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ABSTRACT

Monkeypox virus (mpox virus) outbreak has rapidly spread to 82 non-endemic countries. Although it primarily
causes skin lesions, secondary complications and high mortality (1-10%) in vulnerable populations have made it
an emerging threat. Since there is no specific vaccine/antiviral, it is desirable to repurpose existing drugs against
mpox virus. With little knowledge about the lifecycle of mpox virus, identifying potential inhibitors is a chal-
lenge. Nevertheless, the available genomes of mpox virus in public databases represent a goldmine of untapped
possibilities to identify druggable targets for the structure-based identification of inhibitors. Leveraging this
resource, we combined genomics and subtractive proteomics to identify highly druggable core proteins of mpox
virus. This was followed by virtual screening to identify inhibitors with affinities for multiple targets. 125
publicly available genomes of mpox virus were mined to identify 69 highly conserved proteins. These proteins
were then curated manually. These curated proteins were funnelled through a subtractive proteomics pipeline to
identify 4 highly druggable, non-host homologous targets namely; A20R, I7L, ToplB and VETFS. High-
throughput virtual screening of 5893 highly curated approved/investigational drugs led to the identification
of common as well as unique potential inhibitors with high binding affinities. The common inhibitors, i.e.,
batefenterol, burixafor and eluxadoline were further validated by molecular dynamics simulation to identify
their best potential binding modes. The affinity of these inhibitors suggests their repurposing potential. This work
can encourage further experimental validation for possible therapeutic management of mpox.

1. Introduction

global pandemic in some circles of the international community.
Mpox virus, a double-stranded DNA virus belongs to the family

In the backdrop of ongoing COVID-19 pandemic, the detection of the
first case of Monkeypox (mpox) in Europe on 7th May 2022 set the alarm
for potentially another pandemic [1]. Although this has not affected
society with the same magnitude, the rapid spread to more than 80
non-endemic countries has prompted the World Health Organization
(WHO) to declare this outbreak a “Public Health Emergency of Inter-
national Concern” on 23™ July 2022 [2]. Mpox is a reemerging zoonotic
disease common to the Central and Western parts of the African conti-
nent [3]. However, the current outbreak which is the most dispersed and
largest known to date, has fuelled the fear of the next COVID-19 like a
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Poxviridae, sub-family Chordopoxviridae, and genus orthopox virus that
also includes the Variola virus which is responsible for smallpox [4].
Although its carriers are not limited to monkeys, its naming can be
traced back to its first isolation from captive cynomolgus monkeys by a
Danish lab in 1958 [5]. The first case of human mpox virus infection was
documented in 1970 in the Democratic Republic of Congo, DRC (then
Zaire) in an infant [6]. Mpox has since become endemic in DRC and has
expanded to other Central and Western African countries [7]. The first
human case and the subsequent outbreak of mpox outside Africa was
documented in the USA in the year 2003 [8-11]. The human-to-human
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transmission of mpox occurs primarily through skin lesions of infected
humans or animals, respiratory droplets, body fluids and contaminated
materials [7,12]. However, the transmission dynamics of the current
outbreak in non-endemic countries remain cryptic as in some cases the
detected cases do not have any associations with endemic regions [13].
Moreover, animal reservoirs are yet to be identified in these
non-endemic regions [13]. Therefore, it has been suggested that the
current epidemic in non-endemic regions might be a culmination of
multiple mpox virus imports from endemic regions accompanied by si-
lent, undocumented, cryptic inter-human transmissions [13].

Mpox virus has a double-layered cell membrane and a brick-shaped
appearance. It exploits its double-stranded DNA to replicate inside the
host’s cytoplasm [14,15]. The genome of mpox virus is linear, approx-
imately 197,000 bp long and includes hairpin termini. It consists of
>198 non-overlapping open reading frames (ORFs). The central coding
region is highly conserved and is flanked by variable regions with
inverted terminal repeats on both sides [16-18]. Half of these ORFs are
integral to viral replication and morphogenesis and are well conserved
amongst other pox viruses [19]. The remaining half consists of “acces-
sory” genes involved in immunomodulation, pathogenesis and host
tropism. Many of them are yet to be functionally characterised [19]. As
such these genes may be dispensable to the virus during replication [20].
As of now, pathogenesis and life cycle of mpox virus is very poorly
understood. Nonetheless, limited in vitro studies suggest mpox virus can
infect most mammalian cells [21,22]. The mature virion most likely
attaches itself to host cell via glycosaminoglycans lining the host cell
surface or modules of the extracellular matrix and external virion pro-
teins [23,24]. Following attachment, the mature virion enters the host
cell either by a low endosomal pathway or by merging with the plasma
membrane in a pH-dependent manner to release the viral core into the
cytoplasm [18,24]. Inside, the intracellular immature virion synthesises
viral proteins to form an intracellular enveloped virion to eventually exit
the host cell as an extracellular mature virion [15]. However, our
knowledge of viral receptors that enables a virion to attach itself to a
host cell remains elusive to this day [15].

The clinical presentation of mpox is somewhat similar to smallpox,
albeit milder with three distinct phases [25]. The first phase (incubation
phase) ranges from 7 to 14 days [25,26]. The second (prodrome) phase
includes fever fluctuating between 38.5 °C and 40.5 °C, accompanied by
muscle aches, headache, backache, chills and lymphadenopathy. This
phase distinguishes it from smallpox and chickenpox. The third (rash)
stage is characterised by macular rash that advances into papular, ve-
sicular, and pustular stages resulting in crusts which eventually fall off
[25]. The facial rashes can gradually progress across the body into the
genitalia [27]. Complications include nutritional deterioration in pa-
tients with rashes in the oral cavity [15], permanent facial distortions
upon the healing of facial lesions [28], loss of vision due to corneal
infection [29], bacterial superinfections, and bronchopneumonia due to
coinfection with influenza [30]. Rare serious complications include
myocarditis, epiglottitis and sceptic shock resulting in mortality on ac-
count of the exaggerated immune response [31]. Although the infection
is generally mild, immunocompromised individuals, children, pregnant
women, elderly population and persons with comorbidity like HIV/AIDS
may be prone to severe outcomes leading to death [13].

Two FDA approved vaccines initially developed as anecdotes against
smallpox are currently being contemplated for effective immunisation
against mpox. The first ACAM2000, is a next-generation vaccine similar
to the discontinued Dryvax, with an efficacy of 85% [32]. MVA-BN
(JYNNEOS in the U.S.) is the second next-generation vaccine devel-
oped with the modified Ankara strain (MVA) of the Vaccinia virus [33].
ACAMZ2000 is contraindicated in cases with atopic dermatitis, immu-
nocompromised individuals, and pregnant women whereas the potency
of MVA-BN remains to be validated in clinical trials [33,34]. Vaccinia
immunoglobulin (VIG) has also been suggested from successful past
experiences  with  smallpox [35]. Currently, tecovirimat
(NCT00728689), cidofovir and brincidofovir (NCT01143181) are the
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only available antivirals against mpox. Their potency against orthopox
virus induced diseases in animal studies has been well documented.
However, scientific data of their effectiveness in individuals infected
with the currently circulating strains of mpox virus WA clade-II remains
speculative [15,36]. Moreover, the development of resistance against
tecovirimat and cidofovir has also been documented in orthopox viruses
by virtue of acquisition of drug-resistant mutations in F13L or E9L [37].
Thus, taken together, the current therapeutic arsenal against mpox is
almost deserted.

Drug repurposing offers a tangible solution, considering the imme-
diate necessity and prohibitive time/cost involved in new drug devel-
opment. Structure-based virtual screening of drug libraries is viable
strategy to find the repurposing potential of drugs. However, the se-
lection of a target and the availability of quality structures are keys to
the success of this approach. With little information about the targets of
mpox virus and their structure, virtual screening against mpox virus is a
challenge. Nonetheless, the available genomes in public repositories are
a goldmine of untapped possibilities. However, judicious selection of
target is necessary for successful repurposing. Subtractive proteomics
approach has generally been used to prioritise bacterial targets [38-42].
This approach has rarely been used to select viral targets as the number
protein targets are usually very limited. Since, no data is available on the
protein targets of mpox virus and relatively much higher number pro-
teins targets are involved, it is worthwhile to use subtractive proteomics
approach to prioritise the drug target and find potential inhibitors for
repurposing against mpox disease (Fig. 1).

2. Materials and methods

2.1. Global dataset of publicly available mpox virus genomes and quality
assessment

All publicly available mpox virus genome assemblies were down-
loaded from the National Centre for Biotechnology Information (NCBI)
on 3™ June 2022.

2.2. Annotation of mpox virus genomes

To avoid artificial differences resulting from different genome
annotation pipelines, the genome assemblies downloaded from GenBank
were reannotated with the Prokka v 1.14.6 [43] with kingdom = Virus,
genus = orthopox virus and species = ‘Monkeypox virus’.

2.3. Identification and re-annotation of mpox virus core genome

Clustering orthologs in viruses can ease the screening for drug can-
didates [44,45]. Therefore, to obtain the core proteome of mpox virus,
the proteomes from all the genomes were clustered into groups of
orthologs using the OrthoFinder v2.5.4 [46,47] with default parameters.
The OrthoFinder surmises homologous regions and determines the
orthogroups (OG’s) by using a combination of the BLAST search and the
Markov Cluster Algorithm (MCA) [47]. For this study, we defined core
orthologs as ORFs present in all the strains of mpox virus. Therefore,
only the ORFs shared by all (100%) the strains of mpox virus were
considered as core orthologs. Further, to improve the functional anno-
tations of all core proteins, we searched the consensus sequence of these
proteins against the NCBI, UniProt and KEGG databases.

2.4. Subtractive proteomics and identification of druggable core proteome
of mpox virus

We devised a suitable subtractive proteomics strategy [48] to
pinpoint the highly druggable core proteins of mpox virus. We did so by
screening out undesirable proteins from the core proteomic dataset of
mpox virus by applying a set of rationally chosen parameters in the
order listed below.
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Fig. 1. Computational framework of the genome-to-drug approach used in this study. The first phase involves the identification of core orthologs/proteins from the
multiple genomes of mpox virus by adopting subtractive proteomics. The second phase involves docking-based high-throughput virtual screening of a non-redundant
library against the identified core orthologs for the identification of potential drug candidates followed by molecular dynamics simulation of drug-target complexes.

2.4.1. Screening intracellular core proteins of mpox

Intracellular proteins can be easily isolated and overexpressed for
experimental studies as compared to membranous proteins. Taking this
into view, the core proteins of mpox virus were first sorted as globular
proteins and membrane-associated proteins by assessing their sub-
cellular localization using the DeepTMHMM server v2.0 [49], CCTOP
[50], MEMSAT-SVM [51] and TOPCONS [52]. A consensus of all the
predictors was considered to interpret their sub-cellular localization.
The predicted transmembrane proteins were filtered out and the glob-
ular proteins were selected for our next downstream analysis.

2.4.2. Screening for enzymatic proteins

These globular core proteins were then sorted as either enzymes or
non-enzymes by using the DEEPre [53], an enzyme function predictor
that employs deep learning to predict the Enzyme Commission Number
(EC number) of the input protein sequence, EMBL EBI’S Enzyme portal
(https://www.ebi.ac.uk/enzymeportal/) and scientific literature.

2.4.3. Screening of non-host homologues

The absence of shared homology with human proteins is a key
feature of a viable target structure to achieve selectivity and avoid
toxicity. To achieve this, the pool of mpox virus enzymes was piped into
NCBI-BLASTp with an e-value of 0.0001 against the entire set of human
proteomes (taxid: 9606). The list of final enzymes based on this criterion
was selected and screened further to assess their druggability.

2.4.4. Homology modeling, model refinement and model quality assessment

The evaluation of a modeled 3D protein structure with high precision
is a core element of computational structure prediction [54]. The rapid
emergence of revolutionary protein structure prediction methods
accompanied by highly efficient structure evaluation tools has paved
new avenues to construct high quality protein models for computational

studies. In this study, the screened non-host homologous enzymes were
modeled on the RoseTTAFold [55] server hosted by RosettaCommons
(https://robetta.bakerlab.org) before the assessment of their drugg-
ability. The RoseTTAFold uses a three-track neural network to fold the
amino-acid sequences of a protein into a 3D model. The Molprobity [56]
was then used for the optimization of stereochemistry and quality
evaluation of the modeled proteins. The optimized proteins were further
qualitatively evaluated using 3 independent programs including the
PROCHECK [57], VERIFY3D [58] and ERRAT [59].

