ/mol, respectively (Figure 5;
Supplementary Figure S4A, C, F). Val128 was also contributing

well for compounds ZINC000000086470, ZINC000095486204, and
PC-11371962 with energies of –3.9444, –4.0847, and –4.1052 kJ/mol,

respectively, though not past the –5 kJ/mol threshold (Supplementary
Figure S4C-E). ZINC000013378519 had the greatest number of high

energy contributions from residues Glu3, Trp4, Ile7, Asp10, Val128,
and Thr131 (Figure 5B). Glu3 had a high contribution energy of –

9.9873 kJ/mol, as did Thr131 of –5.8425 kJ/mol (Figure 5B). Asp10
contributed in the positive range with an energy contribution of

5.0947 kJ/mol (Figure 5B). The significant energy contributions of
these residues make them interesting targets for future drug

optimization. Chemical structures for the top seven compounds
and tecovirimat are shown in Figure 6.

3 Materials and methods

A small molecule library of 36,366 compounds was screened for
potential binding to MPXV protein A42R. The compounds with the

highest affinity for A42R were then shortlisted using ADMET
testing. Biological activity prediction and structural similarity

searches were performed for the top compounds. MD
simulations, protein-ligand interaction profiles, and MM/PBSA

calculations were assessed for potential lead compounds to better
understand the A42R-ligand interaction (Figure 7).

3.1 Drug target and binding site prediction

MPXV protein A42R (PDB ID: 4QWO) experimentally
determined by X-ray diffraction with resolution of 1.52 Å, was

retrieved from the RCSB PDB (Rose et al., 2017; Burley et al., 2021).
The structure from RSCB PDB was in complex with ligands, ions,
cofactors, and water molecules that were removed using PyMOL.

The retrieved structure had missing residues; thus, chain A was
remodeled using EasyModeller, a graphical user interface of

Modeller. The complete A42R sequence was retrieved from
UniProt with corresponding ID: Q8V4T7 (strain Zaire-96-I-16).

The remodeled structure had a discrete optimized protein
energy (DOPE) score of –16024.13965, mol.pdf of 725.07245, and

BA

FIGURE 5

Molecular mechanics Poisson-Boltzmann surface areas (MM/PBSA) charts of per residue binding free energy contributions for (A) A42R-

ZINC000000899909 and (B) A42R-ZINC000013378519 complexes. Critical residue fluctuations are colored red.
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a genetic algorithm 341 (GA341) score of 1.0000. When aligned to
the 4QWO structure, an RMSD of 0.092 was observed. GROningen

MAchine for Chemical Simulations (GROMACS) v5.1.1 was used
to energy minimize the protein structure using two different force

fields namely, OPLS/AA and CHARMM36 force fields (Lu et al.,
2021; Jo et al., 2008). This was done to compare and select the

structure with the least energy after minimization. The A42R energy
minimized protein in the GROMACS format (.gro) was then

converted to pdb format after removing water and ions.
The binding sites of the A42R were predicted using CASTp 3.0.

Usually, relatively large binding pockets correlate to an active site,
though there are certainly exceptions (Liang et al., 1998). Predicted

sites with relatively small cavity sizes were not considered further.

3.2 Collection and preparation of
screening library

A screening library was generated to conduct structure-based
virtual screening (SBVS) to identify potential binders of A42R. An

integrated screening library comprised of 36,366 compounds from
Traditional Chinese Medicine (TCM) database obtained from

TCM@Taiwan, African Medical Plants (AfroDB), and PubChem
(Chen, 2011; Ntie-Kang et al., 2013; Kim et al., 2023) was created.

TCM and AfroDb are catalogues from the ZINC15 database
(Sterling and Irwin, 2015). There were 35,161 compounds from
TCM and 880 compounds from AfroDb. The 35,161 compounds

from TCM were pre-filtered for compounds with molecular weights

FIGURE 7

Method diagram detailing the process used in this study to identify potential A42R inhibitors.

