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Abstract: Inhibition of Monkeypox (MP) viral (MPV) DNA polymerases (DNAP or MP-DNAP) could help the treatment of 

MPV since these enzymes are essential for its replication. Thus, 90 small molecule antivirals (FDA approved: 75 and in-

vestigational: 15) from DrugBank have been virtually screened using two software (i.e., SwissDock and Schrodinger Inc.) 

against a recently solved cryo-EM structure of MP-DNAP (PDB ID: 8HG1). Current molecular interaction study has re-

vealed that out of the docked 90 antivirals, ribavirin (-9.11/8.92 kcal/mol), velpatasvir (-10.38/-9.66 kcal/mol), and 

remdesivir (-9.39/-9.23 kcal/mol) can bind to the active site of MP-DNAP, with better efficacies than its substrates (i.e., 

dCTP (-7.17/-6.83 kcal/mol), dTTP (-7.22/-6.64 kcal/mol), dGTP (-7.48/-7.24 kcal/mol), and dATP (-7.36/-7.09 kcal/mol)). 

Present study has also unveiled that two WHO approved anti-monkeypox drugs, i.e., cidofovir (-8.46/-8.69 kcal/mol), te-

covirimat (-7.7/-7.61 kcal/mol) etc.) could also interact at the substrate binding site of MP-DNAP. These three newly iden-

tified antiviral-small molecules as well as cidofovir and tecovirimat could not only interact/bind at the active site residues 

ASP549, TYR550, ASN551, SER552, LEU553, TYR554, PRO555, ASN665, TYR668, and ASP753 but also, they 

bind/formed multiple interactions at the active site Mg2+. Therefore, ribavirin, velpatasvir, and remdesivir can plausibly 

inhibit the substrate/nucleotide binding of MP-DNAP. Since all of these three lead drugs are FDA-approved, they can be 

directly tested in the MPV infected vero-cells and then undergo clinical trial if cell-based results are promising. Molecular 

mechanistic studies of complex of all the docked drugs bound to MP-DNAP using Prime-MMGBSA have further confirmed 

the tight interaction of the best three drugs as revealed by free energy calculations. These three drugs can be repurposed as 

antivirals against MPV, that may save thousands of human lives, and prevent any future viral epidemics, zoonotic trans-

missions etc. 
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1. Introduction 

Monkeypox virus (MPV) causes monkeypox infection which was originally isolated and discovered from cynomolgus monkeys 

from a laboratory [1, 2]. MPV is from the Orthopoxviruses with family Poxviridae. Many famous viruses like Cowpox (CPXV), 

Variola (VARV), and Vaccinia (VACV) also belong to the same family [3-5]. Although MPV infection is not a new disease, it is 

grasping the world at an alarming speed [6-8]. This in turn indicates the present world population is almost unexposed to the virus 

and thus no immune response exists. Moreover, individuals who had been previously infected with Small Pox, are seen to be less 

prone to develop the MVP infection probably because both of them belong to the same viral family [9]. Therefore, MPV infection is 

a threat to this immune naïve population across the world [10]. Symptoms of MPV infection are just like smallpox, however with 

specific localization of pustular rash distribution and drastically reduced death rates [11]. MPV infection can be diagnosed using 

RT-PCR, cell (and/or tissue) culture, transmission/scanning electron microscopy, and IHC including ELISA, and Western Blot [12]. 

MPV genomic material is a double-stranded DNA with a length of 197 kb [13, 14]. MPV has an E9L gene-encoded DNA poly-

merase (DNAP) that is responsible for the DNA replication machinery and is well-characterized in other viruses in the same family 

[15-17]. Thus, DNAP and RNA polymerases of various viruses are one of the major targets to discover antiviral agents [18-22]. One 

year back, the world health organization (WHO) announced monkeypox outbreak as a public health emergency with concerns for 

the globe [6, 23, 24] which forced to speed up identification of new drugs and drug targets to combat the infection since available 

vaccines were not as effective as required to eliminate the disorder. Recently, Qi Peng et al., 2023 have solved the first ever structure 

of the MP-DNAP using cryo-EM [25]. Thus, combining the availability of MP-DNAP experimental structure (PDB ID: 8HG1) as a 

lucrative drug target and available FDA-approved antiviral drugs to attempt repurpose, current study applied virtual screen-

ing-based docking studies and finally in depth molecular mechanical analyses to identify antiviral molecules against MPV infection. 

