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Abstract 
The World Health Organization (WHO) recently declared the monkeypox outbreak ‘A public health emergency of inter-
national concern’. The monkeypox virus belongs to the same Orthopoxvirus genus as smallpox. Although smallpox drugs 
are recommended for use against monkeypox, monkeypox-specific drugs are not yet available. Drug repurposing is a viable 
and efficient approach in the face of such an outbreak. Therefore, we present a computational drug repurposing study to 
identify the existing approved drugs which can be potential inhibitors of vital monkeypox virus proteins, thymidylate kinase 
and D9 decapping enzyme. The target protein structures of the monkeypox virus were modelled using the corresponding 
protein structures in the vaccinia virus. We identified four potential inhibitors namely, Tipranavir, Cefiderocol, Doxorubicin, 
and Dolutegravir as candidates for repurposing against monkeypox virus from a library of US FDA approved antiviral and 
antibiotic drugs using molecular docking and molecular dynamics simulations. The main goal of this in silico study is to 
identify potential inhibitors against monkeypox virus proteins that can be further experimentally validated for the discovery 
of novel therapeutic agents against monkeypox disease.
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Introduction

The World Health Organization (WHO) declared the mon-
keypox outbreak ‘A public health emergency of interna-
tional concern’ on 23rd July 2022 [1]. Monkeypox symp-
toms are similar to smallpox, and the disease affects the 
skin, mucous membranes, tonsils, spleen and lymph nodes 
[2, 3]. In 1970, the first human case of monkeypox infec-
tion was reported in a 9-month-old baby in the Democratic 
Republic of Congo [4, 5]. Since then, the virus has been 
endemic to Africa, eventually developing into the Cen-
tral African and West African clades [6–8]. The current 
outbreak of monkeypox is attributed to the West African 
clade, which also caused the 2003 outbreak in countries 
like the UK, Singapore and Israel [9]. Between 1 January 
2022 and 22 June 2022, 3413 laboratory confirmed cases 
of monkeypox have been reported across 50 countries in 
5 WHO regions [10]. Conspicuously, the virus can spread 
rapidly among humans and is considered a potential bio-
logical weapon [11, 12].

The monkeypox virus is a zoonotic orthopoxvirus that 
belongs to the Poxviridae family and Chordopoxvirinae 
subfamily [13]. In particular, monkeypox belongs to the 
same family as causative agents for cowpox, mousepox and 
smallpox [14, 15]. Notably, the genomes of orthopoxvi-
ruses are among the largest known for animal viruses with 
around 200 distinct genes [16, 17]. Hence, several stud-
ies have focused on the genome, proteome, structure and 
morphogenesis of the poxviruses [16, 18, 19]. Poxviruses 
are double-stranded DNA viruses which replicate in the 
cytoplasm of the host cell [18, 20]. In case of monkeypox 
virus, the replication begins by the attachment of the virus 
with the host cell which is mediated by virion proteins and 
the host cell surface glycosaminoglycans [21]. The fusion 
of the viral particles with the host cell takes place with 
the help of non-glycosylated transmembrane viral proteins 
[21, 22]. After the entry of the virus into the host cell, the 
viral core is released into the cytoplasm. The viral DNA 
forms compact structures wrapped by membrane from 
the rough endoplasmic reticulum of the host cell. These 
compact structures are known as factories where the DNA 
replication occurs [18, 22]. As the replication progresses, 
these factories enlarge to produce mature virions which 
can further infect other host cells [21, 22].

The monkeypox virus genome is 96.3% similar to the 
smallpox causative variola virus of the same family [23]. 
Further, there is significant overlap between the proteomes 
of monkeypox virus and vaccinia virus [24, 25]. Vaccinia 
virus is used in the smallpox vaccine and is a model pox-
virus in laboratory settings [16, 19]. Smallpox vaccines 
have been reported to be 85% effective against monkeypox 
[26–28]. However, smallpox vaccination programs have 

been discontinued since the eradication of the disease in 
1980 [29]. Even though drugs for smallpox are recom-
mended for use against monkeypox [3, 30, 31], their safety 
and efficacy in human subjects is yet to be established 
[32]. Therefore, the current re-emergence of monkeypox 
suggests that the development of monkeypox-specific 
drugs and therapeutics is the critical need of the hour.

Since new drug discovery involves several steps such as 
initial lead identification, animal studies and clinical tri-
als, any such endeavor can usually take at least a decade. 
Therefore, drug repurposing is an attractive alternative in 
the face of an epidemic. The drug repurposing approach has 
several benefits including a significant reduction in testing 
time. In particular, previously approved drugs for other dis-
eases have undergone rigorous toxicity analysis, and thus, 
can be safely administered to the public [33, 34]. During the 
ongoing COVID-19 pandemic, drug repurposing has been 
extensively employed to accelerate the search for new thera-
peutics. A prominent example of such repurposing is Rem-
desivir, approved by the US Food and Drug Administration 
(FDA) to treat COVID-19 [35, 36]. Interestingly, Remdesi-
vir was initially developed for treating hepatitis C infection, 
and then, was under investigation for treating Ebola virus 
and Marburg virus infections [37, 38], before the investiga-
tional drug was repurposed for treating COVID-19. As the 
reported monkeypox cases are increasing worldwide, drug 
repurposing studies can be crucial to combat the disease. 
In this direction, we present an in silico drug repurposing 
study to predict approved drugs which can be used against 
monkeypox. Specifically, we consider two monkeypox virus 
proteins as drug targets namely, thymidylate kinase (TMPK) 
and D9 decapping enzyme, which are important for the viral 
replication cycle. Further, previous studies have emphasized 
that both TMPK and D9 decapping enzyme of viruses can 
be effective antiviral targets [39–43]. While this manuscript 
was under review, we note that four other computational 
drug repurposing studies have appeared which consider dif-
ferent target proteins of monkeypox virus [44–47], including 
one of the proteins considered in this study.