B C D

E F G H

A

FIGURE 6

Chemical structures of (A) tecovirimat and (B–H) the top seven identified compounds.
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between 150 g/mol and 600 g/mol as done previously, leaving
25,196 compounds used from TCM (Kwofie et al., 2021). There

were 325 compounds obtained from PubChem that were
structurally similar to smallpox inhibitors tecovirimat, tembexa,

and cidofovir. Tecovirimat was included in the library as a control
because it has been FDA approved for the treatment of smallpox

and has shown inhibition of MPXV (Adler et al., 2022; Frenois-
Veyrat et al., 2022; Sherwat et al., 2022; Warner et al., 2022). Ligand

structures originating from PubChem were downloaded in 3D
spatial data file (.sdf) and merged with the compounds from

AfroDb. All compound structures were imported into PyRx,
energy minimized using the universal force field (UFF) and

conjugate gradient algorithm in 200 steps, and then converted to
pdbqt format (Rappe et al., 1992).

3.3 Molecular docking and
protocol validation

AutoDock Vina (embedded in PyRx version 0.9.2), a docking

program commonly used to perform protein-ligand docking, was
used to screen the library for potential A42R binders and shortlist

compounds for further assessment (Trott and Olson, 2010; Dallakyan
and Olson, 2015). Docking used an exhaustiveness set to 8 with grid

box dimensions of 37.964 × 20.791 × 28.223 Å3 and A42R centered at
x = 30.406 Å, y = 22.08 Å, and z = 27.741 Å. The grid was made by

setting the box to the following residues: Met1, Glu3, Trp4, Lys6, Ile7,
Asp10, Ile22, Thr99, Ile104, His124, Ala125, Arg127, Val128, Thr131,

and Asn133. For each ligand screened, AutoDock Vina generated up
to 9 conformers. The poses were visualized using PyMOL to assert

that the ligand was accurately bound in pocket 1 (the selected binding
site). Due to the size disparity between the TCM database and the

AfroDb and PubChem databases they were analyzed separately. The
binding energy of -7.0 kcal/mol is a threshold specific to AutoDock
Vina that separates putative binders and non-binders (Chang et al.,

2007). The –7.0 cutoff has data to support that it filters around 95% of
the non-inhibitors, but still passes about 98% of known inhibitors

(Chang et al., 2007). The top 1% from the TCM ligands and all
ligands below the –7.0 kcal/mol cutoff for AfroDB and PubChem

were then shortlisted.

3.4 ADMET predictions of sub-library

To better characterize the shortl isted compounds ’

pharmacokinetic profiles and drug-likeness they were ran through
ADME testing via SwissADME (Daina et al., 2017). Shortlisted

compounds were selected based on passing both Lipinski’s rule of
five and Veber’s rule. The Lipinski’s rule offive requirement is met if

the compound has one or less violations of the following rules: ≤ 5
hydrogen bond donors, ≤ 10 hydrogen bond acceptors, a molecular

weight < 500 Da, and a lipophilicity or octanol-water partition
coefficient (logP) ≤ 5 (Lipinski, 2016; Lipinski, 2004; Lipinski et al.,

2001a; Lipinski et al., 2001b; Mullard, 2018). Veber’s rule requires ≤
10 rotatable bonds and a topological polar surface area (TPSA) ≤

140 Å2 (Veber et al., 2002).

To predict the toxic profiles of the compounds regarding
potential mutagenicity, tumorigenicity, irritancy and reproductive

effects, OSIRIS DataWarrior version 5.5.0 was used (Sander et al.,
2015). DataWarrior predicts potential toxicities of compounds,

classifying them as none, low, or high predicted risk for each
property in question. Any compounds resulting in low or high

toxicity regarding potential mutagenicity, tumorigenicity, or
irritancy were removed from further consideration. Eliminating

potential carcinogens was of importance because MPXV has been
linked to increase tumor immunity and postulated to increase risk

of tumor development (Liao et al., 2022). Also, commonly MPXV
patients are coinfected with HIV (Hoffmann et al., 2022). HIV has

been linked to an increased risk of cancer in what is termed AIDS-
defining cancers (Grulich et al., 2007; Hernández-Ramıŕez et al.,

2017). Potential toxicity regarding reproductive effects are reported
but did not result in elimination of compounds for consideration.