2.4.5. Assessment of druggability

Druggability is defined as the ability of a protein to undergo high-
affinity tethering with drug-like molecules [60]. This is a key feature
for prioritizing and validating putative targets in pathogens [61]. Thus,
the druggability of the final list of 3D-modeled non-host homologous
enzymes was assessed using the CavityPlus [62], DoGSiteScorer [63]
and DeepSite [64]. We set an average pKd >6.5, an average binding
affinity of the associated pocket, for predicting druggable pockets
without ligand using the CavityPlus [65]. The DoGSiteScorer identifies
potential binding sites (called pockets). Proteins with pockets having
druggability scores >0.8 were retained and the pocket with the highest
druggability score was selected. The DeepSite [64] employs a machine
learning algorithm based on deep convolutional neural networks
(DCNNs) for predicting ligand-binding sites in proteins and provides
cartesian coordinates of the centre of the identified binding pockets. A
cut-off confidence score of 0.9 (90%) was used to predict the druggable
pockets using the DeepSite. The consensus results of these three pre-
dictors were taken for predicting druggable enzymes.

2.5. Physicochemical characterization of druggable core proteins

Physicochemical properties of the screened druggable enzymes were
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further assessed as these features have a critical role in the identification
of potential druggable targets in the early stages of drug development.
Physicochemical properties like isoelectric point (pI), molecular weight,
aliphatic index, instability index, extinction co-efficient and residues
accessibility were computed with the ProtParam tools (https://www.
expasy.org/resources/protparam).

2.6. Collection of FDA approved/investigational drugs

For high-throughput virtual screening, we prepared a non-redundant
dataset of FDA approved/investigational drugs. The Probes & Drugs
portal (P&D) is a collection of high-quality bioactive compounds
including drugs and probes with their targets and experimental values
collected from different sources and updated on a daily basis [66]. We
downloaded the approved/investigational drugs from the Probes &
Drugs portal (P&D) on 13™ July 2022. This dataset included molecules
approved for clinical use, clinical testing, veterinary use or neu-
traceutical applications.

2.7. Insilico REOS and PAINS filtering

The SMILES of all the molecules were subjected to rapid elimination
of swill (REOS) and pan-assay interferences (PAINS) filter using the
RDKit [67], a python-based software (https://rdkit.org). Further, we
implemented our in-house workflows using the Konstanz Information
Miner (KNIME, v4.2.3; http://knime.org) followed by removal of
redundancy.

2.8. Ligand preparation

All the non-redundant ligands were pre-processed using the
OPLS_2005 force field in the LigPrep v5.3 module to obtain the accurate
3D energy minimized Lewis structures. Furthermore, EpiK v5.3 was used
to generate the subsequent broad chemical, structurally diversified
stereoisomers at pH 7.0 + 2.0.

2.9. Virtual screening of FDA approved/investigational small molecules in
the highly druggable binding sites

The Glide program and its virtual screening workflow were applied
to identify hits against the highly druggable target proteins by incor-
porating three docking protocols; high throughput virtual screening
(HTVS), Standard Precision (SP) mode and Extra Precision (XP) mode
[68,69]. A grid box of size 12 A was assigned around the centroid of the
binding sites predicted for each target structure. The van der Waals radii
(1.00 A) of the receptor along with partial atomic charge (0.25) was kept
unchanged. Default docking parameters were used, and no constraints
were included. For screening curated FDA library against all the targets,
we used the xglide module of the Schrodinger suite at every step of the
glide docking protocol. All the docked poses of each drug were trans-
ferred from HTVS to SP to filter out the false-positive results. The SP
docked poses were then piped to XP docking where the false positives
were further eliminated based upon ligand-receptor shape comple-
mentarity. These XP docked poses were then ranked according to a more
stringent scoring function i.e., XP glide docking score (XP GScore).

2.10. Molecular dynamics simulations: system preparation and data
generation

To evaluate the binding stability of the selected common top hits at
the predicted highly druggable active sites of the non-host homologous
core proteins (enzymes), we employed the molecular dynamics (MD)
simulations of the protein-ligand complexes in the water environment.
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Firstly, we prepared the conformational ensembles of all four apo pro-
teins over the course of 400 ns MD simulation at a temperature of 300 K
followed by simulation of the protein-ligand complexes over the course
of 150 ns at the same temperature. The GROMACS suite v2021.1 [70]
with charmm36-jul2021 force field was used to perform the MD simu-
lation of apo proteins for the generation of ensembles and evaluation of
the stability of bound ligands. The topology of proteins was generated by
the in-built module of GROMACS and the topology of ligands was
generated using the CHARMM General Force Field (CGenFF) web server
(https://cgenff.umaryland.edu). Each system was solvated in a cubic
periodic box with Tip3P charm-modified water model by keeping a 12 A
distance between the system and the water box. All the systems were
neutralized by adding NaCl salt of concentration 0.15 M.

The structure of each system was minimized through a maximum of
50,000 steps using the steepest descent method of energy minimization.
The equilibrations of each system were performed in two phasesi.e. NVT
(constant number of particles, volume and temperature) and NPT
(constant number of particles, pressure and temperature) ensembles
over the course of 5 ns each followed by MD production at contant
temperature and pressure (1 bar and 300K). For ensemble simulation
and MD production, each whole system was divided into two
temperature-coupling groups of protein/protein-ligand and water-ions
respectively. LINear Constraint Solver (LINCS) algorithm [71] was
used to constraint all the bonds and isolated angles. Similarly, the ve-
locity Verlet algorithm was used to integrate Newton’s equations of
motion. The temperature and pressure coupling on each ensemble was
performed by V-rescale (modified Berendsen thermostat), Berendsen
(NPT) and Parrinello-Rahman methods. However, no pressure coupling
was used in NVT ensembles. For calculating the long-range (Electrostatic)
interactions, the Particle Mesh Ewald (PME) method with a 1.2 nm
cutoff was used. The output trajectories were recorderd every 10 ps for
subsequent analysis.

2.11. Molecular dynamics simulations: stability, clustering, essential
dynamics and binding free energy analysis

Following MD data productions, the trajectories of all the systems
was compared by analysis of root mean square deviation (RMSD), root
mean square fluctuation (RMSF), radius of gyrations (Rg), solvent
accessible surface area (SASA) and amount of hydrogens bonds (HB)
using the in-built module of the GROMACS. The analysis of positional
changes of secondary structure elements (SSE) was accomplished by in-
built module of biotite python library [72]. The dominant conforma-
tions of the trajectory data was inferenced by clustering Co atoms RMSD
of all the systems using TTClust [73]. The optimum cluster numbers was
identified by elbow method. To understand the structural changes at Co
atoms level over 150 ns time of MD simulation, MODE-TASK tool were
used the study the principal component analysis (PCA) using singular
value decomposition (SVD) of the cartesian coordinates as well as internal
coordinates [74,75]. The first two eigenvectors (principal component 1
and 2) of PCA was plotted using the ggplot2 R package [76]. To compare
the collective motions of Co atoms over the simulation time, the first
essential principal component mode of PCA was represented as porcu-
pine plots using Normal Mode Wizard (NMWiz), a ProDy python pack-
age based plugin in VMD [77,78]. The binding free energies and
energies decomposition of key-interacting residues for all the complexes
were calculated by AMBER’s MMPBSA.py engine based gmx_MMPBSA
tool [79,80] using molecular mechanics/Poisson-Boltzman surface area
(MM/PBSA) model. The analysis module of the gmx_MMPBSA tool were
used to infer and visualize the energies data. The average distance of
bound ligands from the key-interacting residues, obtained from
MM/PBSA analysis, were then calculated using the in-built gmx distance
dismodule of the GROMACS.
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3. Result

3.1. The meaning of the open reading frame (ORF) and core proteins in
this study

A clarification is necessary on what we mean by an ORF. This is
because there is a slight discrepancy in how different authors like to
define the term “Open Reading Frame” or “ORF”. In the bioinformatics
community it is a standard practice to identify an ORF such that the
evidence of translation is not required, a definition that virological
community may be less acquainted with. For the purpose of this study,
we defined an ORF having start codon, stop codon and no internal stop
codon as a “protein-coding gene” which translates into a functional
protein that contributes to viral replication, transmission, immune
evasion or overall fitness. However, we also acknowledge that trans-
lation itself may not be a criterion significant enough for an ORF to be a
protein-coding gene. We acknowledge that an act of translation may
have a function even if the peptide produced is non-functional as in the
case of regulatory uORFs [81]. Therefore, each predicted ORF can be
important even if it is annotated as a hypothetical protein.

Likewise, the term “core proteins” used here frequently has been
used to describe those proteins that are highly conserved across all the
strains of mpox virus. This clarification is necessary as some members of
virology community may be more accustomed to the term “core protein”
as the proteins associated directly with the nucleocapsid.

3.2. A compendium of 125 mpox virus genomes was developed and
explored

All the genome assemblies of mpox virus available as of 3™ June
2022, were retrieved from the NCBI. Our dataset included 24 newly
assembled mpox virus genomes from the latest mpox outbreak described
in non-endemic countries. In total, our final dataset comprised of 125
complete genome assemblies of mpox virus. The mean genome size of
mpox virus was 196318 bp (~0.2 Mb). The highest number (275) of
ORFs was identified in the strain mpox_FRA_2022_TLS67 (ON602722)
whereas the strain mpox_Nig 2017_298464 (MG693724) harboured the
least number of ORFs (193). The mean ORFs per genome was ~213. Due
to lack of pre-existing annotations, approximately half of the total ORFs
could be successfully annotated whereas the other remaining half
remained unannotated or hypothetical. The detailed metadata regarding
the sample isolation information and genome statistics like genome size,
GC content (%), gene count and completeness etc have been summarised
in Supplementary Table S1.

3.3. Core proteome assessment identified sixty-nine core proteins from
mpox virus genomes

Core proteins are major contributors to the replication and survival
of a virus. Hence, developing novel therapeutics against such proteins
could stop infectious pathways. Moreover, screening core proteins of an
organism are advantageous as it helps to reduce the dependency on
genome completeness [82]. In our core proteome assessment of 125
mpox virus strains, OrthoFinder assigned 26293 genes (99.4% of the
total) to 294 ortho groups with 166 unassigned genes (0.6% of genes).
Fifty percent of all genes were in orthogroups with 124 or more genes
(G50 = 124) and were contained in the largest 101 ortho groups (050 =
101). There were 69 ortho groups (core ortho groups) with all species
present and 58 of these consisted entirely of single-copy genes. Two
ortho groups were species-specific ortho groups with only 4 genes. The
gene count in every orthogroup for each strain and strain-wise statistics
is presented in Supplementary Tables S2 and S3. Every set of the 69 core
proteins was then aligned to create a consensus protein sequence of each
ortholog. Thus, in doing so, we created a dataset comprising the core
proteome of all the 125 mpox virus genomes. Unfortunately, many
predicted core proteins remained unannotated for the reasons
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mentioned previously. To overcome this problem, we reannotated every
protein of our core proteomic dataset through a series of extensive
manual curations. The detailed annotation of the core orthogroups
dataset has been presented in Table 1.