Unlike other viruses, orthopoxviruses encode their 
own TMPK [39]. TMPK catalyzes the ATP-dependent 
phosphorylation of thymidine 5′-phosphate (dTMP) to 
thymidine 5′-diphosphate (dTDP) in the presence of mag-
nesium [48]. Subsequently, dTDP is converted into thy-
midine 5′-triphosphate (dTTP) which is a crucial building 
block in DNA synthesis. Thus, disrupting dTTP metabo-
lism can block the development of viral infection [43]. 
Also, TMPK plays a key role in the activation of antiviral 
drugs which are nucleoside analogues [48]. The decap-
ping enzymes in orthopoxviruses play a crucial role in 
suppressing the host protein synthesis and restricting the 
accumulation of viral double-stranded RNA. Poxviruses 
encode two decapping enzymes, D9 expressed early in 
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infection and D10 expressed after viral DNA replication. 
Poxvirus mRNAs contain 5′-7-methylguanosine  (m7G) cap 
and poly(A) tail. The D9 decapping enzyme can remove 
the protective  m7G cap from mRNAs producing an  m7GDP 
and 5′-monophosphate RNA promoting mRNA degrada-
tion [49]. Due to these reasons, TMPK and D9 decapping 
enzyme are attractive drug targets to design inhibitors 
against monkeypox.

Computational approaches have become an integral part 
of drug discovery pipeline, enabling screening of small 
molecule libraries to identify lead molecules which can 
be optimized to develop candidate drugs for clinical tri-
als [50]. In this in silico drug repurposing study, we have 
followed a detailed workflow (Fig. 1) to identify potential 
antivirals against monkeypox. We have virtually screened 
a manually curated library of 202 US FDA approved 
small molecule drugs against two important proteins for 
the viral replication cycle, namely, TMPK and D9 decap-
ping enzyme. Importantly, the 202 US FDA approved 
drugs selected for this virtual screening study are known 
antivirals or antibiotics. Since crystallized structures for 
proteins in the monkeypox virus are not yet available, we 
employed homology modelling to construct the protein 
structures of TMPK and D9 decapping enzyme. Thereaf-
ter, we performed molecular docking of the 202 approved 
drugs against the prepared protein structures to iden-
tify potential inhibitors for the two chosen drug targets. 
Subsequently, we performed molecular dynamics (MD) 
simulations of the protein–ligand complexes for the top 
inhibitors predicted from the docking studies of the two 
drug targets, to computationally assess the stability of the 
protein–ligand complexes. In a nutshell, our in silico study 
predicts already approved drugs as promising candidates 
for repurposing against monkeypox.

Methods

Compilation of the ligand library of approved 
antivirals or antibiotics

Drug repurposing attempts to find an alternative use for 
an already approved drug outside the scope of its original 
medication [51]. Efforts to repurpose the already approved 
drugs can expedite the drug discovery process, especially 
for emerging viral diseases [52]. Previous studies have 
indicated that it may be more effective to repurpose an 
antiviral or antibiotic drug against other viral infections 
[53]. Specifically, antimicrobial agents are known to 
inhibit the viral replication cycle [54, 55]. In this context, 
we have manually curated a library of drugs approved by 
US FDA which are in use as antivirals or antibiotics to 
computationally predict the potential inhibitors of mon-
keypox proteins. To curate a library of antivirals or anti-
biotics, we considered the US FDA approved drugs from 
the FDA orange book (https:// www. acces sdata. fda. gov/ 
scrip ts/ cder/ ob/ index. cfm) and DrugBank [56]. Further, 
we manually checked the therapeutic class of these drugs 
in multiple sources including published literature [57, 58] 
and DrugBank [56], and considered only drugs which are 
reported to be used as antivirals or antibiotics (Supple-
mentary Table S1). Finally, we curated a list of 202 drugs 
approved by US FDA which are in use as antivirals or 
antibiotics (Supplementary Table S1). During the compila-
tion of this list of 202 approved drugs, we omitted drugs 
which were first approved by US FDA and later withdrawn 
or discontinued, and such information was obtained from 
the FDA orange book (https:// www. acces sdata. fda. gov/ 
scrip ts/ cder/ ob/ index. cfm) and Withdrawn database [59].