3.5 Predictions of antiviral activity

Prediction of Activity Spectra of Substances (PASS) was used to
predict biological activity of the shortlisted compounds. Of most

interest was the compounds’ potential antiviral activity. PASS reads
the SMILES format of the compound and then compares the

structures of the molecules to its dataset comprised of active and
inactive structural groups (Lagunin et al., 2000; Parasuraman, 2011;

Filimonov et al., 2014). The read out for each compound is then a
comparison of the probability of activity (Pa) to the probability of

inactivity (Pi) where when Pa is greater than Pi the compound has
the potential for that activity. To further corroborate potential

activity, a similarity search for the shortlisted compounds was
done using DrugBank to identify structural similarities with

compounds that have experimentally validated antiviral activity
(Wishart et al., 2008; Wishart et al., 2018).

3.6 Molecular dynamics simulations

GROMACS v5.1.1 was used for carrying out MD simulations

(Abraham et al., 2017; Abraham et al., 2015). GROMACS software
accuracy has been assessed in a comparison with experimental data

supporting its usage for CADD (Childers and Daggett, 2018). Drug
discovery relies on protein-ligand interactions where ligand binding

has dynamic properties like flexibility and conformational changes
that must be accounted for in drug design (Durrant and

McCammon, 2011; De Vivo et al., 2016). MD simulations take
into account the conformational changes and the movements

associated with receptor-ligand binding interactions (Durrant and
McCammon, 2011; De Vivo et al., 2016). These simulations are a

computational method used to study the movement of atoms in a
system using physics that modulates electric force changes in

bonded and non-bonded atoms (Durrant and McCammon, 2011;
Cheng and Ivanov, 2012). MD simulations still have limitations

including sometimes necessary long simulation run times to
accurately describe specific dynamic properties and insufficient

mathematical models of forces influencing protein dynamics
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(Childers and Daggett, 2018). Even with limitations, MD
simulations have supported research comparing simulation results

with experimental data for their pertinent use in drug discovery
(Adelusi et al., 2022; Childers and Daggett, 2018; Durrant and

McCammon, 2011; De Vivo et al., 2016; Cheng and Ivanov, 2012).
To prepare ligands for MD, the ligand topologies for OPLS force

field were created using LigParGen (Dodda et al., 2017). Solvation of
the systems were made using a cubic box with the “TIP4P” water

model and sodium or chlorine ions were added to neutralize
charges (Lu et al., 2021; Nguyen et al., 2014). A42R-ligand

systems prior to MD simulation were subjected to constant
number, constant-volume and constant-temperature (NVT) and

constant number, constant-pressure and constant-temperature
(NPT). To evaluate the structural stability, folding and

conformational fluctuations of A42R during MD simulations the
RMSD, radius of gyration (Rg) and the root mean square

fluctuation (RMSF) were calculated post simulation. At 25 ns
intervals, snapshots were generated to ascertain the position of

ligands with A42R.

3.7 Characterizing A42R-ligand interactions
and MM/PBSA calculations

Interaction maps of the top seven compounds and tecovirimat
with A42R were generated using LigPlot+. Hydrogen bonds during

the MD simulations were monitored using GROMACS “gmx
hbond”. Molecular interactions between the ligands and the A42R

binding pocket are important to recognize for future studies as
potential drug candidates.

MM/PBSA methods have been used successfully to reproduce
experimental findings and are becoming more efficient and reliable

methods for analyzing protein-ligand interactions (Genheden and
Ryde, 2015; Sgobba et al., 2012). MM/PBSA performance
evaluations have supported a higher yield of enrichment factors

as compared to yields from docking scores alone and give
reasonably accurate free energy calculations (Sgobba et al., 2012).

MM/PBSA estimates the Gibbs free energy of binding, DG(bind) of
ligands to protein (Genheden and Ryde, 2015; Borkotoky et al.,

2016). For drug discovery, the most negative DG(bind) can be used to
prioritize compounds for experimental trials (Sgobba et al., 2012).

For this study the MM/PBSA approach was used to generate
binding free energies and to compute the energy contributions

per residue for each of the A42R-ligand complexes.