3.4. Subtractive proteomics successfully identifies four highly druggable,
non-host homologous core proteins (enzymes)

The reannotated 69 core proteins of mpox virus were subjected to a
set of multi-stage screenings to identify the druggable core proteins of
mpox virus as shown in Table 2. In the first stage, 56 globular proteins
were identified based on their sub-cellular localization. These are most
likely to be comprised of the proteins associated with the nucleocapsid,
transcription factors and enzymes that may be critical to the virus life-
cycle. In the second stage, we further screened out enzymes from the set
of 56 globular core proteins. From the in silico assessment, we identified
23 core globular proteins which are most likely enzymes. Subsequently,
in the third stage, the shared homology with human host proteins was
assessed to limit the off-target issues. Eight enzymes namely, DNA-
dependent RNA polymerase 132 kDa subunit (Rpol32),
Phospholipase-D-like protein K4 (K4L), Ribonucleoside-diphosphate
reductase small chain (OPG048), dual specificity protein phosphatase
H1 (H1L), 3-beta-hydroxy-Delta(5)-steroid dehydrogenase (SALF7L),
Cu-Zn superoxide dismutase-like protein (A46R), thymidylate kinase
(TMK) and pseudokinase B12 (B12) shared 24.95%, 47.23%, 81.25%,
28.78%, 41.24%, 30%, 41.55% and 32.88% sequence identity with
human proteins DNA-directed RNA polymerase II 140 kDa polypeptide
(3JOK_B), 5'-3' exonuclease PLD3 (Q8IV08), Human ribonucleotide
reductase subunit R2 (D6W4Z6), Dual specificity protein phosphatase
22 (6LVQ_A), 3 beta-hydroxysteroid dehydrogenase type 7 (Q9H2F3),
Superoxide dismutase [Cu-Zn] (3GTV_A), Thymidylate Kinase (1E98_A)
and Vaccinia-related kinase 1 (2LAV_A) respectively. These proteins
were subsequently discarded as they exceeded the permitted threshold
(e-value = 0.0001). The 15 remaining non-host homologous enzymes
were processed for druggability studies. 12 out of these 15 enzymes
shared excellent coverages and sequence similarities with the solved
crystal structures of proteins from the PDB database. On the contrary,
DNA polymerase processivity factor component A20 (A20R) shared
96.75% similarity with 6ZXP_A at very low coverage (28%) whereas
crystal structures even remotely similar to core cysteine protease (I7L)
and metalloendopeptidase G1 (G1L) were not available (Table 1). In the
absence of experimentally derived high-resolution structures, modeled
proteins present suitable alternatives to examine structural perturba-
tions in proteins. Therefore, to overcome this problem we applied the
hybrid, a top performer of CASP-5 and highly accurate deep learning-
based modeling method the RoseTTAFold to model the 3D structures
of all the 15 non-host homologous enzymes. The RoseTTAFold [55]
employs a 3-track neural network to fold a protein sequence into a
model. The accuracy and validation assessment of all the predicted
structures were assessed through the MolProbity web server [56]. Out of
these 15, the 7 enzymes successfully modeled by the RoseTTAFold were
subjected to druggability assessments for the time being. Of these 7 core
non-host homologous enzymes, only 4 enzymes namely the I7L, DNA
topoisomerase 1B (ToplB), early transcription factor 70 kDa small
subunit (VETFS) and A20R complied with the thresholds of druggability
prediction tools. The druggability scores (DScore), simple score
(SScore), binding affinity (pKd), volume and surface area associated
with the predicted highly druggable binding site of the four proteins
have been summarised in Supplementary Table S4. The model quality
statistics of these four druggable proteins are presented in Table 3.
Unfortunately, this study was impelled to abandon the druggability
assessment of 8 out of these 15 enzymes (Group 5, Table 2). These 8
proteins will be assessed for their druggability in our future endeavors.
Hence, by combining genomics and an extensive subtractive proteomic
screening on the core proteomic dataset of mpox virus we finally iden-
tified 4 highly druggable, globular, non-host homologous core proteins
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Table 1
Table summarising the reannotation of the 69 core proteins identified in 125 genomes of mpox virus.
Core Og  Length Similar to Protein name Gene % alignment Mismatches  E-Value Closest crystal structure
(aa) Uniprot ID identity length (% Identity, %
Coverage)
0G000 344 P42926 Serine proteinase inhibitor 2 (Serp-2) SPI-2 65.70 344 117 2.7E- 1FO0C_A (60.07, 89)
(Serpin-2) 149
0G010 492 Q80DV6 DNA helicase; Transcript termination A19R 97.16 493 13 0.0E+00 6JDE A (21.76, 68)
protein A18
0G011 1880 Q8QPZ7 Poxvirus B22R protein, putative B22R 86.3 1829 18 0.0E+00
transmembrane glycoprotein
0G012 479 Q8QMZ9 Poly(A) polymerase catalytic subunit PAPL 99.17 479 4 0.0E+00  3ER8_C (98.75, 100)
(EC 2.7.7.19)
0G013 1164 Q8V4V3 DNA-dependent RNA polymerase 132 Rpo132 99.66 1164 4 0.0E+00  6RFL_B (98.97, 100)
kDa subunit,
0G014 167 PODSWS8 truncated interferon antagonist D8 DSL 98.67 150 2 1.8E- 5CYW_B (98, 89)
(Host range protein 2) 105
0GO015 155 PODSX4 Protein C6 C6L 92.21 154 12 3.0E-
101
0G016 316 P17370 Protein C4 C4L 94.94 316 16 0.0E+00  8AG3_C (44.04, 99)
0G018 273 P23372 Protein E8 E8R 98.90 273 3 0.0E+00
0G019 665 P21093 R1L protein, Protein O1 Ol1L 97.30 666 17 0.0E+00
0G020 152 P33004 Protein J1 JIR 98.01 151 3 2.6E-
104
0G024 206 P21039 Protein C5 C5L 94.82 193 10 7.8E- 4HXI A (23.81, 40)
131
0G025 43 P20639 Protein K3 K3L 95.24 42 2 1.6E-23 1LUZ_A (92.86, 97)
0G026 424 P20537 Phospholipase-D-like protein K4 K4L 98.11 424 8 0.0E+00 7EOM_A (24.28, 88)
0G027 214 Q6RZR2 Apoptosis regulator OPG045 OPG045  87.10 222 21 2.9E- 2VTY_A (89.94, 78)
134
0G028 486 P21013 Kelch repeat protein F3 F3L 97.08 479 14 0.0E+00 6N3H_A (25.46, 47)
0G029 319 057175 Ribonucleoside-diphosphate OPG048  99.06 319 3 0.0E+00  1HON_A (80.94, 99)
reductase small chain (EC 1.17.4.1)
0G030 64 P24360 Protein F8 F8L 96.92 65 1 2.4E-39
0G031 354 P21052 Protein F11 F11L 97.18 354 10 0.0E+00
0G032 49 PODTMS8 Protein OPG059 OPG059  95.8 48 2 4.4E-40
0G033 101 P68455 Phosphoprotein F17 TF17R 97.03 101 3 6.6E-70
0G034 153 P21605 RNA-binding protein E3 (p25) E3L 88.89 153 17 9.7E-96 10YI A (73.33, 29)
0G035 259 P21603 DNA-directed RNA polymerase 30 RPO30 97.68 259 6 0.0E+00  6RIC_S (97.68, 100)
kDa polypeptide (EC 2.7.7.6)
0G036 166 P68447 Protein E7 E7R 93.98 166 10 2.3E-
113
0G037 95 P21050 Probable FAD-linked sulfhydryl E10R 98.95 95 1 2.6E-66
oxidase E10 (EC 1.8.3.2)
0G038 129 P68448 viral core protein E11 E11L 97.67 129 3 1.6E-91 6RFL_Q (97.67, 100)
0G039 269 P12923 ssDNA-binding phosphoprotein, 3L 98.51 269 4 0.0E+00
Protein I3
0G042 423 P20501 Core protease 17 I7L 99.05 423 4 0.0E+00
0G043 591 P21022 Metalloendopeptidase G1 G1L 98.64 590 8 0.0E+00
0G044 220 P68456 Late transcription elongation factor G2R 98.64 220 3 5.5E-
G2, Protein G2 161
0G045 124 Q8V507 Glutaredoxin-2 EVMO065  100.00 124 0 4.5E-91 2G2Q_A (97.56, 99)
0G046 340 P07611 Myristoylated protein G9, Protein F1 G9R 98.53 340 5 0.0E+00
0G047 250 PODOT7 Protein L1; Virion membrane protein LIR 99.20 250 2 0.0E+00 4U6H_E (98.91, 73)
M25
0G048 251 P20981 core protein VP8 L4R 98.81 251 3 0.0E+00
0G049 129 P68608 DNA-dependent RNA polymerase 22 Rpo22 100.00 129 0 2.7E-92 6RFL_E (100, 100)
kDa subunit rpo22
0GO051 171 P20495 Dual specificity protein phosphatase HI1L 98.83 171 2 1.0E- 2RF6_A (97.66, 100)
H1 118
0G052 189 PODSY9 IMV membrane protein, Late protein H2R 100.00 189 0 3.7E-
H2 145
0G053 324 P20497 Envelope protein H3 H3L 94.14 324 19 0.0E+00  5EJO_A (93.67, 73)
0G054 314 P68697 DNA topoisomerase 1B ToplB 99.36 314 2 0.0E+00  2H7G_X (97.77, 100)
0GO055 146 057208 Late protein H7 H7R 97.95 146 3 1.7E- 4W60_A (96.58, 100)
105
0G056 845 Q80DX6 mRNA capping enzyme catalytic 97 E1R 99.05 845 7 0.0E+00  4CKB_A (98.94, 100)
kDa subunit
0G057 637 P04308 Early transcription factor 70 kDa VETFS 99.84 637 1 0.0E+00 7AMV_W (99.69, 100)
small subunit
0GO058 161 P04310 DNA-dependent RNA polymerase 18 Rpol8 97.52 161 4 5.0E- 6RFL_G (96.89, 100)
kDa subunit rpo18 117
0G059 304 Q8V4Y0 Cell Surface Binding Protein, carbonic ESL 99.67 304 1 0.0E+00 4E90_X (93.89, 86)
anhydrase homolog
0G060 287 P20980 mRNA-capping enzyme 33 kDa small Dl12L 98.96 287 3 0.0E+00  2VDW_B (98.61, 100)
subunit

(continued on next page)
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Core Og  Length Similar to Protein name Gene % alignment Mismatches  E-Value Closest crystal structure
(aa) Uniprot ID identity length (% Identity, %
Coverage)
0G061 551 P68440 Scaffold protein D13, Rifampicin D13L 99.09 551 5 0.0E+00  6BED_A (99.09, 100)
resistance protein
0G062 150 PODSV3 Viral late gene transcription factor 2 VLTF2 100.00 150 0 1.3E-
110
0G063 644 P20643 Virion core protein 4b, p4b A3L 99.07 644 6 0.0E+00
0G064 281 P20983 39 kDa core protein A4L 95.37 281 13 5.5E-
135
0G065 161 P68610 DNA-dependent RNA polymerase 19 Rpol9 97.56 164 1 8.1E-94 6RFL_F (97.56, 100)
kDa subunit
0G066 891 PODOL1 Virion core protein 4a precursor Al10L 97.87 892 18 0.0E+00
0G067 318 P20988 Protein A11 Al1R 99.37 318 2 0.0E+00
0G068 190 PODOK9 25 kDa core protein Al12L 98.42 190 15 5.7E-99
0G069 196 PODORS Virion membrane protein A17 Al7L 97.45 196 4 1.3E-96
precursor, 23 kDa late protein
0G070 77 P20994 Zinc finger-like protein, Protein A19 A19L 97.40 77 2 3.5E-51 2DFY_C (42.86, 54)
0G071 426 P68709 DNA polymerase processivity factor A20R 97.18 426 12 0.0E+00  6ZXP_A (96.75, 28)
component A20
0G072 696 P24759 A-type inclusion protein A25 (ATI) A25 95.40 696 28 0.0E+00
0G073 146 Q8v4U9 Envelope protein A28 homolog A30L 100.00 146 0 5.4E-
(Protein A30) 106
0G074 305 Q6RZF4 DNA-directed RNA polymerase 35 RPO35 98.36 305 5 0.0E+00  6RFL_C (97.71, 100)
kDa subunit (EC 2.7.7.6)
0GO075 181 P68616 Protein A33 A33R 96.67 180 6 3.0E- 4LQF_A (92.31, 50)
130
0G077 227 P68618 Protein A36 A36R 95.02 221 9 5.9E-
134
0G078 213 P21064 Protein A41 A41L 95.24 210 8 6.5E- 2VGA A (97.48, 92)
147
0G079 346 P26670 3-beta-hydroxy-Delta(5)-steroid SALF7L 98.84 346 4 0.0E+00  6JKG_A (27.02, 69)
dehydrogenase (EC 1.1.1.145)
0G080 125 Q8V4T3 Cu-Zn superoxide dismutase-like A46R 100.00 125 0 9.8E-85 1P1V_A (30.67, 86)
protein
0G081 204 Q80DS7 Thymidylate kinase (EC 2.7.4.9) TMK 98.53 204 3 3.9E- 2V54_A (98.53, 100)
(dTMP kinase) 151
0G083 334 P21069 Protein A51 A51R 96.11 334 13 0.0E+00
0G085 176 P68443 Protein B6 B6R 88.14 177 16 6.9E-
109
0G086 282 P21098 Pseudokinase B12 B12 97.17 283 7 0.0E+00  2LAV_A (32.88, 95)
0G089 190 P17365 Protein C13 (Protein B23R) C13L 95.79 190 8 3.5E-
131

(Table 2). The modeled proteins and their predicted druggable sites have
been illustrated in Fig. 2.