Fig. 1  Computational drug repurposing workflow to identify US FDA approved drugs as potential inhibitors of monkeypox proteins namely, 
TMPK and D9 decapping enzyme which are vital for the viral life cycle

https://www.accessdata.fda.gov/scripts/cder/ob/index.cfm
https://www.accessdata.fda.gov/scripts/cder/ob/index.cfm
https://www.accessdata.fda.gov/scripts/cder/ob/index.cfm
https://www.accessdata.fda.gov/scripts/cder/ob/index.cfm
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Homology modelling of drug target proteins 
in monkeypox virus

The 3D structures for the two proteins, TMPK and D9 
decapping enzyme, of monkeypox have not been experimen-
tally determined to date. Therefore, we performed homol-
ogy modelling using the SWISS-MODEL [60] webserver 
(https:// swiss model. expasy. org/ inter active). For this, the 
sequences of the two proteins, TMPK and D9 decapping 
enzyme, in the Israel strain (GenBank MN648051.1) of the 
monkeypox virus were retrieved from the NCBI database 
(https:// www. ncbi. nlm. nih. gov/ nucco re/ MN648 051). As 
vaccinia virus belongs to the same family as monkeypox 
virus, we used the experimentally determined 3D structures 
of the two proteins, TMPK and D9 decapping enzyme, 
in vaccinia virus available in Protein Data Bank (PDB) 
(https:// www. rcsb. org/) as template to create the modelled 
structures.

For TMPK of monkeypox virus, the crystal structure 
of TMPK of vaccinia virus (PDB 2V54) was used as the 

reference with sequence identity of 98.53%. For the mod-
elled structure of TMPK in monkeypox virus, we find that 
98.51% of the amino acid residues are in the favoured 
regions of the Ramachandran plot (Fig. S1), and the model 
structure has a MolProbity [61] score of 1.46. The root 
mean square deviation (RMSD) of the modelled structure 
of TMPK in monkeypox virus with the TMPK in vaccinia 
virus was found to be 0.117 Å (Fig. S1). For D9 decap-
ping enzyme of monkeypox virus, the crystal structure of 
D9 decapping enzyme of vaccinia virus (PDB 7SEZ) was 
used as the reference with sequence identity of 97.65%. 
For the modelled structure of D9 decapping enzyme in 
monkeypox virus, we find that 95.19% of the amino acid 
residues are in the favoured regions of the Ramachandran 
plot (Fig. S1), and the model structure has a MolProbity 
[61] score of 1.50. The RMSD of the modelled structure 
of D9 decapping enzyme in monkeypox virus with the 
D9 decapping enzyme in vaccinia virus was found to be 
0.076 Å (Fig. S1). The modelled protein structures and the 
respective active sites are shown in Fig. 2.

Fig. 2  Cartoon representa-
tion of the modelled structures 
for monkeypox virus proteins 
namely, TMPK and D9 decap-
ping enzyme. a The key amino 
acid residues in the binding 
site of TMPK are highlighted 
as sticks and colored in blue. 
The key binding site residues, 
D13, K17, R41, L53, N65, F68, 
R72, R93 and Y101, are shown 
in an expanded view. b The 
key amino acid residues in the 
binding site of D9 decapping 
enzyme are highlighted as sticks 
and colored in red. The key 
binding site residues, E16, R50, 
F54, D151 and Y158, are shown 
in expanded view

https://swissmodel.expasy.org/interactive
https://www.ncbi.nlm.nih.gov/nuccore/MN648051
https://www.rcsb.org/
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Molecular dynamics simulation

To assess the stability of the modelled protein structures 
for TMPK and D9 decapping enzyme, we performed MD 
simulations of the free protein using GROMACS 5.1.5 
[62] and the GROMOS96 53a6 [63] force field. For the 
MD simulations of the two proteins, the modelled protein 
structures were placed at the center of a dodecahedron box 
with periodic boundary conditions and a minimum dis-
tance of 12 Å from the box edge. SPC water model was 
used to solvate the system. The TMPK system was neutral-
ized using 7  Na+ ions, and the D9 system was neutral. Both 
protein systems were energy minimized using the steepest 
descent algorithm, with energy minimization tolerance set 
at 100 kJ  mol−1  nm−1. Thereafter, the free protein systems 
were subjected to a 1 ns NVT simulation with 2 fs time step 
at 300 K temperature and with a position restraint. Subse-
quently, a 1 ns NPT simulation with 2 fs time step was per-
formed to equilibrate the pressure to 1 bar. The bond lengths 
were constrained using the LINCS [64] algorithm during the 
NVT and NPT simulations. A final equilibration simulation 
was performed for 1 ns with 2 fs time step after removing 
the position restraint. Finally, the equilibrated systems were 
simulated for 100 ns in triplicate (3 replicas) for each pro-
tein. During the 100 ns MD simulations, the v-rescale [65] 

temperature and Parrinello-Rahman [66] pressure coupling 
method were used for maintaining the system temperature 
at 300 K and pressure at 1 bar during the 100 ns simulation.

For the MD simulation of a protein–ligand complex, the 
ligand topology parameter was generated using the Automated 
Topology Builder (ATB) version 3.0 [67] (https:// atb. uq. edu. 
au/). The MD simulations of the protein–ligand docked com-
plexes were carried out with the same parameters as described 
above for the free protein simulations. Using GROMACS, 
we computed root mean square deviation (RMSD), radius of 
gyration (Rg), and root mean square fluctuation (RMSF) of the 
free protein and protein–ligand complexes.

