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A B S T R A C T   

Monkeypox (MPXV) is a globally growing public health concern with 80,328 active cases and 53 deaths have 
been reported. No specific vaccine or drug is available for the treatment of MPXV. Hence, the current study also 
employed structure-based drug designing, molecular simulation, and free energy calculation methods to identify 
potential hit molecules against the TMPK of MPXV, which is a replicatory protein that helps the virus to replicate 
its DNA and increase the number of DNAs in the host cell. The 3D structure of TMPK was modeled with 
AlphaFold and screening of multiple natural products libraries (4,71,470 compounds) identified TCM26463, 
TCM2079, and TCM29893 from traditional Chinese medicines database (TCM), SANC00240, SANC00984, and 
SANC00986 South African natural compounds database (SANCDB), NPC474409, NPC278434 and NPC158847 
from NPASS (natural product activity and species source database) while CNP0404204, CNP0262936, and 
CNP0289137 were shortlisted from coconut database (collection of open natural products) as the best hits. These 
compounds interact with the key active site residues through hydrogen bonds, salt bridges, and pie-pie in
teractions. The structural dynamics and binding free energy results further revealed that these compounds 
possess stable dynamics with excellent binding free energy scores. Moreover, the dissociation constant (KD) and 
bioactivity analysis revealed stronger activity of these compounds exhibit stronger biological activity against 
MPXV and may inhibit it in in vitro conditions. All the results demonstrated that the designed novel compounds 
possess stronger inhibitory activity than the control complex (TPD-TMPK) from the vaccinia virus. The current 
study is the first to design small molecule inhibitors for the replication protein of MPXV which may help in 
controlling the current epidemic and also overcome the challenge of vaccine evasion.   

1. Introduction 

In the early 1970s in the Democratic Republic of Congo, a novel 
zoonotic virus was detected known as Monkeypox [1,2]. The virus was 
identified to cause smallpox in humans while its human-to-human 
remained efficient initially [3]. The majority of global Monkeypox 

epidemic transmissions have been linked to sex, and they have mostly 
only afflicted sexually active homosexual, bisexual, and other males who 
have sex with men (GBMSM) [4]. In high-income countries, sporadic 
cases of Monkeypox have also been reported, which are linked to the 
exotic pet trade and international travel. It is believed that the virus 
gains entry into the body through either the respiratory tract, broken 
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skin, or the mucous membranes present in the eyes, nose, or mouth [5]. 
Since, May 2022, the active cases of Monkeypox are reported and in 50 
countries the cases reached up to 78000 prompting WHO (world health 
organization) to declare it as “evolving threat of moderate public health 
concern” [6–8]. The common symptoms of Monkeypox virus disease 
include fever, muscle pain, swollen glands and other influenza like 
symptoms. Among the other potential complications that may arise 
include secondary infections, pneumonia, sepsis, encephalitis, and se
vere eye infections that can result in vision loss [9]. Infections with the 
human Monkeypox virus had a comparable prevalence in males and 
females in western and central Africa before 2017. However, a higher 
percentage of infections (65%) occurred in men during the Nigerian 
epidemic in 2017–18 [10–12]. Similarly, when describing the sexual 
target for the 2022 Monkeypox outbreak majority of the cases are male 
while few or no women case has been reported. The endemic is 
self-limited and usually, the case fatality is 1–10% only [13]. People 
living with HIV are at higher risk of getting Monkeypox virus disease as 
according to a study by the Centers for Disease Control and Prevention 
(CDC) revealed that among the total cases of mpox 41% are HIV-positive 
[14]. In contrast to normal patients, individuals exposed to MPXV and 
have HIV reported more severe symptoms than the normal patients. For 
instance, inflammation in the lining of the rectum and rectal perforation 
in the mpox infected HIV patients have been reported [13,15]. Inter
estingly, the current Monkeypox virus strain remained undetected in the 
non-endemic regions and mimic to be another type of STI (sexually 
transmitted disease) through evolutionary analysis. Consequently, the 
enduring worldwide epidemic of Monkeypox virus infection in humans’ 
advocates changes in the biologic features of the virus and changes in 
behavior, or both [16]. The smallpox vaccines i.e. ACAM2000, and the 
JYNNEOS can be used against Monkeypox but there is no real data 
available on how much protection is provided by these vaccines against 
Monkeypox [17]. Moreover, no other therapeutics such as drugs or other 
molecules to treat smallpox and Monkeypox. Even though the Mon
keypox virus has circulated for decades in regions where it has tradi
tionally been endemic, research into Monkeypox has been neglected and 
underfunded. Hence, this demands further research to develop further 
therapeutic choices before it becomes a global pandemic. 

The proteome of the DNA containing the Monkeypox virus is 
comprised of 198 proteins that are involved in different cellular pro
cesses. Among these D10L, B4R, VITF3L, E8L, A42R, I1L, P28, PRO132, 
thymidylate kinase (TMPK) and G9R are the most essential proteins 
required for the pathogenesis, replication, and protection [18,19]. For 
instance, some studies have targeted these proteins using 
high-throughput molecular screening and computational approaches 
[20,21]. The Orthopoxviruses has this unique feature that it synthesizes 
its own TMPK which is required for efficient replication of the virus 
inside the host cell. TMPK synthesizes thymidine 5′-triphosphate (TTP) 
and regulates the DNA replication and different phases of the cell cycle 
[22]. Besides these, TMPK has been reported to directly interact with 
DNA to activate precursor nucleoside analogues and consequently affect 
the host genetic material replication too [23–25]. Furthermore, an 
alarming point is the emergence of the emergence of mutations in the 
replication complex of the Monkeypox virus is reported which may 
further aggravate the situation [26]. Considering the essential role of 
TMPK in viral replication, it serves as an essential therapeutic target for 
the treatment of Monkeypox and other Orthopoxviruses treatments. 
Therefore, quick efforts are needed to design small molecule ther
apeutics/drugs that could efficiently inhibit TMPK. 

