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Abstract

Background: Coronavirus RNA-dependent RNA polymerase (RdRp) is vital for viral
replication and serves as a major therapeutic target. During the early stages of the
COVID-19 pandemic, remdesivir (RDV), a well-characterized RdRp inhibitor,

represented an effective therapeutic agent against SARS-CoV-2 infection.
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Method: Structurally similar RDV analogues were retrieved from the ZINC,

Laboratory, Clinical Research Departmen, CACTUS, and ChEMBL databases through ligand-based similarity searching. The

Pasteur Institute of Iran, Tehran, Iran
Email: atahghighi2009@gmail.com

corresponding triphosphate forms were modeled based on the active remdesivir

metabolite, remdesivir triphosphate (RDV-TP), and evaluated by molecular docking
against SARS-CoV-2 RdRp using AutoDock Vina implemented in PyRx.

Results: Among nucleotide analogues and their corresponding triphosphate forms,
compound 2A  (5-(7-amino-3H-[1,2,3]triazolo[4,5-d]pyrimidin-3-yl)-tetrahydro-2-
(hydroxymethyl)furan-3-ol) exhibited the most favorable predicted binding affinity in
its triphosphate form.

Conclusion: These findings suggest that novel nucleotide analogues hold promise as

potential drug candidates for the treatment of SARS-CoV-2 infection.

Keywords: COVID-19, Drug Discovery, Molecular Docking, RdRp, Virtual

Screening

Introduction
There are global health concerns about a new

SARS-like coronavirus (SARS-CoV-2) which is
closely related to severe acute respiratory syndrome
[1]. All scientists and research groups are struggling
to combat this serious problem. The development of
an effective drug against coronaviruses is an ideal
goal in the current situation. Understanding the viral
life cycle and selectively targeting essential viral
processes without adversely affecting host-cell

function represents an important therapeutic strategy
[2]. Remdesivir (RDV, formerly GS-5734) as a
broad-spectrum antiviral nucleotide analogue had
shown in vitro and in vivo antiviral activity against
coronaviruses [3]. Evaluation of its mechanism of
action demonstrates inhibition of RNA-dependent
RNA polymerase (RdRp) complex which is a
critical viral enzyme for coronavirus genome
replication [4].
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There are some reports about inhibition of the viral
RNA synthesis by RDV for all coronaviruses
(MERS-CoV, SARS-CoV, and SARS-CoV-2)
RdRp proteins [5]. Recently, remdesivir has been
confirmed as a drug candidate for treating COVID-
19 patients [6]. This effective antiviral therapeutic
can reduce hospitalizations and mortality as a
preventive and therapeutic agent.

RDV, a monophosphoramidate prodrug, could
readily cross the cell membrane, be metabolized to
nucleoside monophosphate and eventually to the
active nucleoside triphosphate form (RDV-TP). This
active form can be utilized as a substrate for most
viral RdARp complexes (
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Figwre 1). In fact, RDV-TP is an adenosine
triphosphate (ATP) molecule analogue which can
compete with the nucleotide during viral RNA
synthesis (Figure 1). Remdesivir causes delayed
chain termination during viral RNA synthesis, which
blocks transcription after addition of the next
incoming nucleotide by forming a phosphodiester
bond [3]. Probable inhibition of RdRp by new RDV
analogues against this emerging disease could
provide a starting point for a structure-guided
approach to the design of new drugs [7].

In this report, the docking studies were performed
on RDV, its metabolite (GS-41524), and new RDV
analogues retrieved from various databases based on
virtual screening to find the best inhibitors of RdRp.
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to SARS-CoV-2 RdRp were investigated, and
compounds with better efficacy than RDV were
identified. In this docking study, the identified
compounds warrant further investigation as potential
inhibitors of the target protein of RdRp present in
SAR_S—_C‘(:\;/—Z after additional studies. These

§ findings may support the structure-guided design of
““improved antiviral candidates.
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Figure 1. Mechanism of remdesivir against SARS-CoV-2. The figure shows remdesivir and its metabolites (GS-41524, GS-41524-monophosphate, and GS-
41524-triphosphate); SARS-CoV-2 entry into the cell and its RNA synthesis, which can be blocked by the active form of remdesivir (GS-41524-triphosphate).