Molecular docking of the compiled drug library 
against monkeypox virus proteins

Molecular docking of the compiled drug library against 
the monkeypox virus proteins, TMPK and D9 decapping 
enzyme, was carried out using AutoDock Vina [68]. For 
each of the two proteins, the last frame of the MD trajectory 
for the corresponding free protein MD simulation was used 
for docking. The 3D structures of the ligands and the pro-
teins in .pdb file format were converted to .pdbqt file format 
using the scripts, prepare_ligand4.py and prepare_recep-
tor4.py, from AutoDock tools [69], respectively. The search 

Fig. 3  Analysis of MD 
trajectories from free protein 
simulations of TMPK and D9 
decapping enzyme. In each 
case, MD simulation of 100 ns 
was performed in triplicate. 
a Root mean square devia-
tion (RMSD) of Cα atoms of 
residues in TMPK. b Radius 
of gyration (Rg) of TMPK 
structure. c Root mean square 
fluctuation (RMSF) of Cα atoms 
of residues in TMPK. d RMSD 
of Cα atoms of residues in D9 
decapping enzyme. e Rg of D9 
decapping enzyme structure. f 
RMSF of Cα atoms of residues 
in D9 decapping enzyme

https://atb.uq.edu.au/
https://atb.uq.edu.au/
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space centre and dimensions of the grid box were manually 
determined by considering the key binding site residues in 
the two target proteins (Fig. 2). The grid centre was deter-
mined using PyMOL [70] by computing the centre of mass 
of the key binding site residues in each protein. Finally, pro-
tein–ligand docking was performed with the exhaustiveness 
parameter in AutoDock Vina set to 24 [71].

From the output of AutoDock Vina, the best docked 
pose or conformation of the ligand (with the lowest binding 

energy) was selected, and thereafter, the corresponding pro-
tein–ligand complex was generated using custom python 
scripts and pdb-tools [72]. Further, we used custom scripts 
described in our previous publication [73] to analyze the 
protein–ligand docked complexes including identification 
of the ligand binding site residues and non-covalent inter-
actions between protein residues and the ligand. When we 
started this work, there were no known ligands reported 
in the published experimental literature that could inhibit 

Fig. 4  Two-dimensional (2D) 
structure and drug name of 
the top predicted inhibitors of 
the monkeypox virus proteins, 
TMPK and D9 decapping 
enzyme. T1 and T2 were pre-
dicted to be the top inhibitors 
for TMPK whereas D1, D2 and 
D3 were predicted to be the 
top inhibitors for D9 decapping 
enzyme

Table 1  Binding energy of 
the top potential inhibitors of 
the two target proteins, TMPK 
and D9 decapping enzyme, of 
monkeypox virus

For each ligand or drug, the table provides the target protein, drug identifier, drug name, docking-based 
binding energy and MM-PBSA-based binding energy in kcal  mol−1

Target protein Drug identifier Drug name Docking-based binding 
energy (kcal  mol−1)

MM-PBSA-based bind-
ing energy (kcal  mol−1)

TMPK T1 Tipranavir − 7.6 − 9.04 ± 6.37
T2 Cefiderocol − 7.6 − 18.74 ± 4.53

D9 D1 Tipranavir − 11 − 26.65 ± 4.29
D2 Doxorubicin − 9.9 − 32.57 ± 4.17
D3 Dolutegravir − 9.9 − 9.87 ± 3.98
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TMPK or D9 decapping enzyme in monkeypox or other 
poxviruses. Therefore, we could not compare the potential 
inhibitors identified in this study with any reference biologi-
cal ligand.

MM‑PBSA calculation

We used Molecular Mechanics Poisson-Boltzmann Surface 
Area (MM-PBSA) method to compute the binding energy of 
the top inhibitors predicted for each of the two target proteins 
considered in this study. For each inhibitor, we extracted 51 
snapshots from the MD simulation trajectory between 100 
to 150 ns at a 1 ns interval for the protein–ligand complex. 
The binding free energy of the protein–ligand complexes 
were computed using g_mmpbsa [74, 75].

Results and discussion

Virtual screening workflow

In this in silico drug repurposing study, we identified poten-
tial inhibitors of TMPK and D9 decapping enzyme of mon-
keypox virus using the virtual screening workflow shown in 

Fig. 1. First, we prepared a library of 202 US FDA approved 
drugs which are either antivirals or antibiotics (Methods; 
Supplementary Table S1). Second, the three-dimensional 
(3D) structures of the TMPK and D9 decapping enzyme in 
monkeypox virus were constructed using homology mod-
elling based on published crystal structures (PDB 2V54, 
7SEZ) of the corresponding proteins in vaccinia virus 
(Methods; Fig. 2).