Natural products serves as a natural remedy for the treatment of 
different diseases since the first disease identification [27]. 
Plants-derived natural products are used against different diseases i.e. 
Alzheimer’s disease (AD), Parkinson’s Disease and the current pandemic 
agent SARS-CoV-2 [28]. For instance, Kaempferol has been reported to 
inhibit the main protease of SARS-CoV-2 identified from the Traditional 
Chinese Medicines (TCM) database [29]. Moreover, natural compounds 
for spike proteins, Mpro, PLpro, RdRp, and other targets have also been 

identified from the South African natural compounds database, NPASS, 
and Coconut natural compounds databases [30–34]. Identification of 
these molecules is fastened by the use of state-of-the-art computational 
methods which include molecular screening, simulation, and free energy 
calculation methods [35]. 

Keeping in view the pharmacological potential of natural products, 
the speed and accuracy of computational methods in discovering novel 
pharmacological molecules, the current study also uses similar ap
proaches to target the TMPK of the Monkeypox virus. High throughput 
molecular screening TCM, SANCDB, NPASS, and Coconut databases 
were performed and potential lead molecules were identified. Using 
molecular simulation and free energy calculations these compounds 
were validated. From each database top three compounds were analyzed 
for binding modes. This study provides a structural basis for the inhi
bition of TMPK and consequently viral replication. 

2. Materials and methods 

2.1. Structural modelling of TMPK with AlphaFold 

The crystallographic structure of TMPK of Monkeypox virus is not 
yet available therefore we used AlphaFold 2.0 to model the 3D structure 
of the target protein [36]. For this purpose, the TMPK structure from 
vaccinia virus with PDB ID: 2V54 was considered as a template for 
modeling [37]. The pLDDT score was considered as an evaluation cri
terion for the validation of the structure. Further validations such as 
stereochemical quality were performed by using SAVES web server to 
determine the structural accuracy and folding. Moreover, further vali
dations were also performed using ProSA-web and PROCHECK to 
determine the residue distribution and bonding angle using by plotting 
the Ramachandran plot [38,39]. The constructed structure was vali
dated and minimized before further processing. Active site residues were 
identified prior to a molecular screening of drug libraries. THYMIDI
NE-5′-DIPHOSPHATE (TDP) bound to TMPK from the vaccinia virus was 
considered as a control to compare all the experiments. 

2.2. Molecular screening of natural products libraries 

The drug libraries including traditional Chinese medicines (TCM) htt 
p://tcm.cmu.edu.tw/, NPASS (natural product activity and species 
source database) https://bidd.group/NPASS/, SANCDB (south African 
natural compounds database) http://african-compounds.org/about 
/afrodb/and coconut (collection of open natural products) https:// 
coconut.naturalproducts.net/were downloaded and processed to 
generate the correct required format [40–43]. These databases were 
screened for Lipinski’s rule of five (R5) to filter out the violating and 
toxic compounds using FAF4drug online webserver. Moreover, the ob
tained R5-obeying compounds from each database were screened 
against the active site of TMPK using smina (Scoring and Minimization 
with AutoDock Vina) [44]. It supports scoring function development 
and high-performance energy minimization. The best hits from the 
smina screening were then re-evaluated by using ADFR which per
formed flexible docking of the compounds with increased accuracy by 
employing the improved version of AutoDock 4 scoring function [45]. 
Finally, the top three hits from each database were subjected to visual 
analysis using PyMOL and Schrodinger Maestro (free academic version 
for visualization) and molecular simulation for further validations [46, 
47]. 

2.3. Molecular simulation of top scoring hits 

The top scoring hits and control drug based on the high docking 
scores from each database were subjected to molecular simulation and 
free energy calculation-based validation was performed using AMBER20 
[48,49]. For simulation, the drug topologies were generated and pro
cessed using antechamber and parmchk2 [50]. Topology and 
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coordinates files were used to minimize each complex in two stages: 1) 
the first round of minimization of 12000 steps and 2) the second round 
of minimization for 6000 steps was achieved. Each complex was 
sequentially heated and equilibrated for 50ns. In the production stage, 
300ns simulation for each complex was performed. The simulation was 
accelerated by using the GPU version of PMEMD.cuda and trajectories 
were processed by using PTRAJ and CPPTRAJ [51,52]. 

2.4. Post-simulation analysis of the protein-ligand complexes 

The stability was computed as root mean square deviation (RMSD), 
the flexibility index of each residue was estimated through root mean 
square flexibility (RMSF), the protein size was calculated as Rg (radius of 
gyration) while the hydrogen bonding in each computed through h- 
bonds function. 

2.5. Binding free energy calculation using MM/GBSA approach 

The end-point total binding free energy was estimated by using the 
molecular mechanics generalized Born surface area (MM/GBSA) 
method which is arguably the most extensively employed and accurate 
approach. Using the MMPBSA.py script the stabilized fractions from the 
simulation trajectories were subjected to free energy calculations [53]. 
As a part of the total binding free energy, vdW which stands for van der 
Waal energy, electrostatic energy and GB (generalized Born surface 
area) were estimated using the following equations. 

′′ΔGbind =ΔGcomplex −
[
ΔGreceptor +ΔGligand

]
′′

In this equation, ΔGbind represents total free binding energy, while 

others show the free energy of the complex, the protein, and the ligand. 
Specific energy term contributes to the whole Free energy was calcu
lated by the equation: 

G=Gbond + Gelectrostatic + GvdW + Gpolar + Gnon− polar 

Gbond, Gelectrostatic, and GvdW specify interactions among bonded, 
electrostatic, and van der Waals states. In contrast, Gpolar and Gnon-polar 
represent the polar and non-polar interaction to the free energy pre
sumed through precise GB (Generalized Born). 

This free energy calculation method is widely used by different 
studies to understand the binding energy of different ligands [30,54]. 

2.6. Dissociation constant (KD) and bioactivity prediction 

The dissociation constant (KD) and bioactivity for the top hits were 
computationally predicted by using PRODIGY-LIGAND (https://wenmr. 
science.uu.nl/prodigy/lig) and Molinspiration (https://www.molinspi 
ration.com/cgi-bin/properties) webservers [55]. These servers are pre
viously used to predict the KD and bioactivity of different molecules used 
against different diseases [56]. 