3.5. The druggable proteins are soluble and highly stable over a wide
range of temperatures

The physicochemical properties of the 4 highly druggable proteins
were predicted (Table 3). Proteins with instability index above 40 are
considered unstable whereas proteins with an instability index below 40
are considered stable. The instability value of Top1B was slightly above
40. Therefore, this enzyme could be slightly unstable. The instability
values of the remaining 3 proteins were below 40 and reflect their highly
stable nature. This prediction was also supported by the high aliphatic
index of these proteins which suggests their stability over a wide range
of temperatures. Similarly, the hydrophilic features and solubility of a
protein are reflected in its grand averages of hydropathy (GRAVY) score.
The GRAVY scores of all 4 enzymes were below 0 which reflects upon
their globular and soluble nature.

3.6. A curated library of 5893 FDA approved/investigational drugs was
prepared

For high-throughput virtual screening (HTVS), we collected ~19
thousand FDA-approved/investigational drugs of approved, investiga-
tional and experimental categories from the Probes and Drugs Portal, a
highly curated chemical space portal comprising data from ~50
different sources [66]. Discontinued FDA-approved/investigational

drugs were excluded from our selection. For filtering problematic
functional groups and false positives, we implemented the REOS and
PAINS filters on the collected library. The PAINS and REOS filter are
both based on the RDKit substructure counter and compare the sub-
structures present in the input database with a list of problematic
functional groups. After filtering, ~32% (5893) of drugs remained in the
dataset and were subjected to the ligand preparation stage. Finally, a set
of 12,048 stereoisomers corresponding to 5893 drugs were obtained
following library preparation with the LigPrep module of the Schro-
dinger suite.

3.7. Burixafor, batefenterol and eluxadoline are the top hits common to
the four highly druggable enzymes of mpox virus

We performed the multi-step (HTVS, SP and XP) docking of 12,048
stereoisomers corresponding to 5893 drugs against all the identified
target proteins by using the Schrodinger suite’s Glide module. Numerous
binding modes of all the drugs across the 4 targets were predicted. The
docking scores varied between —13.36 kcal/mol to —0.50 kcal/mol for
core protease I7L, —10.74 kcal/mol to 2.19 kcal/mol for Top1B, —11.55
kcal/mol to 0.75 kcal/mol for VETFS and —12.30 kcal/mol to 0.35 kcal/
mol for A20R as shown in Fig. 3. Interestingly, the drug batefenterol
(BAT) was among the top 30 hits for all the proteins namely; A20R, I7L,
Top1B and VETFS whereas burixafor (BUR) and eluxadoline (ELU) were
amongst the top 30 hits for I7L, Top1B and VETFS. The binding affinities
of BAT with A20R, I7L, VETFS and Top1B ranged between —12.07 kcal/
mol to —8.89 kcal/mol. The binding affinities of BUR with I7L, VETFS
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Table 2

Table summarising the subtractive proteomics strategy and its outcomes.
The sixty-nine core proteins were screened through four stages to pinpoint
therapeutic targets with highly desirable features. Four proteins namely; I7L,
Top1B, VETFS, and A20R were identified as highly druggable, globular, non-
host homologous, enzymatic proteins and were subjected to virtual screening
in this study. Eight proteins namely, A19R, PAPL, Rpo30, E10R, G1L, Rpo22,
EI1R and Rpo35 passed the first three stages of screening and remain under
investigation for druggability assessment. Proteins that fit under a particular
group of are shaded in blue

Globular
Enzyme
Membrane
Core0G| O™ Non-enzyme Non-host homologous
Name Host
Undruggable [Under Investigation| Druggable
Group 1 (n=13) Group 2 (n=33) Group 3 (n=8) |Group4 (n=3) Group 5 (n=8) |Group 6 (n=4)
0G0IT  B2R
0GO01S  ESR
0G019  OIL
0G046  GOR
0G047  LIR
0G0s2  H2R
0G053  H3L
0G059  ESL
0G067  AlIR
0G069  AITL
0G073 A30L
0G075 ~ A33R
0G077  A36R
0G000  SPI-2
0GO14  DSL
0GOIs  C6L
0G016  C4L
0G020  JIR
0G024  C5L
0G025  K3L

0G027 OPG045

0G028 F3L
0G030 FSL
0G031  F1IL

0G032  OPGO59

0G033  TFI7R

0G034 E3L
0G036 E7R
0G038  ElIL
0G039 3L

0G044  G2R

0G045  EVM065

0G048 L4R
0G055 H7R
0G061  DI3L

0G062  VLTF2

0G063 A3L
0G064 A4L
0G066  AI0L
0G068  Al2L
0G070  AI9L
0G072 A25
0G078  A4IL
0G083  ASIR
0G085 B6R
0G089  CI3L
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0G013  Rpol32
0G026 K4L
0G029 OPG048
0G051 HIL
0G079 SALF7L
0GO80  A46R
0G081  TMK

0G086 B12
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0G010  Rpol8
0GO12  Rpol9

0G035  DI2L

0G037  AI9R
0G042  PAPL
0G043  RPO30
0G049  EIOR
0G054  GIL
0G056  Rpo22
0G057 EIR
0G058  RPO35
0G060  A20R
0G065 7L
0G071  ToplB

0G074  VETFS

and Top1B ranged between —11.84 kcal/mol to —8.29 kcal/mol. Simi-
larly, the binding affinities of ELU with I7L, VETFS and ToplB ranged
between —12.73 kcal/mol to —8.14 kcal/mol respectively. Likewise,
tobramycin (PD001728), dibekacin (PD001070) and GLPG-0187
(PD058153) were identified as hits common only to I7L and VETFS
and were among their top 30 hits. The XP GScore, XP HBond energy and
ligand efficiency of the top 30 hits for each target is presented in Sup-
plementary Tables S5-S8. The primary indications of the top five hits
against all the targets is summarised in Table 4.

3.8. RMSD, RMSF, Rg and SASA calculations suggests stability of the
ligand-bound complexes

Two independent sets of MD simulations were undertaken in this
study by using the GROMACS package. The first set involved the model
refinement of four proteins A20R, I7L, ToplB and VETFS to reduce
stearic clashes among their residues. This was achieved by simulating
every protein for 400 ns. The trajectories were subjected to clustering
using the TTClust. The centroid of the cluster with the least mean rmsd
between the frames were selected for protein-ligand complex MD
simulation. The summary of cluster analysis of the trajectories after 400
ns of simulation has been presented in Supplementary Fig. S1. There-
after, to access the conformational stabilities of the 12 protein-ligand
complexes during the 150 ns of MD production, various quality con-
trol parameters like RMSD, Rg, SASA, RMSF, H-Bonds, secondary
structure, essential dynamics, MM/GBSA binding free energies and
distance of ligand from active site were examined.

RMSD characterises a protein-ligand complex’s conformational sta-
bility in its dynamic state during simulation. A low difference in RMSD
indicates low and consistent fluctuation between the ensembles which
suggests a protein-ligand complex is stable. To ensure the sampling
method’s reliability, the RMSDs of the proteins’ alpha carbon atoms (C-
a) were analysed by plotting them against the time scale of 150 ns from
the starting structure (Fig. 4). None of the A20R ligand associated
complexes could achieve equilibrium after 150 ns of simulation
(Fig. 4A). The RMSD plot of the I7L-BAT complex (Fig. 4B) depicted an
increasing trend for the first 45 ns. However, the ensembles that fol-
lowed gradually traced a constant trajectory for the next 105 ns i.e.,

from 45 ns to 150 ns with consistent minor fluctuations within a
permissible window of 3 A to 4.5 A and an average RMSD of 0.63 + 0.26
A. The trajectory of the I7L-BUR complex (Fig. 4B) followed a stable
trend for the first 55 ns while fluctuating between a small window of 2 A
to 3 A. The complex then encountered a minor fluctuation before finally
settling into a relatively flat trajectory with an average RMSD of 0.9 +
0.3 A for the next 95 ns i.e., from 55 ns to 150 ns within a permissible
window of 2.5 A to 4.5 A. Similarly, the trajectory of I7L-ELU complex
(Fig. 4B) projected an increasing trend for the first 35 ns. Thereafter, the
ensembles adopted a relatively flat trajectory with an average RMSD of
0.72 + 0.28 A for the last 115 ns i.e., from 35 ns to 150 ns within a small
window of 3 A to 5 A. These results indicate the protein I7L has suc-
cessfully achieved conformational stability with the three ligands. The
ensembles of Top1B-BAT complex (Fig. 4C) traced out a relatively flat
trajectory with consistent minor fluctuations for the first 85 ns within a
confined permissible space between 2 A to 4 A. Minor blips within very
narrow time frames of (25-30) ns and (45-48) ns were also encountered.
This was followed by high fluctuations for the next 30 ns i.e., from
(85-115) ns following which the complex again reverted back to its
original 2 A to 4 A window for the last 35 ns. All the stable ensembles of
Top1B-BAT complex that fluctuated within the 2 Ato4A permissible
window had an average RMSD of 1.16 + 0.85 A. Strangely, this pattern
repeated itself again in Top1B-BUR and Top1B-ELU complexes respec-
tively (Fig. 4C). The Top1B-BUR complex retained a consistent trajec-
tory for the first 40 ns within an allowable window of 2 A to 4 A. This
complex then navigated through a similar violent RMSD fluctuations for
the next 55 ns i.e., from (40-95) ns before finally returning back to its
initial 2 A to 4 A window for the last 55 ns with consistent minor fluc-
tuations. All the stable ensembles of Top1B-BUR complex that fluctuated
within the 2 A to 4 A permissible window had an average RMSD of 0.88
+ 0.59 A. The ensembles of Top1B-ELU complex followed an increasing
trend for the first 20 ns. Thereafter, the ensembles retained a stable
trajectory throughout the entire 150 ns between a 2 A to 4 A window
with an average RMSD of 1.17 & 0.77 A with the exception of two small
time frames between 75 ns to 85 ns and 115 ns-120 ns respectively
where major fluctuations in RMSD were clearly distinguishable
(Fig. 4C). The ensembles of VETFS-BAT complex pursued an upward
trajectory for the first 10 ns (Fig. 4D). Thereafter, the ensembles retained
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Physicochemical properties and model quality statistics of the four proteins of mpox virus identified through subtractive proteomics.