Third, to assess the stability of the modelled protein struc-
tures, the free protein structures for TMPK and D9 decap-
ping enzyme were subjected to MD simulations of 100 ns in 
triplicate (Methods). For TMPK and D9 decapping enzyme, 
the root mean square deviation (RMSD) of the Cα atoms 
show fewer fluctuations after 20 ns (Fig. 3a, d). The root 
mean square fluctuation (RMSF) shows the dynamics of the 
amino acid residues in a protein. For TMPK and D9 decap-
ping enzyme, the RMSF of the amino acid residues show 
fluctuations primarily in the loop region indicating that the 
secondary structures of the two proteins are stable (Fig. 3b, 
e). The radius of gyration (Rg) of a protein in the MD trajec-
tory shows the compactness of the protein. For TMPK and 
D9 decapping enzyme, the Rg show little variation indicat-
ing that the two protein structures are compact during the 
MD simulation (Fig. 3c, f). Subsequently, we used the stable 

Table 2  Non-covalent interactions between ligand and protein residues in the best docked poses of top potential inhibitors for TMPK and D9 
decapping enzyme of monkeypox virus

For each protein–ligand complex, the table gives the residues in the ligand binding site, residues forming hydrogen bond interactions, hydropho-
bic interactions, halogen interactions and aromatic interactions with the ligand

Drug identifier Drug name Binding site residues Hydrogen bond inter-
action residues

Hydrophobic interac-
tion residues

Halogen interaction 
residues

Aromatic inter-
action residues

T1 Tipranavir D50, D92, E141, 
E142, I49, K17, 
L53, N37, P39, Q40, 
R41, R93, S15, T18, 
Y35

D50, N37, P39, R41 D50, I49, L53, N37, 
Q40, R41, Y35

D92, K17, S15, T18 –

T2 Cefiderocol D92, E141, E142, 
K17, L53, N37, P39, 
Q40, R41, R93, S15, 
T18, T54, Y35

K17, L53, N37, Q40, 
R41, S15, T54, Y35

E141, L53, Q40, T18, 
Y35

N37 –

D1 Tipranavir A58, C162, D151, 
E105, E16, F154, 
F35, F54, G160, 
I159, K198, L108, 
L147, L202, Q62, 
Q63, R15, T149, 
Y158, Y201

C162, I159, K198, 
R15, T149, Y158, 
Y201

A58, F154, F35, F54, 
G160, I159, K198, 
L108, L147, L202, 
T149, Y158

Q62, Q63 F35, F54, F154

D2 Doxorubicin D151, E16, E183, 
F154, F35, F54, 
G160, H33, I159, 
L147, Q62, T149, 
Y158

D151, T149 F35, F54, F154, H33, 
I107, L147, Y158

– F54, Y158

D3 Dolutegravir C162, D151, E16, 
F154, F35, F54, 
G160, K198, L147, 
T149, Y158

C162, K198, Q62, 
T149, Y158

F54, F35, Y158 L147 F35, Y158
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structures of TMPK and D9 decapping enzyme at the end 
of their MD simulation trajectories at 100 ns for molecu-
lar docking. Note that clustering of the protein trajectories 
from the free protein MD simulation can also be performed 
[76–78] to select representative protein structures for further 
analysis, however, we only considered the stable structure 
of both TMPK and D9 decapping enzyme at the end of the 
free protein MD simulation in this study to expedite the drug 
repurposing against monkeypox.

Fourth, we performed molecular docking of the 202 US 
FDA approved drugs in the compiled ligand library of anti-
virals or antibiotics against the stable protein structures of 
TMPK and D9 decapping enzyme (Methods). The binding 
site residues important for the activity of TMPK in monk-
eypox were determined by comparing the modelled protein 
structure with the crystallized protein structure of TMPK 
from the vaccinia virus (PDB 2V54). TMPK belongs to 
the Nucleotide monophosphate kinase (NMP) family and 
contains 9 important binding site residues (Fig. 2a). TMPK 
binds to Thymidine diphosphate (TDP) at its NMP binding 
site. In particular, the base binds to Arg72 (R72) and Phe68 
(F68), and the sugar group is bound by Tyr101 (Y101), 
Leu53 (L53) and Asp13 (D13), and the phosphate group 
is bound by Arg93 (R93), Arg41 (R41) and Lys17 (K17). 
Asn65 (N65) is present in the binding pocket and is also 
important for the interaction [39]. The binding site residues 
important for the decapping activity of the D9 decapping 
enzyme in monkeypox were determined by comparing the 
modelled protein structure with the crystallized protein 
structure of D9 decapping enzyme from the vaccinia virus 
(PDB 7SEZ). The D9 decapping enzyme contains 5 impor-
tant residues in the  m7GDP binding pocket (Fig. 2b). The 
 m7GDP is sandwiched between the two aromatic residues 
Phe54 (F54) and Tyr158 (Y158) which are important for its 
recognition. The Asp151 (D151) and Glu16 (E16) interact 
with the guanine base of  m7GDP. The phosphate chain of the 
 m7GDP is stabilized by interactions with Arg50 (R50) [49].

Fifth, considering these important binding site residues, 
an interaction cutoff of 4 or more non-covalent interactions 

between ligand and important binding sites in the target pro-
tein in the best docked pose was used to filter top hits. After 
imposing the interaction cutoff, the top 2 drugs were selected 
based on the lowest binding (docking) energy. For TMPK, 
the drugs Tipranavir (T1) and Cefiderocol (T2) were the top 
hits, and for D9 decapping enzyme, the drugs Tipranavir 
(D1), Doxorubicin (D2) and Dolutegravir (D3) were the top 
hits (Fig. 4; Table 1). Sixth, to examine the stability of the 
protein–ligand complexes for the top hits, we performed MD 
simulations of the docked complexes for both target proteins. 
The free energy of the protein–ligand complexes was com-
puted using g_mmpbsa [74, 75].