Several such studies could lead to successful invention of a number of antiviral or therapeutic molecules in the recent past [22, 

26-32]. As per WHO’s guidelines, two existing drugs namely, tecovirimat (TPOXX or ST-246), and cidofovir are being prescribed 

to combat MPV infections [6, 11]. However, their mechanism of action is still not experimentally proven which has thus been 

attempted to investigate in the current study. Kumari et al., 2022 could also try to identify inhibitors of MPV, off course using in 

silico model of MP-DNAP [24] which thus need further experimental validation. Moreover, those molecules are not FDA-approved 

yet and thus needs rigorous preclinical and clinical trials before they can be developed as anti-MPV drugs, even if they show 

suitable efficacy. Thus, in the current study we have screened existing antiviral drugs which are already approved by FDA, with a 
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goal to repurpose them against MPV-DNAP. This will not need the lengthy preclinical and clinical trials to test their ADMET 

profile but only need to evaluate them directly against MPV infected cell lines, animal model, followed by testing them in MPV 

patients. This will not only reduce the cost of drug development but also significantly reduce the time required to obtain a drug 

rapidly as an alternate to ineffective or partially effective existing vaccines for MPV. From the current study, we have identified 

three FDA-approved antiviral drugs to bind at the active site of MP-DNAP cryo-EM structure and thereby found to be potential 

inhibitor for the same. These three drugs can be repurposed to combat MPV infection. In the current study, we could also decipher 

the mechanism of action of the two WHO-approved anti-MPV drugs, namely, cidofovir and tecovirimat. 

 

Graphical abstract 

 
 

2. Materials and Methods 

2.1. Protein preparation using cryo-EM structure of MPV-DNAP 

Schrodinger Inc.’s protein preparation wizard was used to refine, energy minimize, and add charges to make it compatible for 

docking using Glide XP [33] and SwissDock (http://www.swissdock.ch). Briefly, to refine, the cryo-EM structure was down-

loaded in the .pdb format and assigned bond orders to the structure, while skipping residues with existing double & triple bonds; 

added hydrogens to the structure; identified and treated metal (Mg2+) in the structure; created disulfide bonds; found 12 hetero 

groups and generated ionization/tautomeric states for all hetero groups; structure was optimized at pH 7.0 (using PROPKA); 

structure was energy minimized and resulted in an insignificant change in RMSD with the original structure as expected. 

2.2. Source of ligands and their preparation 

A total of 90 FDA-approved and 12 investigational antivirals (Table 1) were downloaded from DrugBank 

(https://go.drugbank.com/unearth/q?searcher=drugs&query=antivirals) and PubChem (https://pubchem.ncbi.nlm.nih.gov/) in .sdf 

format, while two WHO-approved anti-MPV drugs namely, tecovirimat, and cidofovir as well as its four substrates namely, 

dCTP, dTTP, dATP, and dGTP were downloaded from ChemSpider (http://www.chemspider.com/) as .mol format and all of 

them were finally converted to .mol2 extension using UCSF Chimera [34] prior to docking using SwissDock 

(http://www.swissdock.ch). To dock them in the Schrodinger Inc. [35], these ligands were further prepared using the ligprep 

module using the academic access license for one-month free trial to generate all possible isomers, tautomers, enantiomers or pH 

dependent alternative conformations. Briefly, the protocol used -max_output: 32; -max_generated conformations: 1024; neutral-

izer.py: -retain_lab; -m: 200; epik.py: -pH 7.0; -retain_i_lab; -retain_t_lab; -tn: 8; stereoizer.py: 32. 