Features Core protease 17 DNA topoisomerase 1B Early transcription factor 70 kDa small subunit DNA polymerase processivity factor
Gene Name 17L TopIB VETFS A20R

Enzyme Commision (EC) 3.2.22.- 5.99.1.2 3.6.4.13 3.-

KEGG Orthology (KO) Identifier - - - K21082

Closest Crystal Structure - 2H7G (97.77%, 100%)) 7AMV (99.69%, 100%) 6ZXP (96.75%, 28%)
Length (Amino Acid) 423 aa 314 aa 637 aa 426 aa

Mol. Weight (Dalton) 49023.57 36665.56 73844.91 49147.14

pl 7.85 9.50 6.93 5.62

Instability Index 33.81 40.22 34.45 36.35

Aliphatic Index 83.14 88.03 97.85 92.77

GRAVY -0.22 -0.32 -0.17 -0.26

Predicted IDDT Score 0.64 0.87 0.70 0.80

Overall Quality Score 95.42 95.75 95.66 91.87

MolProbity Score
Clash Score
Poor Rotamers (%)

1.44 (96th percentile)
3.49 (97th percentile)
0

0.90 (100th percentile)
1.53 (99th percentile)
0

RamaPlot Most Favoured (%)
RamaPlot Allowed (%)
RamaPlot Disallowed (%)

95.72 (403 aa) 100.00 (312 aa)
3.8 (16 aa) 0
0.48 (2 aa) 0

1.40 (97th percentile)
2.78 (98th percentile)
0

1.37 (98th percentile)
2.88 (98th percentile)
0

95.80 (406 aa)
4 (17 aa)
0.24 (1 aa)

95.12 (604 aa)
3.48 (22 aa)
1.42 (9 aa)

a stable trajectory for the next 140 ns i.e., from 10 ns to 150 ns with
constant but minor fluctuations within an allowable window between 3
A to 5 A with an average RMSD of 0.57 + 0.36 A. The ensembles of
VETFS-BUR complex traced an ascending step ladder trajectory for the
first 70 ns before gradually settling into a stable trajectory for the
remaining 80 ns i.e., from 70 ns to 150 ns (Fig. 4D). The stable ensembles
during this time frame constantly fluctuated within a narrow and
acceptable window between 4 A to 6 A with an average RMSD of 0.88 +
0.39 A. A rising trend was observed in the trajectory of VETFS-ELU
complex for the first 40 ns (Fig. 4D). The trajectory thereafter
declined which was followed by a steady rise in the next 45 ns before
finally achieving stability for the last 55 ns i.e., from 85 ns to 150 ns. The
stable ensembles during this time frame fluctuated within a 6 A to 8 A
window with an average RMSD of 0.88 + 0.44 A. It is also interesting to
note that the VETFS-BAT system achieved equilibrium within a very
short duration in comparison to its BUR and ELU bound counterparts.
This suggests, in comparison to VETFS-BAT complex, VETFS-BUR and
VETFS-ELU complexes had to navigate through several conformational
transitions to accommodate their respective ligands before finally
achieving stable conformations. Overall, these results indicate that the
enzyme VETFS has successfully acquired conformational stability with
all the three ligands. Taken together, only nine complexes that showed
conformational stability were considered for further examination. The
density distribution of RMSDs of these nine stable complexes have also
been provided in Supplementary Fig. S2.

Subsequently, the radius of gyration (Rg) of the 9 stable protein-
ligand complexes were also assessed (Fig. 5). Rg examines a protein’s
compactness where a constant Rg suggests that the system has achieved
a relatively constant shape and size during the entire simulation. The
average radius of gyration of I7L-BAT, I7L-BUR and I7L-ELU complexes
were 23.16 + 0.19 A, 22.74 + 0.14 A and 23.16 + 0.24 A respectively.
These complexes successfully retained their compactness without un-
dergoing any major structural re-arrangements during the entire 150 ns
simulation as demonstrated by the consistency of their time dependent
Rg plot (Fig. 5A). Similarly, the Rg of the Top1B-BUR and Top1B-ELU
complexes also remained fairly consistent during the entire simulation
with average Rg’s of 25.51 & 0.51 A and 25.34 + 0.52 A respectively
(Fig. 5B). The average Rg of ToplB-BAT complex was 24.71 + 0.69 A
during the entire simulation with some minor fluctuations. The Rg of
Top1B-BAT complex remained consistent for the first 75 ns following
which it experienced a sharp decline and a subsequent upturn in the next
55 ns i.e., between 75 ns and 130 ns before retracing its original tra-
jectory in the last 20 ns (Fig. 5B). Overall, the consistent Rg of the three
ToplB-ligand bound complexes suggest they have retained their struc-
tural integrity and are relatively compact after 150 ns of simulation. The
VETFS-BAT complex also remained compact with an average Rg of
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30.05 + 0.27 A (Fig. 5C). This was evident from its time-evolution Rg
plot which remained fairly consistent during the entire simulation. The
Rg of VETFS-BUR and VETFS-ELU complexes remained steady for the
first 70 ns (Fig. 5C). Thereafter, the Rg of VETFS-BUR declined linearly
for the next 30 ns before retaining its steadiness for the last 50 ns. On the
contrary, the Rg of VETFS-ELU complex witnessed a linear increment for
the next 10 ns before becoming relatively constant for the last 70 ns. This
suggests that the presence of BUR in the active site of VETFS has
enhanced its compactness. It also suggests that BUR is probably better
adapted to VETFS in comparison to ELU. The Rg of VETFS-BUR and
VETFS-ELU complex was 29.59 + 0.32 A and 30.64 + 0.39 A respec-
tively. Taken together trends of Rg of all the nine complexes are in
congruence with their corresponding RMSD trends that reflect the
relative stabilities and compactness of the 9 ligand bound enzyme
complexes.

SASA is another frequently studied quality control parameter that is
examined to scrutinize a protein-ligand complex’s conformational sta-
bility. The solvent environment around the protein plays a crucial role in
retaining a protein’s folding and governs the protein-ligand interaction
processes, orientation, and stability. The time evolution SASA plots
clearly indicate that all the nine complexes are relatively well equili-
brated during the entire 150 ns simulation (Fig. 5D, E and 5F). The SASA
values varied within a narrow range between 233.4 + 4.43 nm? - 242.11
+ 6.67 nm? for I7L-ligand complexes, 191.76 + 3.32 nm? - 192.50 +
3.04 nm? for Top1B-ligand complexes and 339.96 + 4.35 nm2-348.41
+ 5.27 nm? for VETFS-ligand bound complexes respectively. These ev-
idences are in agreement with their corresponding RMSDs and suggest
that all the proteins have successfully attained conformational stabilities
with their respective ligands without undergoing any major alterations
in their available surface area.

Root Mean Square Fluctuation (RMSF) was computed to examine the
positional fluctuation of each amino acid residue around its mean po-
sition. The Ca atoms of all the I7L complexes shared very similar RMSF
trends (Fig. 6A). This case was also similar for the Ca atoms of ToplB
(Fig. 6B) and VETFS (Fig. 6C) ligand bound complexes. The Co atoms
associated with the loops experienced high fluctuations whereas the Ca
atoms associated with a-helix and B-sheets were comparatively rigid in
all the complexes. High fluctuations were were also associated with the
C terminal residues in all the nine complexes. Amongst the I7L com-
plexes, the highest average atomic fluctuation of 1.83 + 0.97 nm was
recorded in the residues of the ELU bound complex. Similarly, amongst
the Top1B and VETFS complexes, highest average atomic fluctuations of
3.19 £ 1.6 nm and 2.71 + 1.27 nm was recorded in the residues of BUR
and ELU bound complexes respectively. From Fig. 6B it is quite evident
that high atomic fluctuations of all the ToplB complexes are mostly
restricted to the residues from 1 to 70 which encompass the protein’s N-
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Fig. 3. Distribution of glide XP docking score (kcal/mol) against DNA poly-
merase processivity factor component A20 (A20R), Core cysteine proteinase
(I7L), DNA topoisomerases type 1B (Top1B) and Early transcription factor 70
kDa small subunit (VETFS).

terminal domain. The fluctuations in the residues that encompass the
ligand bound C-terminal DNA binding domain (76-314) are relative
restricted which hints at the conformational rigidity of this domain. This
suggests that the C-terminal DNA binding domain of ToplB has been
successfully stabilized by the three ligands and the wild fluctuations in
Top1B’s RMSD trajectories are most probably related to the flexibility of
its N-terminal domain.

The molecular dialogues between a ligand and the flexible active site
amino acid residues are largely driven by H-bond interactions. We
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Fig. 2. Homology models of four highly druggable core
proteins of mpox virus. (A) Model of DNA polymerase
processivity factor component A20 (A20R). (B) Model of
Core cysteine proteinase (I7L). (C) Model of DNA top-
oisomerases type 1B (Top1B). (D) Model of Early tran-
scription factor 70 kDa small subunit (VETFS). The
figures of the models are represented as spectrum col-
oured cartoons. The predicted active site residues are
styled as lacorice (stick) with purple blue colour. The
active site residue information has been provided in
Supplementary Table S4. The figures have been illus-
trated with Pymol v2.5.3.

further examined the time evolution plots of H-bonds involved in the
molecular interaction of the three ligands BAT, BUR and ELU with each
of the three proteins namely, 17L, ToplB and VETFS. The nine protein-
ligand complexes depicted differential intermolecular H-bonding pat-
terns during the 150 ns of MD run (Fig. 6D, E and 6F). The equilibrated
complexes of protein I7L formed an average of 2.31 + 1.36, 2.1 + 1.19
and 1.5 + 1.03 H-bonds per frame with the ligands BAT, BUR and ELU
respectively. The equilibrated complexes of Top1B formed an average of
1.28 + 1.03, 1.79 + 1.17 and 1.55 + 1.06 H-bonds per frame with the
ligands BAT, BUR and ELU respectively. Similarly, the fully equilibrated
complexes of VETFS formed an average of 1.14 + 0.86, 1.705 + 1.22
and 1.59 + 0.65 H-bonds per frame with the ligands BAT, BUR and ELU
respectively. H-bond interactions govern the correct orientation and
stability of a ligand in a protein’s active site which subsequently drives
the protein’s overall compactness and structural conformity. Therefore,
the compactness and structural rigidity of I17L, ToplB and VETFS as
inferred from their stable time evolution RMSD, Rg and SASA plots are
most probably driven by the these H-bond interactions.

3.9. The stabilities of the protein-ligand complexes are largely driven by
switching between secondary structural elements

Changes in secondary structure as a function of time were also
mapped for every complex using the Biolite, a Python-based molecular
biology suite. Helices and p-sheets are stable amongst the secondary
structure elements whereas coils, loops and turns are highly flexible.
Constant switchings between coils, bends and turns were clearly visible
in all the complexes during their simulations. These switchings probably
contribute in parts to the molecular motions of all the complexes. The
integrity of all the major a-helices and p-sheets remained intact in all the
complexes. These a-helices and p-sheets are most likely responsible for
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Mode of actions, application and 2D structure of shortlisted top five docked drugs with high binding affinity for each target. The mode of actions, applications was
collected from DrugBank, Inxight Drugs portal and PubChem database.

Target

Drug

PDID

Drug Status

Primary Indications (1. Mode of Action; 2. Treatment)

2D Structure

I7L

7L,
VETFS

I7L

I7L

17L

ToplB

ToplB

ToplB

ToplB

ToplB

VETFS

VETFS

VETFS

171,
A20R

A20R

A20R

A20R

Eluxadoline

Burixafor

Cefotiam

Tobramycin

Danegaptide

Carbaphosphonate

a-d-galacturonic acid

Adenosine phosphonoacetic acid

Guanosine-2/,3'-O-
methylidenephosphonate

Deferitazole

DB02785

Radezolid

Rapastinel

Batefenterol

Nebivolol

Pimozide

BAZ2-ICR

PD008978

PD058763

PD010157

PD001728

PD058923

PD059915

PD006851

PD059913

PD006419

PD058219

PD059991

PD012727

PD070040

PD058591

PD009358

PD001879

PD046767

Approved

Investigational

Approved

Approved

Investigational

Investigational

Investigational

Investigational

Investigational

Investigational

Investigational

Investigational

Investigational

Investigational

Approved

Approved

Investigational

1. An agonist of mixed mu-opioid receptor.
2. Used for the treatment of irritable bowel syndrome with
diarrhea.

1.Inhibitor of CXC chemokine receptor 4 (CXCR4)
2. Used in trials studying treatment of Hodgkin’s disease, Non-
hodgkin’s Lymphoma and Multiple Myeloma.

1.Inhibits the bacterial cell wall biosynthesis.
2. Used for the treating a myriad of bacterial infections.

1.Inhibits the synthesis of protein by binding to ribosome 30S
subunit in bacterial cells.
2. Used for the treating a myriad of bacterial infections.

1.A selective 2nd generation gap junction modifier in adjacent
cardiomyocytes.
2. Used in studying treatment of chronic atrial fibrillation (AF)

Ty on Hp o

1.3-dehydroquinate synthase inhibitor (Staphylococcus aureus) OH

1.
. Used in trials for studying cystic fibrosis and chronic bronchitis.