Top potential inhibitors of TMPK and D9 decapping 
enzyme of monkeypox virus among approved drugs

Supplementary Table S1 gives the drug name, drug identifier 
and therapeutic class, of the 202 US FDA approved drugs, 
which are either antivirals or antibiotics, and are part of the 
ligand library in this virtual screening study. The binding 
site residues and residues involved in non-covalent interac-
tions in the best docked poses for the top 2 inhibitors for 
TMPK and D9 decapping enzyme are given in Table 2. In 
case of TMPK, the top 2 predicted inhibitors are Tipranavir 
and Cefiderocol, and in case of D9 decapping enzyme, the 
top 2 predicted inhibitors are Tipranavir, Doxorubicin and 
Dolutegravir. Since Doxorubicin and Dolutegravir have the 
same docking-based binding energy for the target protein D9 
decapping enzyme, both drugs are considered in the list of 
top 2 predicted inhibitors for the protein (Table 1). A three-
dimensional (3D) and two-dimensional (2D) visualization 
of the non-covalent interactions in the best docked pose for 
these top inhibitors with residues of the drug target proteins, 
TMPK and D9 decapping enzyme, are shown in Figs. 5 and 
6, respectively.

Drug T1 Tipranavir [79], has a docking binding energy 
with TMPK of − 7.6 kcal  mol−1. It is a nonpeptidic HIV 
protease inhibitor [80]. The nonpeptidic nature offers 
molecular flexibility to Tipranavir, and makes it easier to 
fit into the active site [81] of TMPK. In the best docked 
pose, Tipranavir binds with the TMPK residues E142, 
N37, P39, R41, D50, I49, L53, R93, T18, Y35, E141, K17, 
D92, S15 and Q40. Further, Tipranavir forms hydrogen 
bonds with the TMPK residues R41, P39, D50 and N37, 
and trifluoromethyl group of Tipranavir forms halogen 
bond interactions with the TMPK residues S15, K17, T18 
and D92.

Drug T2 Cefiderocol [82], has a docking binding energy 
with TMPK of − 7.6 kcal  mol−1. It is a siderophore cepha-
losporin antibiotic which has been approved by the US 
FDA for the treatment of complicated urinary tract infec-
tions. Moreover, the drug is also included in the WHO 
list of essential medicines [83, 84]. Cefiderocol contains a 

Fig. 5  Cartoon representation of the non-covalent interactions in the 
best docked poses for the top predicted inhibitors with residues of the 
target proteins namely, TMPK and D9 decapping enzyme in monk-
eypox virus. a Interactions between the top predicted inhibitors with 
the residues of TMPK. The amino acid residues involved in hydrogen 
bond or halogen bond interactions are shown as red sticks. Drugs T1 
and T2 are shown as blue and light grey sticks, respectively. b Inter-
actions between the top predicted inhibitors with the residues of D9 
decapping enzyme. The amino acid residues involved in hydrogen or 
halogen bond interactions are shown as dark grey sticks. Drugs D1, 
D2 and D3 are shown as pink, orange and red sticks, respectively. 
In both parts, the yellow dashed line represents the hydrogen bond 
whereas the blue dashed line represents the halogen bond. Further, 
the oxygen, nitrogen, fluorine and sulfur atoms in the ligands are 
shown in red, blue, light blue and yellow, respectively

◂
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pyrrolidinium group on the C-3 side chain and an amino-
thiazole group in the C-7 side chain which improve its anti-
bacterial activity [82]. In the best docked pose, Cefiderocol 
binds with the TMPK residues E142, Q40, Y35, P39, R41, 
L53, T54, E141, T18, R93, S15, N37, D92 and K17. In the 
best docked pose, the pyrrolidinium group forms hydrogen 
bonds with the TMPK residues T54 and L53, the chlorocat-
echol group forms hydrogen bonds with the TMPK residues 
S15, K17 and N37, the aminothiazole group forms hydrogen 
bonds with the TMPK residues Q40 and Y35, and the car-
boxylic acid group forms hydrogen bond with the TMPK 
residue N37. Further, a hydrogen bond is also seen between 
the drug and TMPK residue R41. Moreover, the chlorine in 
the chlorocatechol group of Cefiderocol forms halogen bond 
interactions with the TMPK residue N37.

Drug D1 Tipranavir also has a docking binding energy 
with D9 decapping enzyme of − 11 kcal  mol−1. In the best 
docked pose, Tipranavir binds with the D9 residues R15, 
F54, Y158, F35, T149, E16, K198, E105, A58, F154, I159, 
G160, T149 and Y201. In the best docked pose, Tiprana-
vir forms hydrogen bonds with the D9 residues R15, T149, 
Y158, I159, Y201, K198 and C162. Further, halogen bond 

interactions are observed between the trifluoromethyl group 
of Tipranavir and D9 residues Q62 and Q63. In particular, 
we highlight that Tipranavir is a top hit for both drug target 
proteins considered in this study.