 

2.3. Molecular interaction studies using docking tools 

Best binding energies and interaction sites of the ligands were evaluated using two independent docking software: SwissDock 

[36], a freely available software and Schrodinger Inc. [35] which is a commercially available software but we got its academic 
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evaluation license for a month to complete the current work. Prior to docking experiment both protein, i.e. MP-DNAP (PDB ID: 

8HG1) and all the ligands were minimized using CHARMM forcefield [37]. In case of SwissDock, dockings were conducted us-

ing the appropriate default parameters of the server to complete blind docking. Parameters used: wanted conformations: 5000; 

non-bonded facts evaluations: 5000; non-bonded seeds: 250; SwissDock steps: 100; ab-initio restrain steps: 250; clustering radius: 

2.0 Å; maximum cluster size: 8. Once the results obtained, they were further analyzed critically using UCSF Chimera [34] to find 

out the binding site and the amino acids responsible for such interactions.  

For glide XP docking using Schrodinger Inc., the cryo-EM structure of MP-DNAP was initially prepared using above-mentioned 

method. Then, a receptor grid was prepared in X, Y, and Z coordinates as follows: grid center 133.86, 149.36, 149.29; inner box 

40, 40, 40; outer box 76, 76, 76. Glide XP docking was used for docking the small molecule antivirals, WHO-approved two an-

ti-MPV drugs, and substrates against the MP-DNAP cryo-EM structure. Briefly, the Glide XP (Extra Precision) protocol was: 

buried polar penalty: 0.000; Coulomb vdW cutoff: 0.000; H bond cutoff: 0.000; Metal-ligand cutoff: 10.000; assign GlideScore 

XP5.0 parameters; Glide Extra Precision mode used maxref = 800; grow mode-t; Lig-maecharges: true; poses per ligand: 4. 

Initial docking protocol was validated by docking dTTP to MP-DNAP and the obtained RMSD between docked and the experi-

mental conformations was insignificantly small, 0.2 Å. It also confirmed the binding site as reported in the experimental structure. 

 

2.4. Generation of molecular interaction maps: 

Two dimensional protein-ligand interaction maps for the best three antivirals, positive control drugs, and substrates of MP-DNAP 

were generated using the visualization software Maestro available with Schrodinger Inc. [35]. Similarly, three-dimensional inter-

action maps of the protein-ligand complexes were made by UCSF Chimera [34], PyMol [38] and Maestro module of Schrodinger 

Inc. [35] in both ribbon and surface views. 

 

2.5. MM-GBSA and free energy studies to evaluate the drug-MP-DNAP complex at the molecular mechanistic level: 

 All docked antivirals, cidofovir, tecovirimat as well as the substrates of MP-DNAP bound to the protein, i.e., 

MP-DNAP-drug complexes, were further evaluated using the Prime MMGBSA module of the Schrodinger Inc. and parameters 

like receptor strain, ligand strain, MMGBSA dG Bind etc. were calculated. By using Prime-MM-GBSA module, current study 

calculated the binding energies of the ligands bound to MP-DNAP employing their corresponding docked complex structures 

obtained after docking using glide XP method as described above [39, 40].  

Binding affinity of inhibitors in the binding site of a protein like MP-DNAP was calculated by using Prime-MM-GBSA method 

by with the help of Prime MMGBSA module of Schrodinger Inc. [39, 40]. It calculates a diverse array of energy proper-

ties/parameters. This include energies for the drug (ligand), target-receptor, and ligand-protein complex structures plus the differ-

ence in energy between the strain and the binding, and are divided into contributions from several energy parameters as described 

below. The key-five basic energy calculations are: (1) Optimized free receptor (="Receptor"); (2) Optimized free ligand 

(="Ligand"); (3) Optimized complex (="Complex"); (4) Receptor from minimized/optimized complex; (5) Ligand from mini-

mized/optimized complex; (6) From these energies, the following strain and binding energies are calculated:  