3. Results 

The advanced computational modeling and simulation approaches 
have greatly accelerated the drug development cycle. Hence, the current 
study also employed structure-based drug designing, molecular simu
lation, and free energy calculation methods to identify potential hit 
molecules against the TMPK of Monkeypox virus. As mentioned earlier it 
is a replicatory protein that helps the virus to replicate its DNA and 

Fig. 1. Structural modeling and comparison of TMPK from MPXV. (a) Represent the modeled 3D structure of TMPK from MPXV where each secondary element i.e. 
alpha-helix, beta-strand, and loops are labeled. (b) Shows the superimposed structure of TMPK from MPXV (green) and Vac-V (magenta). An RMSD difference of 
0.736 Å was calculated using PyMOL. 
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increase the number of DNAs in the host cell. Hence, targeting TMPK 
would greatly reduce the disease burden. We modeled the 3D structure 
of TMPK and presented in Fig. 1a. Using AlphaFold the structure 
revealed a pLDDT score of >90% which shows good structure folding. 
This approach is currently the most reliable and accurate approach for 
predicting the correct folding of a protein. The structure of TMPK from 
MPXV contains right alpha-helices, five β–strands, and eight loops that 
connect each alpha helix and β–strand. Structural comparison analysis of 
TMPK from MPXV and Vaccinia virus (Vac-V) revealed an RMSD dif
ference of 0.736 Å with a similar secondary structural distribution. The 
active site of the MPXV was identified based on the bound ligand in the 
active site of Vac-V. A superimposed structure of TMPK from MPXV and 
Vac-V is given in Fig. 1b. Moreover, the structure was validated further 
for proper and accurate folding using ERRAT, VERIFY-3D, WHAT
CHECK, PROCHECK, and ProSA-web tools. ERRAT revealed the overall 
quality factor of the structure above 90% while VERIFY-3D demon
strated that more than 80% of the residues have averaged 3D-1D 
score≥0.1 which shows the folding reliability of the TMPK. Moreover, 
ProSA-web was used to calculate the Z score which shows the x-ray and 
NMR similarity of the predicted structure compared with all the avail
able structures in the protein databank. The more negative the Z score 
the best the structural folding. Herein, our modeled structure revealed a 
Z score of − 6.54 which further validates the accuracy of the method. On 
the other hand, Ramachandran plot analysis is the best approach to 
validate the structure by demonstrating the bonding angle, torsion, and 
other stereochemical features. The results revealed that 91.3% of the 
total residues lie in the core region, 7.1% of the total residues are in the 
allowed regions, 1.1% of the total residues are in the general region 
while only 0.5% of the total residues lie in the disallowed region. This 
shows that the predicted structure has high-quality bonding angles, 
torsion, and folding. The visual results for ProSA-web and Ramachan
dran plots are shown in Fig. 1c and d. 

3.1. Binding modes of top hits from the Traditional Chinese Medicines 
database (TCM) 

TCM medicines are always a great source of medication for the 
treatment of different diseases. The database containing ~56000 com
pounds from traditional Chinese herbs were filtered for Lipinski’s rule of 
five which revealed 38000 compounds as potential R5-obeying com
pounds while the rest were discarded. In the initial screening, approxi
mately 380 compounds were reported to have docking scores greater 
than − 5.0 kcal/mol. In the second round using the Induced-Fit docking 
(IFD) approach three compounds i.e., TCM26463 (3-Methoxytyramine- 
βxanthin), TCM2079 and TCM29893 (5-O-Feruloylquinic acid) were 
obtained to have the best docking scores than all the screened 

compounds. For TCM26463 the docking score was calculated to be 
− 11.59 kcal/mol, for TCM2079-TMPK complex the docking score was 
reported to be − 10.28 kcal/mol while for TCM29893-TMPK the docking 
score was reported to be − 9.57 kcal/mol respectively. This compound 
establishes five hydrogen bonds with residues including Asp13, Lys14, 
Thr18, Asp92, Ser97 and Glu142 respectively. The compound also re
ported a single salt bridge with Asp13 and a single pie-pie stacking with 
Phe68. This shows a more robust interaction of 3-Methoxytyramine- 
βxanthin with TMPK thus blocking the key amino acids from the 
essential function. TCM2079 on the other hand interacted with TMPK by 
establishing four hydrogen bonds and a single salt bridge. Among the 
four hydrogen bonds, Lys14, Phe38, Arg93 and Glu145 are involved 
while the only salt-bridge was established by Lys17 residue. Lys14, 
Asp38, Arg93, and Ser97 were involved in hydrogen bonding while a 
single pie-pie bond was established by Phe68 residue of TMPK. It can be 
seen that these compounds uniformly block the same essential residues 
and exhibit anti-viral activities thus making it a potential pharmaco
logical choice for the inhibition of the Monkeypox virus and the treat
ment of pox disease. The binding modes are visualized in Fig. 2a–c. 

3.2. Binding modes of top hits from SANCDB 

The South African natural compounds database is a rich source of 
remedies for a vast number of diseases. Molecular screening of SANCDB 
revealed SANC00240, SANC00984 and SANC00986 as the best hits 
among the 600 compounds. The docking score for this compound was 
reported to be − 8.63 kcal/mol. In terms of interaction, SANC00240 
established four hydrogen bonds and one pie-pie stacking interaction. 
Interesting the interacting residues align with the previous compounds 
reported in TCM database. The binding residues include Lys14, Arg41, 
Ser97 and Glu142 while the only pie-pie interaction was established by 
Phe68 residue. This shows consistent interactions of these small mole
cules with the essential residues of TMPK. It has a docking score of 
− 8.12 kcal/mol with four hydrogen bonds involving Phe38, Arg41, 
Arg72 and Glu145 while the only pie-pie stacking was established by 
Phe68. Similarly, Dibenzo-1,4-dioxin-1,3,6,8-tetraol (SANC00986) iso
lated from the brown alga, Ecklonia maxima (Osbeck) Papenfuss 
demonstrated a docking score of − 8.26 kcal/mol. The interaction 
pattern of SANC00986 revealed that this molecule interacts with TMPK 
through hydrogen bonds involving Asp13, Phe38, Arg93 and Ser97. 
Moreover, a single pie-pie interaction was established by Phe68. Over 
these compounds shows similar interaction pattern with the previous 
compounds thus showing potential pharmacological activity against 
TMPK. The interaction pattern of each compound is shown in Fig. 3a–c. 