Drug D2 Doxorubicin [85], also called Adriamycin, was 
originally isolated from Streptomyces peucetius var. caesius, 
and has a glycosidic structure [86]. Doxorubicin is an anthra-
cycline antibiotic with antitumour activity, and is used for 
the treatment of breast cancer, AIDS-related Kaposi’s sar-
coma and other cancers [85, 87]. The drug is also included 
in the WHO list of essential medicines [83]. Doxorubicin 
has a docking binding energy with D9 decapping enzyme 
of − 9.9 kcal  mol−1. In the best docked pose, Doxorubicin 
binds with the D9 residues E183, F35, Y158, T149, E16, 
F54, D151, F154, H33, Q62, L147, I159 and G160. In the 
best docked pose, the chromophore moiety in Doxorubicin 
forms hydrogen bonds with the D9 residues T149 and D151.

Drug D3 Dolutegravir [88], has a docking binding energy 
with D9 decapping enzyme of − 9.9 kcal  mol−1. Dolute-
gravir is a HIV integrase inhibitor [88, 89], which is also 
included in the WHO list of essential medicines [83]. As 
per WHO recommendation, Dolutegravir can be used as 
first and second line treatment for HIV infection across 
all populations [90]. In the best docked pose, Dolutegravir 
binds with the D9 residues C162, D151, E16, F154, F35, 
F54, G160, K198, L147, T149 and Y158. In the best docked 
pose, the electron withdrawing aromatic ring of Dolutegravir 
forms hydrogen bonds with D9 residues K198 and C162, 
and further, the ligand forms hydrogen bonds with D9 resi-
dues T149, Y158 and Q62. Fluorine atom of Dolutegravir 
forms halogen bond interactions with D9 residue L147, and 
Dolutegravir forms aromatic interactions with D9 residues 
F35 and Y158.

Fig. 6  2D representation of the non-covalent interactions in the best 
docked poses for the top predicted inhibitors with residues of the tar-
get proteins namely, TMPK and D9 decapping enzyme in monkeypox 
virus. a Interactions between the top predicted inhibitors with the res-
idues of TMPK. b Interactions between the top predicted inhibitors 
with the residues of D9 decapping enzyme. In both parts, the protein 
residues involved in hydrogen bond or halogen bond interactions with 
the ligand are shown as green ovals. Yellow dashed lines represent 
hydrogen bond interactions while the violet dashed lines represent 
halogen bond interactions. Protein residues involved in hydrophobic 
interactions with the ligand are shown as blue short circle segments 
with spikes. Protein residues involved in the aromatic interactions 
with the ligand are shown as brown ovals

◂

Fig. 7  Analysis of the tra-
jectories from 150 ns of MD 
simulations of protein–ligand 
complexes for top inhibitors (T1 
and T2) of TMPK. a RMSD 
of Cα atoms of amino acid 
residues in TMPK. b RMSF of 
Cα atoms of amino acid residues 
in TMPK. c Rg of the TMPK 
protein structure. d RMSD of 
the heavy atoms of the ligands 
T1 and T2
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The above-mentioned 4 US FDA approved drugs which 
are identified as top potential inhibitors of TMPK and D9 
decapping enzyme in monkeypox, have also previously been 
reported in the literature as promising candidates for repur-
posing against other viral diseases. Tipranavir, which shows 
binding with both TMPK and D9 decapping enzyme, has 
been reported previously as a promising candidate for repur-
posing against SARS-CoV-2 [91, 92] and flaviviruses like 
West Nile virus and Zika virus [93]. Cefiderocol has also 
been shown to be affective against melioidosis [94], ventila-
tor associated bacterial pneumonia, and other Gram-negative 
bacterial infections [95]. Doxorubicin and Dolutegravir have 
also been reported previously as a promising candidate for 
repurposing against SARS-CoV-2 [92, 96]. These studies 
suggest that the approved drugs predicted as top inhibitors in 
this study are promising candidates for repurposing against 
monkeypox virus infections. Lastly, the docking-based bind-
ing energies for an expanded list of top inhibitors predicted 
in this study for TMPK and D9 decapping enzyme are given 
in Supplementary Tables S2 and S3, respectively.

MD‑based stability analysis of protein–ligand 
complexes of top inhibitors

We performed 150 ns MD simulations for the protein–ligand 
docked complexes of the top 2 inhibitors for TMPK and 
D9 decapping enzyme (Methods). We observed that all the 
protein–ligand complexes for the top 2 inhibitors for TMPK 
were stable during these MD simulations. The average 
RMSD of  Cα atoms in TMPK for TMPK-T1 = 1.95 ± 0.39 Å 
and for TMPK-T2 = 1.62 ± 0.21 Å (Fig. 7a). The RMSF of 
the amino acid residues in TMPK-T1 and TMPK-T2 com-
plexes closely followed the RMSF values of apo TMPK 

residues (Figs. 3c and 7b). The  Rg of the TMPK shows con-
siderably small deviation in both protein–ligand complexes 
with 16.68 ± 0.09 Å for TMPK-T1 and 16.57 ± 0.08 Å for 
TMPK-T2 (Fig. 7c). This suggests that TMPK was sta-
ble and compact during the MD simulation. However, we 
observed some deviation in the stability of the ligand in the 
binding site of the protein during the MD simulations of the 
protein–ligand complexes. Both the ligands were stable after 
100 ns with RMSD values of ligand heavy atoms for TMPK-
T1 = 3.64 ± 0.98 Å, and TMPK-T2 = 7.47 ± 0.54 Å (Fig. 7d).