. Gag-Pol polyprotein inhibitor
. Used as an antiviral (antiHIV-1)

. A 2nd generation’s oxazolidinone antibiotic, inhibits the
. Used in trials for studying the treatment of Abscess, Infectious
. NMDA receptor modulator with glycine-site partial agonist

. Used in trials studying the treatment of Major and Obsessive-

. A bifunctional muscarinic (M2 and M3 receptors) antagonist
. Used in trials for studying the treatment of Chronic Obstructive

. B-1 adrenergic receptor antagonist (beta blockers).
. Used to treat high blood pressure either alone or in combination

. Dopamine type 2 receptors blocker
. Used to control motor or verbal tics caused by Tourette’s

and postoperative AF in large animal models.

. Backbone of pectin, cellular binders in the peel of many HO, oH

different fruits and vegetables.

. Used as: antidiarrheal drug, food emulsifier, food stabilizer, HO' /

food thickening agent and food gelling agent. 7

. ndp kinase (human) inhibitor. N |

. catalyze the phosphorolytic breakdown of the N-glycosidic o

bond in the beta-(deoxy) ribonucleoside molecules N N,

"
.
A RS N
7 e =

. An iron cheater
. Used in trials studying the treatment and basic science of Beta-

thalassemia.

RRBP1.
Skin Diseases.
properties.

Compulsive Disorder (OCD).

and p2-agonist

Pulmonary Disorder (COPD).

with other medications.

disorder.

Epithelial sodium channel blocker

(continued on next page)
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Target Drug PDID Drug Status Primary Indications (1. Mode of Action; 2. Treatment) 2D Structure
A20R PF-610355 PD058896  Investigational 1. A novel Ultra-Long-Acting 2-Adrenoreceptor agonist. 7 .
2. Used for studying the treatment of Asthma and Chronic Ap’ O
Obstructive Pulmonary Disease. -
. -
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the global conformational rigidity of the proteins. Analysis of the time
evolution map of the secondary structure elements resulted in some
interesting observations. The flexible turn between the residues 40 and
50 in the I7L-ELU complex gradually transformed into a more rigid
a-helix after 10 ns and remained constant for the remaining duration of
the simulation (Supplementary Fig. S3). This correlates well with its
RMSD plot where the stability of the complex was achieved immediately
after 10 ns. This observation suggests that ELU mediated stabilization of
the enzyme I7L was most likely driven by the metamorphosis of a turn
between the residues 40 and 50 into an a-helix. The turn at the residues
between 70 and 75 of Top1B-BUR complex was replaced by a more
flexible coil between 50 ns and 95 ns which probably explains the cor-
responding sharp RMSD and RMSF fluctuations (Supplementary
Fig. S4). The residues between 420 and 430 in VETFS-BUR complex
continued to switch between a turn and a-helix for the first 85 ns before
smoothly transitioning into an a-helical structure for the remaineder of
the simulation (Supplementary Fig. S5). This correlates well with the
RMSD trajectory of this complex and suggests that ELU driven stabili-
zation of VETFS is regulated by the formation of an o-helix. Overall,
these results suggest that the transition of unstable protein-ligand
complexes into their equilibrated states and vice versa are largely
driven by switching between secondary structural elements.

3.10. The equilibrated ensembles of the protein-ligand complexes are
grouped into many clusters

The ensembles of I7L, ToplB and VETFS ligand bound complexes
generated after 150 ns of the simulation were clustered with the TTClust
to identify the clusters with stable ensembles and the corresponding
centroid structures that represent these clusters. The TTClust analyses
the trajectories to generate graphical imagery like distribution within
the clusters, the relative distance between clusters and hierarchical
cluster dendrograms. Fig. 7 and Supplementary Fig. S6 depict the results
of the cluster analysis of I7L complexes during the 150 ns of MD
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simulation. The equilibrated ensembles of I7L-BAT complex was sub-
grouped into 3 clusters (C2, C3, C4), whereas those of I7L-BUR and I7L-
ELU complex were further subgrouped into 2 clusters (C2, C3) each. The
equilibrated ensembles of ToplB-BAT, ToplB-BUR and ToplB-ELU
complexes were also subgrouped into 2 clusters (C1, C2) each (Fig. 8
and Supplementary Fig. S6). Similarly, the equilibrated ensembles of
VETFS-BAT, VETFS-BUR and VETFS-ELU complexes were subgrouped
into 3 (C1, C2, C3), 2 (C3, C4) and 1 (C3) clusters respectively (Fig. 9 and
Supplementary Fig. S6). The distribution of these equilibrated ensem-
bles into different clusters suggests that they probably sample small
conformational subspaces with minor structural differences. The
protein-ligand interactions experienced by the centroid frames of these
stable sub-clusters are summarised in Table 5.

3.11. PCA suggests the motions of the protein ligand complexes are
relatively constricted

Protein function is controlled by shifting between various confor-
mations. This ability to flexibly switch between multiple conformations
is regulated by a set of their collective motions. These motions are
critical to different biological processes and have a key contribution in
the transmission of biological signals. A fair amount of flexibility as well
as rigidity is necessary, especially of the binding site residues for any
protein to be functional. A tighter ligand interaction would essentially
restrict a protein’s motion, thereby preventing it from sampling the
critical conformations necessary for its functionality. Therefore, essen-
tial dynamics (ED) analysis was attempted to better understand the
collective motions of all the nine ligand bound protein complexes in the
2D conformational phase space during the 150 ns simulation. As a multi-
variate statistical method, ED is reliant upon diagonal covariance matrix
of a protein’s Ca atom to trace its global motion through Eigen vectors
(EVs) popularly called principal components (PCs) and eigenvalues
[83]. The EVs describe the global direction of motion of the atoms and
the associated eigenvalues depict the atomic contribution of motion in
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Fig. 5. Dynamics of radius of gyration (Rg) and sol-
vent accessible surface area (SASA) of the mpox virus
ligand bound protein complexes during 150 ns of
simulation. (A) Rg of I7L ligand bound complexes. (B)
Rg of ToplB ligand bound complexes. (C) Rg of
VETFS ligand bound complexes. (D) SASA of I7L
ligand bound complexes. (E) SASA of ToplB ligand
bound complexes. (F) SASA of VETFS ligand bound
complexes. The colours red, blue and green represent
the colours of the three ligands batefenterol, bur-
ixafor and eluxadoline respectively in complex with

the three proteins. The illustrations were created with
Tableau.
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MD trajectories of a ligand bound system which is essentially controlled
by a proteins’ secondary structure. The collective dynamic motions of
the proteins captured through the projections of EVs (PC1 and PC2) are
shown in Fig. 10. The PCA statistics and the percentage of variance
covered by the first three eigenvectors of 171, ToplB and VETFS com-
plexes are summarised in Supplementary Table S9. As visible from the
figure, the first two PCs accounted for the bulk of all the internal mo-
tions. This indicates that the vectors mapped within this conformational
subspace elucidate the essential subspace of the system. The trace values
calculated from the covariance matrices of I7L-BAT, I7L-BUR, 17L-ELU,
ToplB-BAT, ToplB-BUR, ToplB -ELU, VETFS-BAT, VETFS-BUR and
VETFS-ELU complexes were 17.09 nm?2, 16.99 nm?, 18.22 nm?, 30.52
nm?, 40.01 nm?, 23.69 nm?, 44.98 nm?, 42.12 nm? and 57.12 nm?
respectively. The trace values of Topl1B-BUR, VETFS-BAT, VETFS-BUR
and VETFS-ELU complexes were relatively higher compared to the
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other five complexes. These results are consistent with higher occupa-
tion of the conformational subspace by these complexes which is clearly
visible in the form of dispersed spectral dots and further hints at greater
flexibility of these proteins. Therefore, as a consequence of higher
fluctuations these complexes had to sample a much wider conforma-
tional space most probably to accommodate the ligands before accom-
plishing the ensembles in their dynamically equilibrated states. It is
interesting to note that the molecular motions of the 3 Top1B complexes
are relatively constricted (as supported by their low phase space occu-
pancy). This further strengthen the idea that ensembles of all the Top1B
complexes have achieved as state of dynamic equilibrium with their
respective ligands. Overall, ED analysis suggests the collective molecular
motions of all the 9 complexes are restricted to a small and localised
conformational space. These results are consistent with their corre-
sponding RMSD, SASA and Rg plots which further strengthen the notion

Fig. 6. Dynamics of RMSF and intermolecular
hydrogen bonds of the mpox virus ligand bound
protein complexes during 150 ns of simulation. (A)
RMSF of I7L ligand bound complexes. (B) RMSF of
ToplB ligand bound complexes. (C) RMSF of VETFS
ligand bound complexes. (D) H-Bonds of I7L ligand
bound complexes. (E) H-Bonds of ToplB ligand
bound complexes. (F) H-Bonds of VETFS ligand
bound complexes. The three colours red, blue and
green represent the colours of the three ligands
batefenterol, burixafor and eluxadoline respectively
in complex with the three proteins. The illustrations
were created with Tableau.
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that the three proteins namely, I7L, ToplB and VETFS have been sta-
bilized by the ligands BAT, BUR and ELU.

3.12. Porcupine plot assessment suggest stability of Top1B’s ligand bound
DNA binding domain

Porcupine plots were developed to gain quantitative insights into the
molecular motion of the 9 protein-ligand complexes. To picture the
molecular motions, a cone was drawn along the C-alpha atom of each
residue in the direction traced by its extreme projection on PC1 (Fig. 11)
where the length of the cone signifies the amplitude of motion of the Ca
atom. It shows that a vast majority of all the fluctuations are closely
associated with the regions representing the loops/coils in all the protein
ligand complexes. These results are completely in tune with their cor-
responding RMSF plots. Similarly, cones were also observed on the
residues neighbouring the ligands in all the complexes. These fluctua-
tions have most likely occurred to accommodate the ligands in the active
site cavity. Interestingly, large protruding cones were clearly visible in
the N-terminal domains of all the ToplB complexes which was not
visible in their ligand bound C-terminal DNA binding domain. This
clearly suggests the large fluctuations in Top1B complexes are particu-
larly associated with the N-terminal domain. This is perfectly in sync
with their RMSF plots where large fluctuations were specifically
confined to the residues of the N-terminal domain. Combined together,
the rmsf plots and porcupine plots of the ToplB complexes evidently
explain the large fluctuations in RMSDs of all the Top1B complexes.
These correlations beyond doubt clarify that the target C-terminal DNA
binding domain of ToplB has successfully established an equilibrium
with the ligands BAT, BUR and ELU.

3.13. MM/PBSA assessment suggests stable binding of the ligands BAT,
BUR and ELU with the three proteins I7L, ToplB and VETFS

The assessment of RMSD trajectories suggest all the nine protein-
ligand systems stabilized in the last 50 ns. Therefore, MM/PBSA was
used to estimate the binding free energy and understand the associated
molecular interactions between the proteins I7L, Top1B, VETFS and the
ligands BAT, BUR and ELU for the last 50 ns of MD run. Supplementary
Fig. S7 suggests the trajectories of binding free energy of all the nine
protein-ligand complexes remained almost constant in the last 50 ns.
Fig. 12 suggests that BAT, BUR and ELU bind favourably with all the
three proteins. The three proteins, I7L, ToplB, VETFS, had highest
binding affinity (AGmmpbsa) of —29.63 £ 7.53 kcal/mol, -32.72 + 5.17
kcal/mol and -24.96 + 4.48 kcal/mol respectively with BAT suggesting
BAT might be the most suitable ligand for their inhibition. The decom-
position of the average binding free energy of all the nine complexes into
energy terms suggests the binding of the ligands BAT, BUR and ELU in
the active site of majority of the proteins is stabilized by Van der Waal’s
(vdW) energies (Fig. 12). However, another critical energy term average
electrostatic (AE¢e) seems to be the major contributor towards the sta-
bilization of Top1B-ELU (AEe = —59.94 + 11.95 kcal/mol) and VETFS-
ELU (AEele = —42.85 £ 10.55 kcal/mol) complex respectively.