Fig. 2. Binding mode of top three hits from TCM database against TMPK. (a) Represent the binding mode of TCM26463 with TMPK. (b) Shows the binding mode of 
TCM2079 with TMPK. (c) The binding mode of TCM29893 with TMPK. The complexes were visualized for interactions in Schrodinger Maestro (free academic version 
for visualization only). 
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3.3. Binding modes of top hits from NPASS database 

With over 30,926 natural compounds piled in the NPASS database 
serve as the best source for designing natural products based remedies 
for different diseases. Among the 30,926, only 21000 were successful in 
passing the R5 criteria. Molecular screening of these 21,000 compounds 
revealed NPC474409, NPC278434, and NPC158847 as the best hits from 
this database. NPC474409 demonstrated a docking score of − 9.73 kcal/ 
mol with only two hydrogen bonds including Phe38 and Ser97. The only 
pie-pie interaction was established by Phe68 aligned with the previous 
compounds. Moreover, NPC278434 is an Indole-3-Carboxylic Acid iso
lated from various plant species with anti-inflammatory activity and 
demonstrated a docking score of − 8.60 kcal/mol [62]. Likewise, 
NPC474409 also reported three interactions including Phe38, Ser97 and 
Phe68. 1,3-Dimethyl-7,9-Dihydropurine-2,6,8-Trione, NPC158847, has 
anti-colorectal cancer and anti-inflammatory activities [63]. Here in this 
study, this compound reported a docking score of − 7.13 kcal/mol 
against the TMPK protein from the Monkeypox virus. Among the key 
interactions Phe38, Arg72, Tyr94, Tyr101 and Phe68 are involved. The 
identified compounds from this database possess smaller molecular 
structures with potential pharmacological activity against the TMPK of 
MPXV. The interaction pattern of each compound is shown in Fig. 4a–c. 

3.4. Binding modes of top hits from coconut database 

The coconut natural products (NPs) database exhibits 4, 06747 
unique NPs, among which 2, 75233 only obey R5 rules. Screening of 
these compounds revealed 19,680 as the best hits while 11 compounds 
were found to be the best only. We selected three compounds i.e. 
CNP0404204, CNP0262936 and CNP0289137 as the best hits based on 
the docking scores. CNP0404204 is Cimicifugic Acid A isolated from 
Actaea dahurica and Actaea elata exhibit a docking score of − 12.07 kcal/ 
mol. This compound established eight hydrogen bonds, one pie-pie 
interaction, and one pie-cation interaction. Among the hydrogen 
bonds Asn37, Phe38, Arg41, Asp92, Arg93, Ser97 and Glu145 while 
Phe68 is involved in pie-pie interaction and Arg93 is involved in Pie- 
cation interaction. Overall, this compound exhibits a better docking 
score and has a higher number of interactions among all. This compound 
act as a pharmacological choice for the treatment of MPXV. 2,3,4- 
trihydroxy-5-{[3-(4-hydroxyphenyl) prop-2-enoyl] oxy} hexanedioic acid, 
CNP0262936, is Glucuronic acid derivatives exhibit a docking score of 
− 11.39 kcal/mol. With six hydrogen bonds including Lys14, Thr18, 
Arg41, Arg93, Ser97 and Glu145 while Phe68 was reported to be 
involved in pie-pie stacking. The 4,4′-bis(2-methylpropanamido)-[1,1′- 
biphenyl]-3,3′-dicarboxylic acid on the other hand reported seven 
hydrogen bonds, one pie-cation and one pie-pie stacking. The docking 

Fig. 3. Binding mode of top three hits from SANCDB database against TMPK. (a) Represent the binding mode of SANC00240 with TMPK. (b) Shows the binding 
mode of SANC00984 with TMPK. (c) The binding mode of SANC00986 with TMPK. The complexes were visualized for interactions in Schrodinger Maestro (free 
academic version for visualization only). 

Fig. 4. Binding mode of top three hits from NPASS database against TMPK. (a) Represent the binding mode of NPC474409 with TMPK. (b) Shows the binding mode 
of NPC278434 with TMPK. (c) The binding mode of NPC158847 with TMPK. The complexes were visualized for interactions in Schrodinger Maestro (free academic 
version for visualization only). 
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score for this compound was reported to be − 10.63 kcal/mol. Among 
the hydrogen bonding interactions Lys14, Phe38, Arg41, Arg93, Ser97 
and Tyr144 are involved while Phe68 and Arg93 are involved in pie-pie 
stacking and pie-cation interaction. These shortlisted compounds 
exhibit the best docking scores and the interaction paradigm covers the 
whole active site blocking the key residues to enforce the pharmaco
logical potential of these small molecules. The interaction pattern of 
each compound is shown in Fig. 5a–c. 

3.5. Dynamic stability assessment of top-scoring compounds 

Assessing the dynamic stability of a protein bound to a ligand is 
essential to demonstrate the pharmacological activity of that particular 
compound. For instance, the stable binding of a ligand to the active 
pocket of protein is associated with better pharmacological potential 
than the relatively unstable one. The stability of a simulation trajectory 
can be demonstrated by using the RMSD function integrated with 
simulation tools. Thus to understand whether these compounds remain 
stable or not during simulation we also calculated RMSD for these tra
jectories as a function of time. The RMSD of each complex is shown in 
Fig. 6a-6l. TPD in complex with TMPK from vaccinia virus was used as a 
control to compare the simulation results. The control complex reported 
a stable RMSD with an average of 1.5 Å. No significant perturbation was 
experienced except minor deviations before 150ns and 225ns. Overall, 
the complex reported stable dynamics. The top three compounds from 
TCM database reported stable dynamic behaviour. The compound 
TCM26463 stabilized at 1.2 Å soon after reaching 5ns. No significant 
deviation was observed during the simulation except a minor increment 
in the RMSD graph at 45–50 and 170–175ns. However, the complex 
demonstrated stable dynamics with an average RMSD of 1.10 Å. In the 
case of TCM2079 in complex with TMPK the RMSD initially remained 
stable with no major deviation until 160ns, however, then two major 
deviations between 165 and 225ns were observed. Then the RMSD 
gradually decreased and increased following this pattern until the end of 
300ns simulation. An average RMSD for this complex was estimated to 
be 1.5 Å. In the TCM complex, the best hit i.e. TCM29893 initially re
ported a minor increase in the RMSD value until 100ns, and then an 
abrupt decline in the RMSD graph was seen. After 125ns, the RMSD 
increased back and stabilized at 1.25 Å and continued to follow the same 
pattern until 205ns. Afterward a minor increment was observed but the 
complex then stabilized at the same point and remained the same until 
300ns. In sum the three compounds from TCM database reported stable 

dynamics, however, a higher fold of stability was favoured in the 
TCM26463 complex. The RMSD graphs for the top three hits from TCM 
database in complex with TMPK are given in Fig. 6a–c. 