Similar to the protein–ligand complexes of TMPK, we 
also analyzed the MD trajectories of the protein–ligand 
complexes for top inhibitors of D9 decapping enzyme. We 
observed that all the protein–ligand complexes for the top 
2 inhibitors for D9 decapping enzyme were stable dur-
ing the MD simulation. The average RMSD of Cα atoms 
in D9 decapping enzyme for D9–D1 = 2.28 ± 0.34  Å, 
D9–D2 = 2.82 ± 0.44 Å, and D9–D3 = 2.02 ± 0.3 Å (Fig. 8a). 
The RMSF of the amino acid residues in D9–D1, D9–D2 
and D9-D3 complexes closely followed the RMSF values 
of apo D9 decapping enzyme residues (Figs. 3f and 8b). 
The  Rg of the D9 decapping enzyme shows considerably 
small deviation in all three protein–ligand complexes with 
18.56 ± 0.13 Å for D9–D1, 18.22 ± 0.14 Å for D9–D2 and 
18.53 ± 0.14 Å for D9–D3 (Fig. 8c). This suggests that D9 
decapping enzyme was stable and compact during the MD 
simulation. We also observed that the three ligands are sta-
ble in the binding site of the D9 decapping enzyme dur-
ing the MD simulations of the protein–ligand complexes. 
In particular, the RMSD values of the ligand heavy atoms 
for D9–D1 = 5.06 ± 0.4  Å, D9–D2 = 2.7 ± 0.62  Å, and 
D9–D3 = 3.32 ± 0.44 Å (Fig. 8d).

The Molecular Mechanics Poisson-Boltzmann Sur-
face Area (MM-PBSA) method is routinely used to better 

Fig. 8  Analysis of the tra-
jectories from 150 ns of MD 
simulations of protein–ligand 
complexes for top inhibitors 
(D1, D2 and D3) of D9 decap-
ping enzyme. a RMSD of Cα 
atoms of amino acid residues in 
D9 decapping enzyme. b RMSF 
of  Cα atoms of amino acid resi-
dues in D9 decapping enzyme. c 
 Rg of the D9 decapping enzyme 
structure. d RMSD of the heavy 
atoms of the ligands D1, D2 
and D3
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estimate the binding energy of a ligand in a protein–ligand 
complex. We also computed the MM-PBSA-based binding 
energy of the top 2 inhibitors of TMPK and D9 decapping 
enzyme in this study (Methods; Table 1). For TMPK, the 
MM-PBSA-based binding energy for Tipranavir (T1) in 
complex TMPK-T1 = − 9.04 ± 6.37 kcal  mol−1, and Cefider-
ocol (T2) in complex TMPK-T2 = − 18.74 ± 4.53 kcal  mol−1. 
Similarly, for D9 decapping enzyme, the MM-PBSA-based 
binding energy for Tipranavir (D1) in complex D9-D1 = − 
26.65 ± 4.29  kcal   mol−1, Doxorubicin (D2) in complex 
D9–D2 = − 32.57 ± 4.17 kcal  mol−1, and Dolutegravir (D3) 
in complex D9–D3 = − 9.87 ± 3.98 kcal  mol−1.

Conclusion

Monkeypox virus, belonging to the same Orthopoxvirus 
genus as smallpox causative agent, has been endemic to 
African regions for some time. After the eventual eradication 
of smallpox disease, vaccination against Orthopoxviruses 
have been halted for the past four decades. The current re-
emergence of the monkeypox virus in a largely unprepared 
unvaccinated population is an international emergency 
demanding immediate attention by the scientific commu-
nity [9]. Instead of infeasible mass vaccination campaigns 
within a short time span, monkeypox-specific therapeutics 
may yield sustainable solutions for patients affected with 
monkeypox disease. Drug repurposing is an efficient way 
of identifying potential therapeutics against the monkeypox 
virus, reducing the time for the initial testing and screen-
ing costs. To this end, in this in silico drug repurposing 
study, we identified US FDA approved antiviral and antibi-
otic drugs as potential inhibitors of vital monkeypox virus 
proteins. We modelled the 3D structures of TMPK and D9 
decapping enzyme of monkeypox virus using the published 
crystal structures of corresponding vaccinia virus proteins. 
The modelled protein structures were subjected to MD sim-
ulations to evaluate their stability, and thereafter, docked 
against a manually curated library of 202 US FDA approved 
antivirals and antibiotics. Afterward, by employing the inter-
action and binding energy cutoffs, we show that the drugs 
Tipranavir, Cefiderocol, Doxorubicin and Dolutegravir have 
significant binding to the two target proteins in monkeypox 
considered here. Finally, the stability of the protein–ligand 
complexes of the top predicted inhibitors were assessed 
using 150 ns MD simulations of the complexes. To the best 
of our knowledge, this is one of the first virtual screening 
and in silico drug repurposing study carried out for monkey-
pox virus. We would also underline that further in vivo and 
in vitro experimental evaluations are needed to validate the 
four promising inhibitors of monkeypox proteins predicted 
by this study.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11030- 022- 10550-1.
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