4 Conclusions

The recent dramatic spike in MPXV cases is reason for global

concern. Transmission of MPXV between persons was previously
referred to as limited however, smallpox infections and vaccinations

have been shown to protect against MPXV and mathematical
modelling in the context of decreasing herd immunity to

orthopoxviruses indicates an increasing risk of disease spread

between humans (Grant et al., 2020). Human transmission of
MPXV leading to outbreaks in non-endemic areas has already

been shown. To generate drugs for the defense against MPXV,
this study shortlisted seven compounds from a library of 36,366 as

potential anti-MPXV compounds targeting the A42R protein.
These compounds had good predicted binding affinity to A42R

from AutoDock Vina and from MM/PBSA calculations. All seven
compounds have a higher predicted binding affinity to A42R than

tecovirimat, a known MPXV inhibitor. MD simulations of the
A42R-ligand complexes showed good stability and supported free

binding energy results from MM/PBSA calculations. All seven
compounds passed ADME screening and compounds

ZINC000000899909, ZINC000015151344, ZINC000013378519,
ZINC000000086470, and PC11371962 passed predicted toxicity

screening. Predicted biological activity of the compounds
suppor t s the i r potent i a l an t iv i ra l ac t i v i ty . Notab ly

ZINC000001632866 and ZINC000015151344 were predicted as
antivirals for poxviruses. Structural similarity with known

antivirals (with anti-poxvirus activities) further supports the
predicted biological activities of the shortlisted compounds.

Compounds ZINC000001632866 and ZINC000095486204 failed
toxicity screening and should not be considered candidates for

further safety testing. It should also be considered that
ZINC000001632866 and ZINC000013378519 were predicted not

to cross the BBB and would require alternative administration.
These three compounds may have functional groups of interest and

support key contact residues within the A42R binding pocket that
should be considered for future drug optimization. The identified

compounds should be considered for in vitro validation of their
efficacy against MPXV. These compounds may serve as scaffolds for

MPXV drug design and future lead optimization.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession

number(s) can be found in the article/Supplementary Material.

Author contributions

CA: Formal analysis, Investigation, Methodology, Supervision,

Validation, Writing – original draft, Writing – review & editing. EB:
Formal analysis, Investigation, Methodology, Validation, Writing –

original draft, Writing – review & editing. CW: Investigation,
Methodology, Writing – original draft. TO: Investigation,

Methodology, Writing – original draft. M-PO: Investigation,
Methodology, Writing – review & editing. QD: Methodology,

Project administration, Resources, Writing – review & editing.
CG: Funding acquisition, Methodology, Project administration,

Resources, Writing – review & editing. WM: Conceptualization,
Funding acquisition, Project administration, Resources,

Supervision, Writing – review & editing.

Ashley et al. 10.3389/fcimb.2024.1351737

Frontiers in Cellular and Infection Microbiology frontiersin.org15



Funding

The author(s) declare that financial support was received for
the research, authorship, and/or publication of this article. CW,

TO, and M-PO were funded through NSF award 1912104
(Targeted Infusion Project: Lincoln University Bioinformatics

Program (LUBi)).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fcimb.2024.1351737/
full#supplementary-material

References
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Hernández-Ramıŕez, R. U., Shiels, M. S., Dubrow, R., and Engels, E. A. (2017).
Cancer risk in HIV-infected people in the USA from 1996 to 2012: a population-based,
registry-linkage study. Lancet HIV 4, e495–e504. doi: 10.1016/S2352-3018(17)30125-X

Hersh, D. S., Wadajkar, A. S., Roberts, N., Perez, J. G., Connolly, N. P., Frenkel, V.,
et al. (2016). Evolving drug delivery strategies to overcome the blood brain barrier.
Curr. Pharm. Des. doi: 10.2174/1381612822666151221150733

Hoffmann, C., Jessen, H., Wyen, C., Grunwald, S., Noe, S., Teichmann, J., et al.
(2022). Clinical characteristics of monkeypox virus infections among men with and
without HIV: A large outbreak cohort in Germany. HIV Med. doi: 10.1111/hiv.13378

Hou, H., Wang, J.-Z., Liu, B.-G., and Zhang, T. (2015). Pin1 liberates the human
immunodeficiency virus type-1 (HIV-1): Must we stop it? Gene 565, 9–14. doi: 10.1016/
j.gene.2015.04.049

Huang, Y. A., Howard-Jones, A. R., Durrani, S., Wang, Z., and Williams, P. C. M.
(2022). Monkeypox: A clinical update for paediatricians. J. Paediatr. Child Health.
doi:310.1111/jpc.16171

Ibrahim, T. S., AL-Mahmoudy, A. M. M., Elagawany, M., Ibrahim, M. A., and Panda,
S. S. (2016). Synthesis and antiviral bioassay of new diphenyl ether-based compounds.
Chem. Biol. Drug Des. 88, 511–518. doi: 10.1111/cbdd.12775