The top hits from SANCDB were also subjected to molecular 
simulation-based stability analysis which revealed stable dynamic 
behaviour. The first top hit from SANCDB i.e. SANC00240 demonstrated 
alike behaviour as TCM26463. The RMSD of the complex stabilized at 
1.2 Å with only a minor deviation between 60 and 80ns was observed. 
The complex then demonstrated a uniform straight graph of RMSD 
which determines the stable behaviour of this complex during the 
simulation. An average RMSD for this complex was calculated to be 1.21 
Å. On the other hand, the SANC00984 though demonstrated an overall 
stable behaviour however, minor deviations between 100-140ns and 
260–270ns were experienced. No significant perturbation was recorded 
however a comparatively higher RMSD value was calculated for this 
complex. An average RMSD for this complex was computed to be 1.38 Å. 
For the SANC00986 despite the very stable dynamics initially, an in
crease in the RMSD was recorded until 25ns. Afterward the RMSD 
abruptly declined backed but minor gradual increase was observed until 
the end of the simulation. An average RMSD for this complex was esti
mated to be 1.44 Å. The dynamic stability assessment of these complexes 
shows stable pharmacological behaviour and thus may produce better 
pharmacological efficacy in in vitro setup. The RMSD graphs for the top 
three hits from SANCDB database in complex with TMPK are given in 
Fig. 6d–f. 

The binding stability of the top hits from the NPASS database i.e. 
NPC15847, NPC278434 and NPC474409 was also demonstrated from 
the simulation trajectories. As given in Fig. 6g, the NPC158847 reported 
stable dynamic behaviour with no significant structural perturbation. 
Although the RMSD gradually increased over time reaching 1.56 Å a 
maximum but a uniform straight RMSD was demonstrated and thus 
behave stably during the simulation. In contrast, the NPC278434 re
ported significant structural perturbation after 75ns. The RMSD con
tinues to increase with abrupt increase and decrease between 80 ns and 
120 ns. The complex demonstrated a uniform RMSD pattern between 
125 and 250ns with the gradual increasing trend but then significant 
perturbations were seen in the complex at the end of the simulation. On 
the other hand, with a single peak in the RMSD graph at 198ns the 
NPC474409 demonstrated alike stable uniform stability behaviour as 
NPC158847. An average RMSD for NPC474409 complex was estimated 
to be 1.48 Å. Similarly, these compounds also induce sable pharmaco
logical properties against TMKP in the all-atoms simulation setup and 

Fig. 5. Binding mode of top three hits from Coconut database against TMPK. (a) Represent the binding mode of CNP0404204 with TMPK. (b) Shows the binding 
mode of CNP0262936 with TMPK. (c) The binding mode of CNP0289137 with TMPK. The complexes were visualized for interactions in Schrodinger Maestro (free 
academic version for visualization only). 
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thus could act as a potential choice for the inhibition of MPXV replica
tion. The RMSD graphs for the top three hits from NPASS database in 
complex with TMPK are given in Fig. 6g–i. 

The RMSDs for the top hits from Coconut NPs database were also 
computed to reveal the stability profiles of these molecules. Among the 
top hits such as CNP0292636, CNP0289137 and CNP0404204 were 
subjected to RMSD analysis. The CNP0292636 complex initially re
ported higher RMSD which then gradually decreased after 140ns and 
remained lower till the end of the simulation. Furthermore, the other 
two compounds i.e. CNP0289137 and CNP0404204 demonstrated alike 
behaviour with no significant perturbation during the simulation and 
stabilized at 1.45 Å each. The CNP0289137 demonstrated a minor de
viation between 101 and 125 ns but no major deviation was recorded. 
The RMSD for the CNP0404204 increased at the end of the simulation 
after 150ns. Although a higher RMSD was recorded but overall no 
structural perturbation was observed. The RMSD graphs for the top 
three hits from the coconut database in complex with TMPK are given in 
Fig. 6j–l. It can be seen that the control complex though reported stable 
RMSD but all the complexes reported comparatively lower RMSD and 
thus show more stable dynamics by the novel compounds in complex 
with TMPK. Overall, these results show that these compounds are the 
potential therapeutic choices for the treatment of MPXV based on 
replication inhibition through direct interaction with the DNA-binding 
protein TMPK. 

3.6. Structural packing and protein size estimation for the top complexes 

Protein packing determination or protein size estimation demon
strates information regarding the essential events that occurred during 
the molecular simulation. It has been a widely applicable approach to 
understand variations in the protein size or binding and unbinding 
events. This approach has been previously used to understand how the 
interaction between different proteins/protein-ligand affects the dy
namics of a protein. Hence, considering the wider applicability we 

estimated the structural compactness of each complex during simulation 
by calculating the radius of gyration (Rg) as a function of time. For 
instance, the control complex reported a uniform Rg with an average Rg 
16.70 Å. Consistent with the RMSDs results, compounds from TCM 
database demonstrated a similar Rg pattern as the RMSD. The 
TCM26463 overall presented a uniform Rg pattern thus convey a stable 
binding of the ligand with no significantly increase or decrease in the 
protein size during simulation. An average Rg of 16.70 Å was calculated 
for the TCM26463-TMPK complex. On the other hand, the TCM2079 
also presented a similar pattern of Rg as the RMSD. Initially, the Rg 
continues to increase and after 125ns–175ns abrupt increases in the Rg 
were seen however after 175ns the Rg decreased back and stabilized at 
16.80 Å. This could be due to the binding and unbinding or loop 
movement which causes an increase and decrease in the protein size. An 
average Rg for TCM2079 was estimated to be 16.83 Å. Furthermore, 
with the initially trajectory increasing the Rg value an abrupt peak 
before 100ns was seen for the TCM29893-TMPK complex. The Rg value 
increased and decreased back between 200 and 250ns and then stabi
lized by demonstrating lower Rg values. An average Rg for TCM29893- 
TMPK complex was calculated to be 16.76 Å. Overall these results 
greatly align with the RMSD results showing the reliability and consis
tency of the findings. The Rg graphs for the TCM top hits are given in 
Fig. 7a–c. 