We further employed per residue binding free energy decomposition
to determine the molecular interactions of every ligand with the binding
pocket residues of the proteins BAT, BUR and ELU (Fig. 13). Per residue
decomposition analysis suggests the active site residues energetically
favour the stable binding of BAT with protein I7L. The free energy
decomposition analysis plot suggests the active site residues Arg99,
[1e298, 1le316, Leul09, Phe256, Pro110 and Pro264 favour the stable
binding of BAT with I7L. The residues Met67, Pro64, Pro110, Prol14,
Ser112, Thr111, Tyr46, Tyr238, Val47 favour the binding of BUR to the
protein I7L. Similarly, the active site residues Asp258, Leu239, Pro264,
Ser112 and Tyr238 favour the binding of ELU with I7L. The residues Pro
110, Ser112 and Pro264 of I7L protein were common to two of the three
ligands. This suggests these residues might be important to I7L. The
residues Met126 and Phel31 favoured the binding of BAT to the active
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site of Top1B. The residues Arg223, Gly264, Ile129, Phel27, Phel28,
Phel74, Tyr233, Val 262, and Val 263 favoured the stable binding of
BUR in the active site of Top1B whereas the pocket residues Argl30,
Ile129, Phel31, Val 262 and Val 263 contributed towards the favourable
binding of ELU in ToplB’s active site. The residues Ile129, Phe 131,
Val262 and Val263 were common to two of the three ligands bound to
ToplB. Therefore, these residues might be important to ToplB. The
residues Lys273, Met 275, Tyr276 and Tyr477 favoured the binding of
BAT in the active site of protein VETFS whereas the active site residues
Arg262, Met275, Phe271, Tyr276 guided the favourable binding of ELU
with VETFS. Residues favouring the binding of BUR with VETFS could
not be identified. The residues Met275 and Tyr276 were common to
both the ligands. As such, these residues might be critical to VETFS.
All the ligand bound complexes maintained a favourable distance
below 10 A between the centre of mass of the interacting active site
residues and centre of mass of their associated ligands with the excep-
tion of VETFS-BUR complex in the last 50 ns of simulation (Supple-
mentary Fig. S8). This suggests stable binding modes of these ligands
with the active site residues of the three proteins. The distance between
the centre of mass of the ligand BUR and the centre of mass of the active
site pocket residues of VETFS was far greater than 10 A. This suggests
BUR has been displaced from the active site of VETFS and therefore is no
longer bound to it. Therefore, taken together only eight complexes
namely, [7L-BAT, I17L-BUR, I7L-ELU, Top1B-BAT, Top1B-BUR, ToplB-
ELU, VETFS-BAT and VETFS-ELU have successfully attained a state of
dynamic equilibrium. These findings suggest the ligands BAT and ELU
have the potential to function as inhibitors of all the three enzymes
whereas BUR can potentially inhibit the enzymes I7L and Top1B.

4. Discussion

In this study, 125 genomes of mpox virus were collected from the
public repository. Mining of these genomes led to the identification of
four highly druggable non-host homologous enzymes namely, I7L,
ToplB, VETFS and the A20R. Further, screening of a non-redundant li-
brary of 5893 compounds yielded BAT, BUR and ELU as potential in-
hibitors with an affinity for multiple targets. Interestingly, these
molecules were amongst our top 30 hits for every target. Following MD
simulation, the interactions of these ligands with three targets namely
I7L, ToplB, VETFS were demonstrated to be stable. We fully acknowl-
edge that our findings currently lack in vivo and in vitro antiviral
experimental validations. However, we wanted to make our findings
available to the scientific community at the earliest with the hope that
our findings can be suitably exploited by others in the fight against the
global mpox epidemic.

The presently ongoing mpox outbreak is unique as it is the most
dispersed and the largest to be ever documented in non-endemic coun-
tries. Its rapid rise and dissemination across the globe are a cause of
great concern. However, the only probable saving grace is the fact that
the current strains under circulation are closely related to the less in-
fectious strains of clade II [84,85]. Nevertheless, a global outbreak of its
more nefarious and highly virulent cousin from clade I (with case fa-
tality rate >10%) [86] can never be ruled out in the future. Currently,
there are no specific antivirals against mpox. Therefore, it is highly
desirable to quickly identify potential therapeutics against mpox. Iden-
tifying ‘drug repurposing’ potential through in silico analysis is an
approach to fasten antiviral development. However, the availability of
valid, druggable targets is key to the success of this strategy. Unfortu-
nately, no information is available about the druggable targets of mpox
virus.

Genes that are conserved across diverse phylogenetic lineages are
most likely to be essential and their subsequent protein products are
likely to have a critical role in a pathogen’s lifecycle and virulence [87,
88]. In the current study, 69 highly conserved proteins were identified in
all genomes of mpox virus. The ease of access to the therapeutic targets
under investigation is paramount for an experimental biologist to
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rapidly investigate and verify the outcomes of in silico studies. Globular
proteins provide a significant advantage over membrane-associated
proteins in this regard. Thus, a pool of 56 globular proteins was
selected for further downstream investigations.

Since the identified possible core transcription factors associated
with mpox virus remain functionally uncharacterised, targeting them
without prior scientific evidence might not yield desirable results.
Hence, the possibility of transcription factors as therapeutic targets was
ruled out by subtractive proteomic approach from the list of identified
globular proteins for the time being. On the contrary, the identified core
enzymes shared sequence similarities and structural identities with the
enzymes of its nearest neighbour, the vaccinia virus, whose function-
alities are fairly well characterised. Therefore, only the 23 enzymes from
the pool of 56 globular proteins were pursued further to identify ther-
apeutic targets.

An ideal drug target in a pathogen must always be non-homologous
to the host’s proteome to minimise cross-reactivity and related side
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Fig. 7. Cluster analysis of the I7L ligand bound
complexes. (A) I7L-BAT. (B) I7L-BUR. (C) I7L-ELU.
The linear plot depicting the distribution of confor-
mations (frames) over 150 ns of simulatuion. Close
view of initial frame, centroid frame of the most
populated cluster and 3D alignment of initial frame
with centroid frame are presented below each linear
plot from left to right. The total number of clusters
and frames per cluster has been detailed in Supple-
mentary Fig. S6. The colours in the time evolution
linear plots represent the cluster to which a frame
belongs at a given point of time. The cartoons of
initial (far left) and centroid frames are illustrated as
spectrum. Close view of aligned frames (far right)
where the initial and centroid frames are illustrated
as limegreen and violetpurple coloured cartoons
respectively. The bound ligands with initial and
centroid frames are illustrated in red and orange
colours respectively.

Aligned frames (3.41 A)
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effects [89,90]. However, as clearly visible from our study, 8 enzymes
shared significant sequence homology with the critical human proteins.
Therefore, these enzymes were eliminated from this study. The
remaining 15 non-host homologous enzymes were prioritised for further
examination.

To be considered a therapeutic target, a protein should be critically
involved in the signalling or metabolic pathway of a virus. Secondly, the
biological function of this protein must be tuneable by binding of the
drug candidates with high affinity. These combined features were
together termed “druggability” by Hopkins and Groom [91]. Therefore,
druggability is a critical step in the selection, categorisation, and vali-
dation of suitable drug targets in the early stages of drug discovery.
Unfortunately, we were impelled to temporarily halt our pursuit of
assessing the druggability of 8 enzymes because of some unavoidable
circumstances mentioned previously. Accordingly, the 7 remaining host
non-homologous enzymes were subjected to druggability assessment
using CavityPlus [62], DoGSiteScorer [63] and DeepSite [64]. The
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outcomes were interesting and, in a manner, similar to Cheng et al.
(2007); only 4 key enzymes of mpox virus were predicted as “drug-
gable”. The remaining 3 enzymes namely, DNA-dependent RNA poly-
merase 18 kDa subunit (Rpo18), mRNA-capping enzyme 33 kDa small
subunit (D12L) and DNA-dependent RNA polymerase 19 kDa subunit
(Rpo19) were predicted as “undruggable”. Taken together, 4 highly
druggable, host non-homologous enzymes of mpox virus were identi-
fied. Their physicochemical properties supported their stability and
suitability for further analysis.

The I7L gene product i.e., core cysteine protease was identified as
one of the four therapeutic targets. This is the main candidate protein for
viral core protein proteinase (vCPP) activity in the viruses which is
essential for the production of other non-structural proteins. Like other
virus core proteases, the mpox virus I7L protein also contains putative
catalytic residues (His241 and Cys328) in its highly druggable binding
site [92]. Top1B DNA topoisomerase relaxes DNA supercoils by itera-
tively cleaving and rejoining one strand of the DNA duplex through a
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Fig. 8. Cluster analysis of the Top1B ligand bound
complexes. (A) ToplB-BAT. (B) ToplB-BUR. (C)
Top1B-ELU. The linear plot depicting the distribution
of conformations (frames) over 150 ns of simulatuion.
Close view of initial frame, centroid frame of the most
populated cluster and 3D alignment of initial frame
with centroid frame are presented below each linear
plot from left to right. The total number of clusters
and frames per cluster has been detailed in Supple-
mentary Fig. S6. The colours in the time evolution
linear plots represent the cluster to which a frame
belongs at a given point of time. The representation of
colouring scheme are same as described in Fig. 7.

Aligned frames (2.31 )
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covalent DNA-(3'-phosphotyrosyl)-enzyme intermediate [93]. This
makes it a critical chokepoint of the mpox virus replication machinery
and an ideal therapeutic target. VETFS was identified as the third target.
This protein is expressed late in the infectious cycle of orthopox virus
and regulates the cascade mechanism of gene transcription in the virus.
VETES is recruited by RNA polymerase associated protein (RAP94, 94
kDa) to form the early transcription complex including core RNA poly-
merase and binds to early gene promoters [94]. Inhibition of this can
potentially prevent the assembly of the functional early transcription
complex necessary for the successful expression of genes pertaining to
the regulation of its lifecycle, virulence, and immunomodulation. Pre-
vious studies [95,96] suggest A20R in vaccinia virus as a processivity
factor on the essentially distributive viral DNA polymerase along with
D4R, D5R and H5R proteins [95]. Thus, targeting these core enzymes
can choke the replication, translation and assembly of the mpox virus
into the mature virion particles. Therefore, these 4 proteins can be
considered potential therapeutic targets for mpox. However, the actual
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Fig. 9. Cluster analysis of the VETFS ligand bound
complexes. (A) VETFS-BAT. (B) VETFS-BUR. (C)
VETFS-ELU. The linear plot depicting the distribution
of conformations (frames) over 150 ns of simulatuion.
Close view of initial frame, centroid frame of the most
populated cluster and 3D alignment of initial frame
with centroid frame are presented below each linear
plot from left to right. The total number of clusters
and frames per cluster has been detailed in Supple-
mentary Fig. S6. The colours in the time evolution
linear plots represent the cluster to which a frame
belongs at a given point of time. The representation of
colouring scheme are same as described in Fig. 7.
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Table 5
Protein-ligand interactions of the representative centroid complex of each cluster that falls within the stable region (RMSD) of the trajectories in every complex.
Target  Ligand Cluster  Hydrogen Bond Hydrophobic Halogen Bonds Salt Bridge
Interaction
Residue Sidechain  Distance Distance Residue Distance Residue Sidechain  Distance Residue Distance
HAD AL @A) @& @&
I7L Batefenterol C2 GLU108 FALSE 2.09 2.97 LEU109 3.70
ASN295 TRUE 3.51 3.88 TYR238 3.63
LYS243 3.78
ILE298 3.73
C3 SER078 FALSE 2.52 3.46 LEUO077 3.87
SER078 TRUE 2.41 3.21 ARG099 3.73 GLU108 TRUE 2.87
SER078 TRUE 2.96 3.81 PRO264 3.66
ARG099 TRUE 3.40 4.10 PHE267 3.64
TYR100 TRUE 2.47 3.35 PHE275 3.70
GLU108 FALSE 1.79 2.76 PHE278 3.83
ILE298 3.77
ILE316 3.62
C4 HIS076 FALSE 2.89 3.41 ARGO099 3.81 GLU108 TRUE 2.62
SER078 FALSE 3.25 3.69 LEU109 3.53
SER078 TRUE 2.37 3.21 ASN262 3.97
SER078 TRUE 3.13 4.06 PHE267 3.89
ARG099 TRUE 3.02 3.44 PHE275 3.89
ARG099 TRUE 3.08 4.06 ILE316 3.76
ASN262 TRUE 3.37 4.04
Burixafor C2 THR111 TRUE 2.74 3.55 VAL047 3.55 ASP297 4.61
SER200 FALSE 3.03 4.01 PRO064 3.91
LYS206 TRUE 2.65 3.38
LYS243 TRUE 3.23 3.76
ASN293 FALSE 2.13 2.96
THR294 TRUE 3.03 3.94
ASN295 TRUE 1.81 2.77
Cc3 THR111 TRUE 2.86 3.59 TYRO046 3.49
THR111 TRUE 2.99 3.59 LYS050 3.55
LYS243 TRUE 3.63 4.08 TYRO51 3.58
VALO60 3.97
PRO064 3.84
Eluxadoline C2 THR111 TRUE 1.99 2.89 LYS243 5.00
SER240 FALSE 2.20 3.18
C3 SER240 FALSE 2.04 3.02 TYRO46 3.81 LYS243 4.37
HIS241 FALSE 3.16 3.48 ILE113 3.64
TYR238 3.76
LEU239 3.70
LEU239 3.83
ToplB Batefenterol Cl ARG223 TRUE 3.42 3.87 LEU122 3.94
ARG223 FALSE 3.06 3.85 LEU122 3.67
HIS265 TRUE 3.02 3.48 PHE131 3.40
TYR274 FALSE 1.78 2.76 PHE131 3.90
LEU146 3.90
GLU205 3.66
VAL208 3.78
VAL208 3.79
ARG223 3.32
VAL227 3.96
Cc2 MET126 FALSE 2.30 3.26 LEU122 3.84
ILE129 FALSE 2.03 2.90 ARG130 3.88
ARG130 TRUE 3.17 3.76 PHE131 3.58
ARG130 TRUE 3.18 3.76 VAL208 3.47
PHE131 FALSE 2.46 3.39 ILE212 3.63
GLY132 FALSE 2.33 3.09 LEU222 3.53
TYR136 TRUE 3.07 4.00
TYR136 TRUE 3.40 4.00
GLU261 FALSE 2.75 3.24
Burixafor Cl PHE128 FALSE 3.18 3.85 PHE128 3.57
ARG130 TRUE 2.88 3.44 PHE128 3.85
HIS172 TRUE 2.31 3.06 ILE129 3.79
PHE164 3.29
HIS172 3.97
PHE174 3.99
TYR233 3.74
C2 MET126 FALSE 2.02 2.97 ILE129 3.92
ARG130 FALSE 2.75 3.39 PHE164 3.62
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Table 5 (continued)