Ivankov, D. N., Bogatyreva, N. S., Lobanov, M. Y., and Galzitskaya, O. V. (2009).
Coupling between properties of the protein shape and the rate of protein folding. PloS
One 4, e6476. doi: 10.1371/journal.pone.0006476

Jamkhande, P. G., and Barde, S. R. (2014). Evaluation of anthelmintic activity and in
silico PASS assisted prediction of Cordia dichotoma (Forst.) root extract. Anc Sci. Life
34, 39–43. doi: 10.4103/0257-7941.150779

Jannat, K., Paul, A. K., Bondhon, T. A., Hasan, A., Nawaz, M., Jahan, R., et al. (2021).
Nanotechnology applications of flavonoids for viral diseases. Pharmaceutics 13, 1895.
doi: 10.3390/pharmaceutics13111895

Jeon, C. Y., Neidell, M., Jia, H., Sinisi, M., and Larson, E. (2012). On the role of length
of stay in healthcare-associated bloodstream infection. Infect. Control Hosp Epidemiol.
33, 1213–1218. doi: 10.1086/668422

Jo, S., Kim, T., Iyer, V. G., and Im, W. (2008). CHARMM-GUI: A web-based
graphical user interface for CHARMM. J. Comput. Chem. 29, 1859–1865. doi: 10.1002/
jcc.20945

Kabuga, A. I., and El Zowalaty, M. E. (2019). A review of the monkeypox virus and a
recent outbreak of skin rash disease in Nigeria. J. Med. Virol. 91, 533–540. doi: 10.1002/
jmv.25348

Kandra, N. V., Varghese, A. M., Uppala, P. K., Uttaravelli, U., Lavanya, B., Shabana,
S. K. M., et al. (2023). Monkeypox outbreak in the post-eradication era of smallpox.
Egypt J. Intern. Med. 35, 10. doi: 10.1186/s43162-023-00196-2

Kanna, M., Nakatsu, Y., Yamamotoya, T., Encinas, J., Ito, H., Okabe, T., et al. (2022).
Roles of peptidyl prolyl isomerase Pin1 in viral propagation. Front. Cell Dev. Biol. 10.
doi: 10.3389/fcell.2022.1005325

Kim, S., Chen, J., Cheng, T., Gindulyte, A., He, J., He, S., et al. (2023). PubChem 2023
update. Nucleic Acids Res. 51, D1373–D1380. doi: 10.1093/nar/gkac956

Kini, S. G., Rathi, E., Kumar, A., and Bhat, V. (2019). Potentials of diphenyl ether
scaffold as a therapeutic agent: A review. Mini-Reviews Med. Chem. 19, 1392–1406.
doi: 10.2174/1389557519666190312150132

Kollman, P. A., Massova, I., Reyes, C., Kuhn, B., Huo, S., Chong, L., et al. (2000).
Calculating structures and free energies of complex molecules: combining molecular
mechanics and continuum models. Acc Chem. Res. 33, 889–897. doi: 10.1021/ar000033j

Koyuncu, O. O., Hogue, I. B., and Enquist, L. W. (2013). Virus infections in the
nervous system. Cell Host Microbe 13, 379–393. doi: 10.1016/j.chom.2013.03.010

Kumari, R., Kumar, R., and Lynn, A. (2014). g_mmpbsa —A GROMACS tool for
high-throughput MM-PBSA calculations. J. Chem. Inf Model. 54, 1951–1962.
doi: 10.1021/ci500020m

Kwofie, S., Broni, E., Yunus, F., Nsoh, J., Adoboe, D., Miller, W., et al. (2021).
Molecular docking simulation studies identifies potential natural product derived-
antiwolbachial compounds as filaricides against onchocerciasis. Biomedicines 9, 1682.
doi: 10.3390/biomedicines9111682

Kwofie, S., Dankwa, B., Enninful, K., Adobor, C., Broni, E., Ntiamoah, A., et al.
(2019). Molecular docking and dynamics simulation studies predict munc18b as a
target of mycolactone: A plausible mechanism for granule exocytosis impairment in
buruli ulcer pathogenesis. Toxins (Basel) 11, 181. doi: 10.3390/toxins11030181