Rec Strain = Receptor (from optimized complex) – Receptor …… equation 1 

Lig Strain = Ligand (from optimized complex) – Ligand …… equation 2 

MMGBSA dG Bind = Complex − Receptor – Ligand …… equation 3 

MMGBSA dG Bind (NS) = Complex – Receptor (from optimized complex) – Ligand (from optimized complex) = MMGBSA dG 

Bind − Rec Strain − Lig Strain …… equation 4 

In the equation 4 above, NS: no strain; it is the binding/interaction energy without accounting for the receptor and ligand confor-

mational changes needed to form the drug-MP-DNAP complex. Not only the total energy, but also the contributions to the total 

energy from various sub-energies is also reported which include: Coulomb—Coulomb energy; Covalent—Covalent binding 

energy; vdW—Van der Waals energy; Lipo—Lipophilic energy; Solv GB—Generalized Born electrostatic solvation energy; En-

ergy—Total energy (Prime energy); Hbond—Hydrogen-bonding correction; Packing—Pi-pi packing correction; 

SelfCont—Self-contact correction. The property names shown in the Project Table have the form calculation-type_component 
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where calculation-type is the structure, strain, or binding energy type (e.g., "Receptor", "Lig Strain", or "MMGBSA dG Bind") 

and component is the energy component from the table above. 

 

3. Results 

3.1. Selection of FDA-approved antivirals for screening against MP-DNAP to repurpose them to treat Monkeypox: 

Current study has selected 90 antivirals from DrugBank (https://go.drugbank.com/unearth/q?searcher=drugs&query=antivirals), 

out of which 75 drugs are FDA approved and 15 drugs are still under clinical trials (Table 1; Supplementary Table 1). With the 

status of the drugs as suitable for human consumption, the need to test toxicity of the drugs do not arise, and they can be easily 

repurposed for the prevention of MPV infection, provided they may bind to the MP-DNAP with high affinity. The chosen drugs 

were screened in silico in search of potential hits which can inhibit DNAP of MPV. In contrast to traditional docking studies, cur-

rent study has employed two software, SwissDock (freely available) and Schrodinger Inc. (commercially available) to increase 

the stringency in selecting best small molecule antivirals which will be common in both the software/methodology. This in turn 

may identify stricter inhibitors of MP-DNAP thereby restricting the infection. WHO has recently advised cidofovir, and tecoviri-

mat, for the treatment of MPV infection till the time there are no antiviral drugs which are specifically discovered/designed 

against the said virus [41]. Coincidentally, mechanism of action or the target proteins for these two WHO-advised drugs in the 

MPV is unknown and thus we tried find their interaction, if any, with MPV-DNAP as well. Initial docking protocols were vali-

dated by docking dTTP to the MPV-DNAP and the complex was superposed over the experimental complex to calculate RMSD 

between them, resulting in a low RMSD thereby validating the docking protocols. All docking results of the FDA-approved anti-

virals, investigational antivirals and cidofovir, tecovirimat bound to MP-DNAP were compared with the substrates of MP-DNAP, 

i.e., dATP, dCTP, dGTP, and dTTP, in terms of binding affinity and interaction sites. 

 

3.2. Binding of dTTP to the active site of MP-DNAP validated the docking protocol and the same is further supported by 

binding of the three other substrates, dATP, dGTP, and dCTP to the enzyme: 

Just like any other DNA polymerases, MPV-DNAP has also four substrates, namely, dATP, dCTP, dGTP, and dTTP. MP-DNAP 

cryo-EM structure was solved experimentally in its substrate dTTP-bound state and thus initial docking protocols were validated 

by docking dTTP to the MPV-DNAP and the complex was superposed over the experimental complex to calculate RMSD be-

tween them. It resulted in an insignificant RMSD of 0.2 Å thereby validating the docking protocols and thus were further used for 

all other docking. Then, the three other substrates (i.e., dATP, dCTP, and dGTP) were also docked and compared with the solved 

dTTP-bound structure of MP-DNAP (PDB ID: 8HG1). All four substrate bound structures of the MP-DNAP further validated the 

docking protocols as explained here. From the current study, it was found that dTTP can bind to the active site of the 