Experimental
Virtual screening

The dataset of RDV analogues was selected and
downloaded from the ZINC database (similarity
60%) [8], Cactus (pass prediction range for antiviral
activity, drug-likeness prediction, Tanimoto index
80%) [9], and Chemical Entities of Biological
Interest; ChEBI (similarity 60%) [10]. Over 200
compounds were identified by the virtual screening
strategies. All compounds were prepared and
optimized in their main forms and three phosphate
forms.

Molecular docking procedure

PyRx-Vina software was used in all docking
experiments [11], with the optimized SARS-CoV-2
RdRp (PDB ID: 6BV2) model as the docking target.
Before docking the compounds on the target, the
protein was edited. The water molecules were
removed; the polar hydrogen atoms were added to
the amino acid residues, and Gasteiger charges were
assigned to all atoms of the protein. Then the protein
in PDBQT format was used as an input for the PyRx
program. Prior to docking, binding pocket residues
was performed as center (x=92.2110812568,
y=82.8591589959, z=100.950867622), size
(x=50.5460942617, y=37.4432794079,
7=48.0054690025). The docking grid was set up
around the predicted binding site residues, covering

the key residues to reduce the search space for
ligand optimization. An automated docking engine
was utilized to screen the composed docking library,
and the compounds were ranked based on a scoring
function that approximates the ligand binding
affinity in kcal/mol. The top hits from the first round
of docking were selected after extensive post-
docking analysis by comparing their predicted
binding energies.

Analysis of Protein-Ligand Interaction
Interactions of ligand-receptor complexes were
examined by Discovery Studio Visualizer 2020
(BIOVIA, 2017). Compounds with the most
favorable binding energies (< —7.5 kcal/mol for the
remdesivir active form) were selected for further
analysis.

ADMET Profiling

To evaluate the potential pharmacokinetic properties
of the top compounds, preliminary computational
screening was performed using SWISS ADMET
profiling to estimate their toxicity and drug-likeness
[12-14].

Results and Discussion

Prior to performing ligand docking against RdRp,
the structures of small molecules were ensured to be
in the optimized active (triphosphate) form [15, 16].
During all of the docking experiments, the active site
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(ALAG68S, THR687, ASN691, ASP623, CYS622,
SER682, VALS57, LYS545, ARGS555) and ligands
were treated as flexible.

Table 1 shows the docking score values of the top
three ligands for the SARS-CoV-2 RdRps. The
chemical structures of these inhibitors are shown in

Figure 1.
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The compounds 1A, 1B, and 1C are RDV analogues
obtained from virtual screening of data sets (Figure
2), presenting the lower binding energies to RdRp
among search results. The compounds 2A, 2B, and
2C are the triphosphate forms of the top three
compounds displaying the lowest binding energies
to RdRp (compared to the main structure), with
results of —9, —8.7, and —8.7 kcal/mol, respectively
(Table 1, Fig. 2); while the active form of remdesivir
(RDV-TP) represented -7.5 Kcal/mol. The binding
energy values against RdRp for these compounds in
both forms (main and triphosphate) were superior to
those of remdesivir and its triphosphate form. The
formed_ ‘ir_lt;eractions between RDV-TP and ligands
2A, 2B, and 2C against SARS-CoV-2 RdRp after

& Vmole‘cu_lar docking are shown in Fig. 2. Interestingly,

these nucleotide analogs with simple structures have

_suitable potential as new candidates to inhibit
~ SARS-CoV-2 RdRp.
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Table 1. Data analysis of the flexible docking of compounds A, B, C and remdesivir in the active site of SARS-CoV-2 RdRp receptor

Binding
Compounds Affinity Intermolecular interactions
(Kcal/mol)
1A -6.6 THR:556, ARG:555, THR:680, MET:542,
JA-TP 9 ALA:688, THR:687,SER:759,ASN:691,THR:680, ARG:555,SER:682, TYR:456, ARG:624,
THR:556, ASP:623
1B -6.6 ALA:547, LYS:545, PHB:442
2B-TP -8.7 ASN:691,CYS:622,THR:556, TYR:456, SER:682
1C -6.5 ARG:555, GLN:444, LYS:551, ALA:547, PHE:442
2C -TP -8.7 SER:759, SER:682, ASN:691, THR:680, SER:681, THR:687, ALA:688
RDV -6.5 TYR:619, ARG:555, ASP:623
RDV-TP -1.5 ASP:623, LYS:621, TYR:619, ARG:555,ASN:691
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Figure 2. Chemical structures of the prodrug remdesivir, GS-41524, active form of GS-41524, and identified remdesivir analogues (A-C)