The structural compactness of each complex from SANCDB was also 
estimated to see the variations caused during simulation. Interestingly 
the Rg patterns for the top complexes from SANCDB strongly aligns with 
the RMSD results. It can be seen that the Rg of SANC00240 started to 
increase initially reaching to 16.78 Å and stabilized at 10 ns? The Rg 
then demonstrated a straight graph with no significant changes in the 
protein size was observed, however, an abrupt decline in the Rg was 
observed at 175 ns? This short decline in the Rg then increased back 
after a shorter period and continued to remain consistent until the end of 
the simulation. An average Rg for this complex was estimated to be 
16.78 Å. Consistent with the SANC00984 RMSD results, the Rg pattern 

Fig. 6. Dynamic stability analysis as RMSD of each hit from four databases in complex with TMPK. (a–c) represent the RMSDs for the TPD-TMPK (control) and top 
hits from TCM database with TMPK. (d–f) represent the RMSDs for the TPD-TMPK (control) and top hits from the SANC database with TMPK. (g–i) represent the 
RMSDs for the TPD-TMPK (control) and top hits from the NPASS database with TMPK. (j–l) represent the RMSDs for the TPD-TMPK (control) and top hits from the 
coconut database with TMPK. 
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also reported a gradual increase in the Rg trajectory. The Rg started from 
16.50 Å and reached to a maximum of 17.50 Å at 300 ns? This shows 
significant structural perturbation occurred during the simulation and 
thus causes binding and unbinding of the ligand in the pocket. An 
average Rg was calculated to 17.32 Å. Unlike the SANC00984, the 
SANC986-TMPK complex demonstrated a stable Rg graph as 
SANC00240. The graph initially fluctuated but after reaching 25ns the 
Rg decline back and continues to follow the same pattern till the end of 
the simulation. A continuous decrease in the Rg pattern was seen and the 
minimum Rg was observed during the last time of the simulation. An 
average Rg of 16.70 Å was calculated for this complex. The Rg graphs for 
the SANCDB top hits are given in Fig. 7d–f. 

The NPASS database top hits though demonstrated a little higher but 
comparatively more stable Rg for all the complexes. The Rg for 
NPC158847-TMPK complex started to increase initially and reached 
17.10 Å at 15ns and then equilibrated. A straight uniform Rg was seen 
until 100ns and then an abrupt decline was observed in the Rg pattern. 
The Rg then continues to remain lower and no deviation was observed 
until the end of the simulation. An average Rg of 17.0 Å was calculated 
for this complex. The Rg for NPC278434-TMPK demonstrated a floating 
behaviour during 1–75 ns but then stabilized at 16.70 Å and continues to 
follow this pattern. No significant deviations were observed till the end 
of the simulation. An average Rg for this complex was estimated to be 
16.68 Å. On the other hand, the Rg for NPC474409-TMPK stabilized at 
16.80 Å and continues to follow the same pattern till 125ns however 
then a continuous increase and decrease behaviour in the protein size 
was observed till the end of the simulation. An average Rg for this 
complex was estimated to be 17.0 Å. The Rg graphs for the NPASS 
database top hits are given in Fig. 7g–i. 

Furthermore, the Rg pattern for the Coconut database best hits 
compounds also demonstrated alike behaviour as the RMSD. The Rg for 
the CNP0292636-TMPK complex demonstrated a continuous gradual 
increase in the Rg graph. The Rg started from 16.60 Å and reached to the 
maximum 16.90 Å at the end of the simulation. An average Rg was 
calculated to be 16.80 Å for this complex. Similarly, the Rg for the 

CNP0289137-TMPK complex started the Rg from 16.60 Å and demon
strated a floating behaviour till the end of the simulation. The Rg pattern 
for the CNO0404204-TMPK complex is more like the CNP0289137- 
TMPK complex. An average Rg for both of these complexes were 
calculated to be 16.92 Å and 16.96 Å respectively. The Rg graphs for the 
coconut database top hits are given in Fig. 7j–l. In conclusion, the cur
rent findings demonstrated stable protein compactness with similar 
average Rg values and minimal unbinding events determine the phar
macological potential of these hits that could potentially lead to the 
termination of replication of MPXV by targeting TMPK with these 
compounds. 

3.7. Hydrogen bonding analysis of the top hits 

Hydrogen bonds among intermolecular chemical interactions have a 
significant role in influencing the extent of binding. This analysis helps 
to comprehend the binding conformation stability of the interacting 
partners, which further suggests the likelihood of molecular binding and 
disease control. Herein, we calculated the intermolecular hydrogen 
bonding over the simulation time. We calculated the total number of 
hydrogen bonds in each complex subjected to molecular simulation. 
Using the simulation trajectories average number of hydrogen bonds 
were estimated and presented in Fig. 8a-8l. For the TPD-TMPK from the 
vaccinia virus reported 100 average bonds. In the case of the TCM 
database average number of hydrogen bonds in each complex was 
calculated to be 106 in TCM26463, 105 in TCM2079, and 99 in 
TCM29893. Moreover, in SANCDB the average number of hydrogen 
bonds were calculated to be 101 in SANC00240, 100 in SANC00984 
while 106 were estimated in SANC00986. Moreover, in NPC158848 the 
average hydrogen bonds counts were 106, 104 in NPC278434 and 101 
in NPC474409. Interesting the average number of hydrogen bonds in the 
coconut database top hit compounds were also similar to the afore
mentioned compounds. In CNP0292636 average hydrogen bonds were 
estimated to be 102, in CNP0289137 average number of hydrogen bonds 
were 106 while 92 in CNP0404204. The bonding graphs given in 

Fig. 7. Structural compactness analysis as Rg of for the TPD-TMPK (control) and each hit from four databases in complex with TMPK. (a–c) represent the Rg(s) for 
the TPD-TMPK (control) and top hits from the TCM database with TMPK. (d–f) represent the Rg(s) for the TPD-TMPK (control) and top hits from the SANC database 
with TMPK. (g–i) represent the Rg(s) for the TPD-TMPK (control) and top hits from the NPASS database with TMPK. (j–l) represent the Rg(s) for the TPD-TMPK 
(control) and top hits from the coconut database with TMPK. 
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Fig. 8a–l shows a significant number of variations in the hydrogen bonds 
which consequently produce differential inhibitory effects and reduces 
the pathological role of TMPK in MPXV infection. 