MPV-DNAP and interact with Lys661, Arg634, Leu553, Asn551, Asn665 (Fig. 1, d, Supplementary Fig. 1, d) which is close to 

Mg2+, cofactor of this enzyme. It not only showed a high binding energy of -7.22 kcal/mol (SwissDock) or -6.64 kcal/mol (Glide 

XP) for MPV-DNAP but also matched the binding site amino acid residues as shown in the solved cryo-EM structure of the en-

zyme (Table 1; Supplementary Table 1) [25]. It was further observed that dATP has a binding energy of -7.36 kcal/mol 

(SwissDock) or -7.09 kcal/mol (Glide XP); while dCTP, and dGTP have binding energies of -7.17 kcal/mol (SwissDock) or -6.83 

kcal/mol (Glide XP) and -7.48 kcal/mol (SwissDock) or -7.24 kcal/mol (Glide XP), respectively for MP-DNAP (Table 1). All 

four of these substrates could show interaction with the active site consisting of ASP549, TYR550, ASN551, SER552, LEU553, 

TYR554, PRO555, ASN665, TYR668, and ASP753 as well its cofactor Mg2+ (Fig. 1, a-c; Fig. 3; Supplementary Fig. 1, a-c). It 

also indicates that substrate analogues or nucleoside analogues that can bind to MP-DNAP with higher affinity than the original 

substrate can be useful inhibitors of this enzyme. This study also indicates that dGTP has the highest affinity for the experimen-

tally solved structure of MP-DNAP, followed by dATP>dTTP>dCTP (Table 1; Supplementary Table 1). 
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Table 1: Binding energies and details of DNAP-substrates, cidofovir, tecovirimat, and top three FDA-approved antivirals, 

screened against MP-DNAP. 

 

Sl. 

No. 

Antiviral 

Drug/Substrate 

Name 

Structure Binding energy 

from Swiss 

Dock (kcal/mol) 

Binding 

energy (Glide 

g score) 

(kacl/mol) 

Substrates of DNA polyemerase 

1 dGTP 

 

-7.48 -7.24 

2 dATP 

 

-7.36 -7.09 

3 dTTP 

 

-7.22 -6.64 

4 dCTP 

 

-7.17 -6.83 

WHO-approved anti-MPV drugs 

5 Cidofovir 

 

-8.46 -8.69 

6 Tecovirimat 

 

-7.70 -7.61 

Top three MP-DNAP binding FDA-approved antivirals  

7 Velpatasvir  

 

-10.38 -9.66 

8 Remdesivir  

 

-9.39 -9.23 
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https://go.drugbank.com/drugs/DB11613
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9 Ribavirin  

 

-9.11 -8.92 
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Figure 1: Four substrates docked to MP-DNAP (PDB ID: 8HG1). A) dATP, B) dCTP, C) dGTP and D) dTTP. Left-hand panel 

shows two-dimensional interaction maps between the substrates and MP-DNAP. Right-hand panel shows ribbon view of interac-

tion highlighting all four substrates binding within the active site pocket of MP-DNAP via contact with key residues namely, 

ASP549, TYR550, ASN551, SER552, LEU553, TYR554, PRO555, ASN665, TYR668, and ASP753, as well as with Mg2+. This 

finding validated our docking protocols. Mg2+ has been shown as a pink ball in the right-hand panel while as a black circle in the 

left-hand panel. 

 

3.3. WHO-approved anti-MPV drugs cidofovir and tecovirimat interact with active site residues and the Mg2+ of 

MP-DNAP: 

In an attempt to search for binding sites of the two WHO-approved anti-MPV drugs, namely cidofovir and tecovirimat over 

MP-DNAP, these two drugs were also docked (Fig. 2, Fig. 3, Supplementary Fig. 2; Table 1; Supplementary Table 1). It was 

observed that cidofovir (-8.46/-8.69 kcal/mol) has higher affinity than tecovirimat (-7.7/-7.61 kcal/mol) for MP-DNAP (Table 1, 

Supplementary Table 1, Fig. 2, and Supplementary Fig. 2). Cidofovir and tecovirimat bind near the active site residues of 

MP-DNAP, namely, ASP549, TYR550, ASN551, SER552, LEU553, TYR554, PRO555, ASN665, TYR668, and ASP753 (Fig. 