Target  Ligand Cluster ~ Hydrogen Bond Hydrophobic Halogen Bonds Salt Bridge
Interaction
Residue Sidechain  Distance Distance Residue Distance Residue Sidechain  Distance Residue Distance
(H-A, A) (D-A, A) (A) (A) (A)
GLU173 FALSE 2.02 2.94 VAL175 3.60
ARG223  TRUE 1.80 2.75
ARG223  TRUE 1.89 2.80
Eluxadoline Cl ARG130 FALSE 3.06 3.56 HIS172 3.87

PHE131 FALSE 2.02 3.02
ARG223  TRUE 3.17 4.03
THR230 TRUE 1.86 2.84
VAL262 FALSE 1.86 2.73

Cc2 ARG130  FALSE 2.81 3.30
PHE131 FALSE 1.71 2.69 ARG223 4.80
ARG223 TRUE 2.22 3.01
VAL262 FALSE 2.22 2.90
GLY264 FALSE 2.49 3.15

C5 ARG130  FALSE 2.24 2.97 ARG130  3.80
PHE131 FALSE 2.22 3.20 PHE164 3.88
VAL262 FALSE 1.93 291 HIS172 3.72
VAL263 FALSE 2.80 3.79

VETFS  Batefenterol  Cl ARG262 TRUE 1.65 2.65 PHE271 3.47 ASP443 5.20

ASP272 FALSE 2.38 3.36 TYR276 3.90

TYR276 3.92
THR444  3.78

Cc2 TYR258 TRUE 1.97 2.88 ASP272 3.72 ASP443 5.07
ARG262  TRUE 3.14 3.84 MET275  3.78
ARG262  TRUE 2.38 3.30 TYR477 3.61
ASP272 FALSE 2.10 3.06

Cc3 ARG262  TRUE 1.86 2.82 PHE271 3.60 LYS273 TRUE 3.59 ASP443 5.25
ASP272 FALSE 2.10 3.09 TYR276 3.53

TYR276 3.62
ASP443 3.91
TYR477 3.54

Burixafor Cc3 ASN170 TRUE 2,93 3.63 PHE445 3.88
ASN497 FALSE 3.12 4.05
C4 SER166 FALSE 1.82 2.79
GLU494 TRUE 2.69 3.52 PHE445 3.88
GLU49%4 TRUE 2.62 3.52
ASN497 FALSE 2.25 3.09
Eluxadoline Cc3 ARG262  TRUE 1.95 2.88 PHE271 3.83
ARG262  TRUE 3.34 3.93 PHE271 3.68

MET275  3.67
TYR477 3.70
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Fig. 10. Principal component analysis revealing the dynamics of motion for all nine mapped ligand-bound complexes. Projection of motion in phase space along the
PC1 and PC2 is drawn as scatter plot. (A) PCA plot of I7L-BAT complex. (B) PCA plot of I7L-BUR complex. (C) PCA plot of I7L-ELU complex. (D) (A) PCA plot of
Top1B-BAT complex. (E) PCA plot of Top1B-BUR complex. (F) PCA plot of Top1B-ELU complex. (G) PCA plot of VETFS-BAT complex. (H) PCA plot of VETFS-BUR
complex. (I) PCA plot of VETFS-ELU complex. The coloured dots in every PCA plot correspond to the sub clusters formed by each protein in complex with its
respective ligand during 150 ns of simulation. The explained variance (%) of each principal component are presented in brackets.
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Fig. 11. Porcupine plot displaying the motion of
mpox virus proteins I7L, Top1B and VETFS with the
ligands BAT, BUR and ELU obtained from PC1 during
the 150 ns of simulation. The colours pink, blue,
yellow and white represent a-helix, 3-10 helix,
B-sheet and loops/coils of the proteins respectively.
The ligands bound to the proteins are depicted in
green colour. The fluctuations in Co atoms above 2 A
are presented in the form of red coloured cones where
the length of the cones represent amplitude of the Cx
atoms from their mean positions. The illustrations
were created with VMD.
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Fig. 12. The binding free energy terms derived from MM/PBSA calculations relative to the binding of BAT, BUR and ELU with the three proteins I7L, ToplB and
VETFS. The colour coding schemes for different energy terms are shown at the top of the figure.

expression of these targets must be verified, and their cellular functions
must be characterised to validate them.

With drug repurposing as the objective, a highly curated library of
5893 FDA approved/investigational drugs was screened through HTVS
against these targets. We employed the Schrodinger suite’s Glide module
for this purpose. The Glide module follows a three-stage screening
protocol namely, HTVS, SP and XP where the sampling and scoring
gradually become more extensive and stringent [69,97]. Moreover, the
XGlide module allowed us to screen the library against multiple target
proteins simultaneously. A list of the top 30 hits corresponding to 0.5%
of the drugs contained in the FDA approved/investigational library was
also compiled for every target protein. BAT, BUR and ELU were the
common top-ranked hits against every protein target as visible from the
list of top 30 hits. Targeting multiple non-structural proteins is expected
to enhance antiviral potency [98,99]. It is also expected to overcome
resistance due to point mutations in targets. Since some of these targets
are also conserved in other strains/viruses, multi-targeting can lead to a
broad spectrum of action [100]. BAT is an approved drug for treating
pulmonary diseases [101,102]. BUR is used for treating multiple
myeloma, Hodgkin’s disease, and non-Hodgkin’s lymphoma [103]. ELU
is primarily prescribed for bowel syndrome with diarrhea [104].
Although the primary indication of these drugs do not overlap with viral
pathology, any overlap of the gene involved in these indications with
that of viral disease cannot be ruled out at this stage.

Molecular dynamics (MD) simulation mimics the flexible behaviour
of biomolecules, conformational changes in proteins and protein-ligand
interactions to paint a realistic picture with atomic resolution with
reference to time. Therefore, to gain further insights into the structural
dynamics and stabilities of BAT, BUR and ELU with all the enzymes
namely, A20R, I7L, ToplB and VETFS, MD simulations were executed
for 150 ns for every complex.

A set of quality control parameters like RMSD, RMSF, Rg, SASA and
H-Bond were applied on all the twelve protein-ligand complexes to infer
their stability. Unfortunately, none of the ligands could stabilize the
enzyme A20R. Although the RMSD trajectory of A20R-BUR appeared to
be stable for the first 90 ns, it continued its upward ascension for the
remaining time duration. Hence, it was not possible to draw a reliable
conclusion about the stability of A20R-BUR complex. On the contrary,
RMSD trajectories of the remaining 9 complexes suggested that BAT,
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BUR and ELU successfully stabilized the enzymes I7L, Top1B and VETFS.
Their RMSD trajectories were also coherent with their Rg and SASA
trajectories. Such findings suggest the stable ligand bound complexes
have successfully retained their compactness throughout the simula-
tions. Prominent transformations in the secondary structures of some
stable ligand bound proteins were also identified after examining their
time dependent secondary structure evolution graph. These trans-
formations in the secondary structural elements might be key drivers of
ligand dependent stabilization of these complexes. Therefore, we believe
a better understanding of these structural changes may be fundamental
in designing antiviral therapeutics against these proteins of mpox virus.

The complexes of the enzyme ToplB presented a very interesting
case in itself. The RMSDs of the Top1B ligand bound complexes fluctu-
ated irregularly while transitioning between their stable conformations.
However, upon further examining their Rg, SASA, H-Bond and PCA
plots, a more cleaner picture of their relative stability was obtained. The
assessment of RMSF plots and porcupine plots further vindicated the
stabilities of these complexes. ToplB is a multidomain protein
comprising of a N-terminal DNA binding domain and a C-terminal
domain which is separated by a hinge comprising of three residues
Gly73, Lys71 and Met75. Our assessments suggest this hinge has added
to the flexibility of Top1B’s overall structure by granting a higher degree
of flexibility to the N-terminal domain whereas the desired target DNA
binding C-terminal domain was relatively stable upon ligand binding.
Therefore, in future drug discovery endeavours researchers are expected
to be mindful of studying the two domains of Top1lB enzyme indepen-
dently to avoid false negative predictions. Similarly, the RMSD trajec-
tories and all the quality control parameters clearly indicated towards
the stable binding of the VETFS-BUR complex initially. However, further
assessment of the distance between the centre of mass of the ligand BUR
and the interacting active site residues of VETFS suggests that the ligand
has moved away from the active site pocket and is therefore no longer
bound to it. This somewhat explains the increased compactness (Rg) of
VETFS-BUR complex which was wrongly interpreted for a stable
protein-ligand complex earlier.

Clinically, BAT does not show any general or cardiovascular adverse
events when inhaled even after 6 continuous weeks of use for chronic
obstructive pulmonary disease [105]. Burixafor is also well tolerated in
clinical applications against myolema and lumphoma [103]. Besides,
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Fig. 13. The per residue decomposition plots (MM/PBSA) representing the binding free energy contributed by the residues of the active sites of the three proteins
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17L, Top1B and VETFS which energetically contribute towards the stabilization of the three ligands BAT, BUR and ELU.
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ELU has been demonstrated to be safe in a 12 week long treatment
against irritable bowel syndrome with diarrhea [106]. Taken together
BAT, BUR and ELU show potential for repurposing against mpox.
However, it requires further experimental, pre-clinical as well as clinical
validations. Nonetheless, this is an attempt to leverage multi-omics
mining strategies to identify therapeutic targets of mpox virus and
their potential inhibitors. As newly sequenced genomes of mpox virus
gradually get deposited in the public repositories, our findings can easily
be reauthenticated by incorporating newer genomes. This can
encourage research for repurposing drugs against mpox.

5. Conclusion

This study demonstrated the integration of genomics and subtractive
proteomics to identify therapeutic targets for mpox virus. Although this
requires further validation, our in silico analysis and prior literature
indicate their druggability and relevance as therapeutic targets. This can
encourage structure-based analysis for finding antivirals for mpox. The
virtual screening followed by MD simulation suggested batefenterol,
burixafor and eluxadoline as potential inhibitors of multiple mpox virus
targets. The clinical safety of these drugs also supports their suitability
for repurposing. This can encourage experimental validations to repur-
pose these as antivirals for the therapeutic management of mpox virus
infection.
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