3.8. Residues flexibility indexing 

Furthermore, the residues flexibility which supplies essential infor
mation regarding the molecular patterns of interaction, inter-residues 
communication, protein coupling, inhibition potential, biocatalysis 
and enzyme engineering was calculated for each residue and presented 
in Fig. 9a–d. The residues flexibility of the control complex was observed 
to be similar to the top hits’ complexes. In the case of TCM database, all 
the compounds presented an almost similar pattern of residues flexi
bility. The region between 100 and 125 presented higher flexibility in 
TCM2079 complex only while the regions between 140-150 and 
165–175 demonstrated higher fluctuation in all the complexes. The re
gion 100–125 is a loop which connects the H3 and H4 while the 140–150 

and 165–175 are also loop regions that connect alpha-helices and beta- 
sheets. Moreover, in case of SANCDB compound SANC00984 demon
strated significantly higher residues flexibility in the regions 40–75 and 
135–150. These regions also comprise of loops that connect alpha- 
helices and beta sheets with each other. The NPASS complexes 
demonstrated differential flexibility effects where higher flexibility was 
recorded in regions 10–60 and 125–150. These regions are corre
sponding to loops regions. Furthermore, the significant fluctuation was 
observed in coconut database in which almost all the regions compar
atively demonstrated higher fluctuations except 75–125. The RMSF 
graphs for each complex are shown in Fig. 9a–d. Overall this shows that 
the binding of each ligand affects the internal dynamics differentially 
and the regions 125–150 cover the active site residues hence, imply that 
the movement of this loop helps the drug to optimize in the cavity by 
increasing the volume of the pocket. 

Fig. 8. Hydrogen bonding analysis of the TPD-TMPK (control) and each hit from four databases in complex with TMPK. (a–c) represent the hydrogen bonds of the 
TPD-TMPK (control) and for the top hits from the TCM database with TMPK. (d–f) represent the hydrogen bonds of the TPD-TMPK (control) and for the top hits from 
the SANC database with TMPK. (g–i) represent the hydrogen bonds of the TPD-TMPK (control) and for the top hits from the NPASS database with TMPK. (j–l) 
represent the hydrogen bonds of the TPD-TMPK (control) and for the top hits from the coconut database with TMPK. 

Fig. 9. Residues flexibility analysis of each hit from four databases in complex with TMPK. (a) Represent the RMSF for the top hits from the TCM database with 
TMPK. (b) Represent the RMSF for the top hits from the SANC database with TMPK. (c) Represent the RMSF for the top hits from the NPASS database with TMPK. (d) 
Represent the RMSF for the top hits from the coconut database with TMPK. 
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3.9. Binding free energy calculation 

Calculation of the binding energy is an imperative assessment to re- 
evaluate the binding conformation and accuracy of the interacting 
partner. This method has the advantage of higher accuracy and is least 
expensive in contrast to other. It has been previously implicated to 
determine the binding energy for small molecules targeting the other 
receptors and druggable proteins of SARS-CoV-2. Considering the wider 
applicability of the method, we have also computed the binding free 
energy for the top hits from each database using MD trajectories. We 
calculated the total binding energy (ΔG) and presented in Table 1. The 
TBE for TCM26463 was calculated to be − 126.09 kcal/mol, for 
TCM2079 the TBE was − 79.72 kcal/mol while for TCM29893 the TBE 
was estimated to be − 61.37 kcal/mol. On the other hand, the SANCDB 
best hits reported the TBE as: SANC00240–70.69 kcal/mol, for 
SANC00984 the TBE was − 68.52 kcal/mol while for SANC00986 the 
TBE was − 53.61 kcal/mol. Moreover, the TBE for NPASS best hits was 
estimated to be − 44.03 kcal/mol for NPC474409, for NPC278434 the 
TBE was − 38.69 kcal/mol while for NPC158847 the TBE was calculated 
to be − 36.56 kcal/mol. Finally, the total binding energy for each com
plex from coconut database was estimated to be − 69.21 kcal/mol for 
CNP0404204, for CNP0262936 the TBE was − 74.41 kcal/mol while 
CNP0289137 demonstrated a TBE of − 66.14 kcal/mol. On the other 
hand, the control complex (TPD-TMPK) reported the TBE of − 50.63 
kcal/mol. Overall the results reports revealed that these compounds 
exhibit stronger binding energy for the active site residues of TMPK and 
may play significant role in the inhibition of replication of MPXV. The 
TBE results are presented in Table 1. 

3.10. Dissociation constant and bioactivity analysis 

PRODIGY-LIG generates the KD results as ΔG upon the submission of 
the complex. For the top hits the KD values were calculated to be 
TCM26463 (− 12.44), TCM2079 (− 11.63), TCM29893 (− 9.87), 
SANC00240 (− 10.25), SANC00984 (− 10.14), SANC00986 (− 8.97), 
NPC474409 (− 7.56), NPC278434 (− 7.24), NPC158847 (− 6.68), 
CNP0404204 (− 12.13), CNP0262936 (− 12.62) and CNP0289137 
(− 11.98) respectively. The dissociation constant for the control complex 
was − 7.30. This shows the stronger activity of these compounds against 
the TMPK. On the other hand, the bioactivity is calculated as − 0.5 to 0.5. 
Interpretation of the results is such that a molecule having bioactivity 
score of more than 0.00 is most likely to exhibit considerable biological 
activities, while values 0.50 to 0.00 are expected to be moderately active 
and scores less than 0.50 is presumed to be inactive. The bioactivity for 
each of the top hit molecules was estimated to be TCM26463(0.16), 
TCM2079(0.35), TCM29893(0.28), SANC00240(0.41), SANC00984 
(0.33), SANC00986(0.27), NPC474409(− 0.21), NPC278434(− 0.26), 
NPC158847(− 0.33), CNP0404204(0.31), CNP0262936(0.24) and 
CNP0289137(0.33) respectively. For the control complex (TPD-TMPK) 
the bioactivity was predicted to be 0.46. This shows that these com
pounds exhibit stronger biological activity against MPXV and may 
inhibit it in in vitro conditions. The KD and bioactivity results are given 
in Table 1. 