2, a & b). These two drugs also bind near the active site Mg2+. Cidofovir forms H-bond with Arg634 and Tyr554; metal coordina-

tion with Mg2+; hydrophobic interaction with Tyr554; while tecovirimat forms H-bond with Leu553; metal coordination with 

Mg2+; pi-cationic interaction with Arg634 (Fig. 2, a & b; Supplementary Fig. 2). This is the first-time report of the binding site 

of these two WHO-approved anti-MPV drugs on its DNAP. However, these findings can further be validated by solving 

co-cryo-EM structure of these drug-bound MP-DNAP in future. 

dATP 

dCTP 
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Figure 2: Two WHO-approved anti-MPV drugs, cidofovir and tecovirimat docked to MP-DNAP (PDB ID: 8HG1). A) cidofovir, 

and B) tecovirimat. Top panel shows two-dimensional interaction maps between the two WHO-approved anti-MPV drugs and 

MP-DNAP. Lower panel shows ribbon view of interaction highlighting both cidofovir and tecovirimat are again binding within 

the active site pocket of MP-DNAP just like its substrates, via contact with key residues namely, ASP549, TYR550, ASN551, 

SER552, LEU553, TYR554, PRO555, ASN665, TYR668, and ASP753, as well as with Mg2+. This is the first report showing the 

interaction sites of cidofovir and tecovirimat to the experimental structure of MP-DNAP. Mg2+ has been shown as a pink ball in 

the lower panel while as a black circle in the top panel. 
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Figure 3: Bar graph representing the binding energies (kcal/mol) of the FDA-approved antivirals and WHO-approved 

anti-MPV drugs (cidofovir and tecovirimat) docked to MPV-DNAP (cryo-EM structure; PDB ID: 8HG1) estimated by 

SwissDock (red bars) and Glide XP (blue bars). Substrates of MP-DNAP, dATP, dCTP, dGTP, and dTTP are shown in 

transparent yellow box. 

 

3.4. Ribavirin, velpatasvir, and remdesivir interact with active site residues and the Mg2+ of MP-DNAP, indicating their 

plausible competitive mode of inhibition: 

After docking the substrates of DNAP as well as cidofovir, tecovirimat, 90 antivirals obtained from the DrugBank were docked 

and their binding energies were tabulated in Table 1 and Supplementary Table 1, shown in Fig. 3 using bar graph to compare 

the results with the substrates. Out of these 90 antivirals, 75 are FDA-approved while 15 are still under clinical trial as detailed in 

Table 1 and Supplementary Table 1. Only 12 drugs out of these docked 90 antivirals were found to bind at the active site of the 

MP-DNAP and showed better binding energies than the allosteric binders. It was also observed that among this active site bind-

ers, velpatasvir showed the highest affinity for MPV-DNAP with a binding energy of -10.38/-9.66 kcal/mol which was followed 

by remdesivir with a binding energy -9.39/-9.23 kcal/mol, and ribavirin with affinity of -9.11/8.92 kcal/mol (Table 1, Fig. 3). 

Importantly, these binding energies are much better than either substrate or cidofovir and tecovirimat, thereby velpatasvir, 

remdesivir, and ribavirin seem to be promising or better inhibitors than the known inhibitors of MPV that exists till date. Just like 

the substrates as well as cidofovir and tecovirimat, the newly identified best three antiviral-small molecules from the current study 

could also bind near the active site residues of MP-DNAP, namely, ASP549, TYR550, ASN551, SER552, LEU553, TYR554, 

PRO555, ASN665, TYR668, and ASP753 (Fig. 4, a-c). Binding site of these three leads also include the active site Mg2+. Ribavi-

rin, remdesivir, and velpatasvir could form one, two, and one interaction/s (Fig. 4, a-c; Supplementary Fig. 3 a-c; Table 2), re-

spectively with the active site Mg2+ thereby making them tightly binding inhibitors of MP-DNAP than the existing ones till date. 