Kwon, D.-H., Ji, J.-H., Yim, S.-H., Kim, B.-S., and Choi, H.-J. (2018). Suppression of
influenza B virus replication by sakuranetin and mode of its action. Phyther Res. 32,
2475–2479. doi: 10.1002/ptr.6186

Lagunin, A., Stepanchikova, A., Filimonov, D., and Poroikov, V. (2000). PASS:
prediction of activity spectra for biologically active substances. Bioinformatics 16, 747–
748. doi: 10.1093/bioinformatics/16.8.747

Li, K., Yuan, Y., Jiang, L., Liu, Y., Liu, Y., and Zhang, L. (2023). Animal host range of
mpox virus. J. Med. Virol. 95 (2), e28513. doi: 10.1002/jmv.28513

Liang, J., Woodward, C., and Edelsbrunner, H. (1998). Anatomy of protein pockets
and cavities: Measurement of binding site geometry and implications for ligand design.
Protein Sci. 7, 1884–1897. doi: 10.1002/pro.5560070905

Liao, Y., Liu, Z., Ye, W., Huang, Z., andWang, J. (2022). Exploring the characteristics
of monkeypox-related genes in pan-cancer. Cells 11, 3909. doi: 10.3390/cells11233909

Lipinski, C. A. (2004). Lead- and drug-like compounds: The rule-of-five revolution.
Drug Discovery Today Technol. doi: 10.1016/j.ddtec.2004.11.007

Lipinski, C. A. (2016). Rule of five in 2015 and beyond: Target and ligand structural
limitations, ligand chemistry structure and drug discovery project decisions. Adv. Drug
Delivery Rev. 101, 34–41. doi: 10.1016/j.addr.2016.04.029

Lipinski, C. A., Lombardo, F., Dominy, B. W., and Feeney, P. J. (2001a).
Experimental and computational approaches to estimate solubility and permeability
in drug discovery and development settings. Adv. Drug Delivery Rev. 46, 3–26.
doi: 10.1016/S0169-409X(96)00423-1

Lipinski, C. A., Lombardo, F., Dominy, B. W., and Feeney, P. J. (2001b).
Experimental and computational approaches to estimate solubility and permeability
in drug discovery and development settings1PII of original article: S0169-409X(96)
00423-1. Adv. Drug Delivery Rev. 46, 3–26. doi: 10.1016/S0169-409X(00)00129-0

Lobanov, M. Y., Bogatyreva, N. S., and Galzitskaya, O. V. (2008). Radius of gyration
as an indicator of protein structure compactness. Mol. Biol. 42, 623–628. doi: 10.1134/
S0026893308040195

Lu, C., Wu, C., Ghoreishi, D., Chen, W., Wang, L., Damm, W., et al. (2021). OPLS4:
improving force field accuracy on challenging regimes of chemical space. J. Chem.
Theory Comput. 17, 4291–4300. doi: 10.1021/acs.jctc.1c00302

Lum, F. M., Torres-Ruesta, A., Tay, M. Z., Lin, R. T. P., Lye, D. C., Rénia, L., et al.
(2022). Monkeypox: disease epidemiology, host immunity and clinical interventions.
Nat. Rev. Immunol. 22, 597–613. doi: 10.1038/s41577-022-00775-4

Machesky, L. M., Cole, N. B., Moss, B., and Pollard, T. D. (1994). Vaccinia virus
expresses a novel profilin with a higher affinity for polyphosphoinositides than actin.
Biochemistry 33, 10815–10824. doi: 10.1021/bi00201a032

Ashley et al. 10.3389/fcimb.2024.1351737

Frontiers in Cellular and Infection Microbiology frontiersin.org17



Mangat, H. K., Rani, M., Pathak, R. K., Yadav, I. S., Utreja, D., Chhuneja, P. K., et al.
(2022). Virtual screening, molecular dynamics and binding energy-MM-PBSA studies
of natural compounds to identify potential EcR inhibitors against Bemisia tabaci
Gennadius. PloS One 17, e0261545. doi: 10.1371/journal.pone.0261545

Martha, R., and Gutiérrez, P.. (2010). Orchids: a review of uses in traditional
medicine, its phytochemistry and pharmacology. Med. Plants Res. 4, 592–638.
doi: 10.5897/JMPR10.012
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