4. Discussion 

The current outbreak of MPXV has created an alarming situation 
with the potential to spread to many localities globally. Humans who get 
MPXV succumb to a serious febrile disease that may be fatal. Monkeypox 
virus infections do not yet have a particular antiviral therapy, and the 
only authorized vaccine is not advised for use in people with compro
mised immune systems [64]. Hence, designing effective small molecule 
therapy for the inhibition of the MPXV is highly recommended. Until 
now potential drug candidate’s cidofovir and tecovirimat, ST-246 and 
CMX001 have been reported to have promising activity against MPXV in 
in vitro and in animal models [65–67]. The quest for a magical drug is 

still continue and therefore the current study also uses structure-based 
drug designing methods to identify potential hits for the inhibition of 
TMPK, a replicatory protein, of MPXV. 

The current study uses structural modeling and simulation ap
proaches to identify potential inhibitors for the inhibition of TMPK of 
MPXV to disintegrate the replication machinery of MPXV. Since the 3D 
structure of TMPK is not yet resolved experimentally, we used the most 
accurate and highly employed method alphaFold to model the structure 
of TMPK. For instance, this approach has been used to generate the 3D 
coordinates of the druggable proteins from MPXV. We used a molecular 
drug screening approach in various steps which revealed twelve po
tential hits from four different databases as the best inhibitors of TMPK. 
A similar approach has been used by other studies to identify or repur
pose drugs against MPXV. Among the top hits many compounds are 
previously characterized to have anti-viral, anti-inflammatory, anti- 
cancerous or anti-bacterial activities. For instance, 3-Methoxytyr
amine-βxanthin is a phenethylamine alkaloid isolated from Polygonum 
cuspidatu has been previously characterized to exhibit anti-influenza 
activity against the oseltamivir-resistant H1 protein [57]. Moreover, 
5-O-Feruloylquinic acid available in both Coffea arabica and Angelica 
taiwaniana possess antiviral activity against the SARS-CoV-2 [58]. The 
hits from the south afican database i.e. SANC00240, Makaluvamine M, is 
quinolone derivative from Strongylodesma aliwaliensis, a south African 
marine microorganism, possess anti-cancerous activity [59]. Similarly, 
SANC00984 which is a Caffeic acid isolated from different species of 
Salvia family from Africa [60]. NPC474409 which is 9H-Carbazol-4-Ol 
isolated from Murraya koenigii possess anti-oxidant activity [61]. In 
addition, NPC278434 is an Indole-3-Carboxylic Acid isolated from 
various plant species with anti-inflammatory activity and demonstrated 
a docking score of − 8.60 kcal/mol [62]. Likewise, NPC474409 also 
reported three interactions including Phe38, Ser97 and Phe68. 1, 
3-Dimethyl-7,9-Dihydropurine-2,6,8-Trione, NPC158847, has 
anti-colorectal cancer and anti-inflammatory activities [63]. Charac
terization of the activity of these compounds by targeting wide range of 
disorders and infections demonstrates the promising potential of the 
shortlisted compounds against MPXV. Interestingly, brincidofovir, 
tecovirimat and auranofin have been previously identified to inhibit the 
replication of MPXV using computer simulation and in vitro experiments 
[68,69]. Similarly by combining high-throughput computational mo
lecular screening and experimental methods also reported promising 
drugs that target A27 protein from MPXV. The models from these studies 
can be used to experimentally validate our hits and may be taken for 
further clinical consideration [70]. The structural dynamic features of 
our hits further demonstrated the robust pharmacological potential of 
our compounds in inhibiting the replication of MPXV. Moreover, bind
ing free energy reports revealed that these compounds exhibit stronger 
binding energy for the active site residues of TMPK and may play a 
significant role in the replication of MPXV. In sum, these results hold 
promising clinical candidates for the treatment of mpox subjected to 
further in vitro and in vivo validations. 

5. Conclusions 

With the growing cases of monkeypox, the global health system is 
further pressurized that is already shaken by the recent COVID-19 
pandemic. Hence, the current study employed structure-based drug 
designing, molecular simulation, and free energy calculation methods to 
identify potential hit molecules against the TMPK of Monkeypox virus. 
We identified TCM26463, TCM2079, TCM29893, SANC00240, 
SANC00984, SANC00986, NPC474409, NPC278434, NPC158847, 
CNP0404204, CNP0262936 and CNP0289137 from different database. 
The docking score, the simulation results, the binding free energy re
sults, the dissociation constant and the bioactivity analysis confirmed 
the pharmacological activity of these compounds against MPXV by 
inhibiting the replicating protein TMPK. Further in vitro and in vivo 
tests are required to validate the activity of these compounds for 
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Table 1 
3D structures, Database ID, KD, bioactivity and total binding free energy for the top hits from each database are given.  

S. No 2D structure Database ID KD (ΔG) Bioactivity ΔG (kcal/mol) 

1. TCM26463 − 12.44 0.16 − 126.09 

2. TCM2079 − 11.63 0.35 − 79.72 

3. TCM29893 − 9.87 0.28 − 61.37 

4. SANC00240 − 10.25 0.41 − 70.69 

5. SANC00984 − 10.14 0.33 − 68.52 

6. SANC00986 − 8.97 0.27 − 53.61 

7. NPC474409 − 7.56 − 0.21 − 44.03 

8. NPC278434 − 7.24 − 0.26 − 38.69 

9. NPC158847 − 6.68 − 0.33 − 36.56 

10. 

0 

CNP0404204 − 12.13 0.31 − 69.21 

11. CNP0262936 − 12.62 0.24 − 74.41 

12. CNP0289137 − 11.98 0.33 − 66.14 

(continued on next page) 
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