Ribavirin forms H-bond with Asn665; metal coordination with Mg2+; pi-cationic interaction with Lys661; while remdesivir forms 

H-bond with Asp753, Lys661, Leu553; metal coordination with Mg2+; velpatasvir forms H-bond with Asp753, Tyr497; metal 

coordination with Mg2+, pi-cationic interaction with Tyr554 (Fig. 4, a-c; Supplementary Fig. 3 a-c). All these finding indicate 

that these three FDA-approved drugs can probably block the entry of new-coming nucleotide and prevent MP-DNAP from repli-

cation thereby it can block the growth of MPV inside the host. Their interaction or blockade at the active site of MP-DNAP fur-

ther indicates that they are plausibly inhibiting the enzyme in competitive mode with higher affinity than the substrates. Thus, 

findings of the current study can lead to rapid preclinical evaluation of these drugs in MPV-infected vero cell lines and/or animal 

models of MPV to finally enter into human trials, especially in the MPV patients to find their ultimate application against MPV 

infection. Remaining 87 antivirals obtained from the DrugBank could also show somewhat binding affinities with MP-DNAP as 

tabulated in Supplementary Table 1 and shown graphically in Fig. 3, but they are neither better than the cidofovir, tecovirimat, 

nor than the substrates and many of them bind to allosteric sites as well.   
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Figure 4: Three best hits namely, ribavirin, remdesivir, and velpatasvir docked to MP-DNAP (PDB ID: 8HG1). A) ribavi-

rin, B) remdesivir, and C) velpatasvir. Left-hand panel shows two-dimensional interaction maps between the top three 

antiviral hits and MP-DNAP. Right-hand panel shows ribbon view of interaction highlighting that all three hit molecules 

too bind in the active site pocket of MP-DNAP just like its substrates and WHO-approved anti-MPV drugs, via contact 

with key residues namely, ASP549, TYR550, ASN551, SER552, LEU553, TYR554, PRO555, ASN665, TYR668, and 

ASP753, as well as with Mg2+. This also suggests that ribavirin, remdesivir, and velpatasvir are probably competitively 

inhibiting MP-DNAP. Mg2+ has been shown as a pink ball in the right-hand panel while as a black circle in the left-hand 

panel. 
 

Remdesivir 

Ribavirin 
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Table 2: Physico-chemical interactions of the best three hits of MP-DNAP. 

Drug and Its 

Chemical Structure 

Hydrogen bonds/ Electrostatic interactions/ 

van der Waals interactions with MP-DNAP 

No of interactions 

formed with Mg2+ of 

MP-DNAP 

Ribavirin ASP549, TYR550, ASN551, SER552, 

LEU553, TYR554, PRO555, ASN665, 

TYR668, and ASP753 

1 

Remdesivir ASP549, TYR550, ASN551, SER552, 

LEU553, TYR554, PRO555, ASN665, 

TYR668, and ASP753 

2 

Velpatasvir ASP549, TYR550, ASN551, SER552, 

LEU553, TYR554, PRO555, ASN665, 

TYR668, and ASP753 

1 

 

 

3.5. MM-GBSA calculations of the antivirals confirmed tight binding of ribavirin, velpatasvir, and remdesivir to the 

target MP-DNAP: 

While docking, that too with two different software cum algorithms could help the current study lead to stringent selection or 

identification of plausible best inhibitors of MP-DNAP from among the 90 FDA-approved antivirals, our previous studies [30] 

have shown that and additional molecular mechanistic study using MM-GBSA may further ascertain the outcome or binding af-

finities of the leads against their protein target. Thus, the receptor-ligand complexes, i.e. each of the 90 antiviral-MP-DNAP com-

plexes as well as cidofovir-MP-DNAP, tecovirimat-MP-DNAP, and dCTP/dATP/dTTP/dGTP-MP-DNAP obtained after 

Glide-XP were evaluated using the Prime-MM-FBSA module of the Schrodinger Inc. and the key energy parameters with their 

calculated energy values are shown in Supplementary Table 2 and in Table 3 for the best three leads. While, in case of docking 

ribavirin could show the best affinity for MP-DNAP (Table 1), Prime-MM-GBSA analyses of the docked complexes revealed 

that velpatasvir could stabilize the receptor-ligand complex partially better than the two others with a free energy for the complex 

formation (MMGBSA dG Bind (Coulomb)) as -74.64 kcal/mol, while remdesivir and ribavirin could make the complexes with 

energies of -64.71 kcal/mol and -40.94 kcal/mol (Table 3; Supplementary Table 2). Nevertheless, these findings confirm the 

tight binding of ribavirin, remdesivir, and velpatasvir with MP-DNAP thereby increasing confidence in the outcome of the current 

study to propose them for repurposable drugs to combat MPV infection. 

 

Table 3: Calculated free energies of the top three drugs bound to MP-DNAP using Prime-MM-GBSA. 

 

Types of energy Free energies (kcal/mol) of Ligands 

Ribavirin Remdesivir Velpatasvir 

MMGBSA dG Bind (Coulomb) -40.94 -64.71 -74.64 

Complex Energy -36497.93 -36633.27 -36625.57 

Complex Hbond -458.95 -459.58 -458.31 

Complex Solv GB -7456.90 -7425.34 -7425.64 

 

3.6. FDA-approved antivirals ribivarin, velpatasvir, and remdesivir are potential repurposable drugs for clinical trials 

to treat MPV via inhibition of MP-DNAP: 

All findings from the current study indicate great potential of ribavirin, velpatasvir, and remdesivir to inhibit MP-DNAP. Since all 

three drugs are already FDA-approved, they can be directly tested in the MPV-infected patients thereby accelerating the process 

of drug discovery. Known human doses and pharmacology for either of these drugs as explained by Nyström et al., 2019 (for 

ribavirin), Borgia et al., 2019 (for velpastasvir), and Jorgensen et al., 2020 (for remdesivir) can be useful to take them forward 

against MPV infection [42-44]. Briefly, ribavirin is known to decrease the synthesis of GTP specifically by limiting access to its 

endogenous substrate inosine-5-monophosphate required for such synthesis. ultimately leading to the decreased synthesis and 

lower levels of GTP [45]. Ribavirin works as a mutagen in the target virus to cause an 'error catastrophe' due to increased viral 

mutations [45]. Velpatasvir works as an antiviral medicine as an inhibitor of the target viral replication complex. Sofosbuvir and 

velpatasvir work together by preventing the virus that causes hepatitis C from spreading inside the host body. Remdesivir is well 

known to bind the RdRp protein of SARS-CoV-2 and treat COVID-19. 

 

4. Conclusions 

Current study could also for the first time could identify the interacting residues for cidofovir and tecovirimat against the experi-

mentally solved structure of MP-DNAP otherwise their mechanism of action was still unknown. dGTP was also found to have the 

highest affinity for MP-DNAP compared to the three other substrates of this enzyme. Since all the ligands including cidofovir, 
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tecovirimat, ribavirin, remdesivir, and velpatasvir are binding in the active site and just near the Mg2+, it can be postulated that use of 

a metal chelator (like EDTA or its analogues etc.) or reducing the amount of magnesium can block the MPV infection via inhibition 

of its DNAP activity. Nevertheless, all these outcomes need to be experimentally validated using proper ex vivo, or in vivo assays 

which is beyond the scope of current study. Analogues of the three lead drugs can also be evaluated. Till there is any specific vac-

cine available/discovered against MPV, all these drugs/lead molecules can save several thousands of human lives across the world 

from this viral infection. 
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