based on a molecular docking study. TP: triphosphate

A comparative overview of interactions between the
binding-site residues of the receptor protein RdRp
and the identified inhibitors (RDV, RDV-TP, 1A-
1C, and 2A-2C) is also represented in Table 1.
Among the binding residues, those involved in
making hydrogen bonds with ligands are shown,
mentioning the type of hydrogen bond formed (in
the context of hydrogen bond donor and acceptor),
and the distance between the atoms forming them.
RDV-TP organized 6H-bonds (ASP623, LYS 621,
TYR 619, ARG 555, ASN 691, TYR 456) and eight
hydrophobic interactions with the SARS-CoV-2
RdRp, which is reflected in its binding energy values
(=7.5 kcal/mol) (Table 1, Figure 3).

Among the best RDV analogues shown in Figure 3,
compound 2A was found to form 7H-bonds with
RdRp residues. Additionally, 2B and 2C make 6H-
bonds and 8H-bonds with the SARS-CoV-2 RdRp,
respectively. Moreover, the compounds can tightly
bind to the newly emerged coronavirus RdRp, hence

interfering with the protein’s function, leading to
viral extinction. In addition, the physicochemical
properties of the best ligands are presented in Table
2. All compounds are able to pass through the
biological membrane based on Lipinski’s drug-
likeness.

In summary, the approved drug (remdesivir) and its
selected analogues (1A-1C) form specific
interactions with SARS-CoV-2 RdRp, with less
favorable predicted binding energies than their
active form (2A-2C). However, these new RDV
analogs may require prodrug optimization (as RDV)
to improve pharmacokinetic properties in
comparison with the parent drug, mainly to cross the
cell membrane. Probably, further optimizations may
improve the efficacy of the selected analogues to
inhibit SARS-CoV-2 RdRp and overcome to the
newly emerged infection. However, further studies,
including synthesis of these analogues and in vitro
and in vivo evaluations, are necessary.

Table 2. Predicted physicochemical and drug likeness properties of potential SARS-CoV-2 ligands

Properties 1A 1B 1C
Formula CoH12N¢O3 CoH13NeOsP CoH11NsOs
](\gféf(fl‘;lar weight 252.23 364.21 269.21
Hydrogen bond donor 3 6 4
Hydrogen bond acceptor 12 9
CLogP -1.11 -2.88 -1.61
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LogS -1.03 -0.88 -0.66
Rotatable bonds 2 4 2
Bioavailability (10%) 0.55 0.11 0.55

Note: LogP: molecular lipophilicity; LogS: aqueous solubility
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Figure 3. The contact model between compounds 2A, 2B, and 2C and SARS-CoV-2 RdRp in 2D and 3D forms, based on hydrogen-bond
style visualized by Discovery Studio Visualizer
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Conclusion

COVID-19 pandemic is a public health crisis that
needs to be managed effectively and quickly. About
2000000 deaths from this infection are reported up
to the writing of this manuscript. In the current
study, three compounds were identified as new
inhibitors of the SARS-CoV-2 RdRp using
molecular docking and binding energy calculations.
The results showed the most favorable interaction of
compounds (2A-2C) with the target protein, even
better than the approved drug remdesivir. However,
their biological activity has not been experimentally
verified. These compounds have potential for further
studies as novel drugs to overcome this new
pandemic worldwide.

Competing Interests
The authors declare that they have no conflict of
interest.

Author contributions

M.M: Investigation, Methodology, Software,
Formal analysis, Editing.

K.R.S: Investigation, Software, Methodology,
Formal analysis, Writing-original draft.

M.Z: Investigation, Methodology.

P.A: Review & editing.

A.T: Project administration, Conceptualization,

Visualization, Supervision, Formal analysis,

Writing-review & critical editing.

References

1. Zhou P, Yang XL, Wang XG, Hu B, Zhang L,
Zhang W, et al. A pneumonia outbreak associated
with a new coronavirus of probable bat origin.
Nature. 2020;579(7798):270-3. [DOL:
10.1038/541586-020-2012-7] [PMID] [PMCID]

2. Gordon CJ, Tchesnokov EP, Woolner E, Perry JK,
Feng JY, Porter DP, et al. Remdesivir is a direct-
acting antiviral that inhibits RNA-dependent RNA
polymerase from severe acute respiratory syndrome
coronavirus 2 with high potency. J Biol Chem.
2020;295(20):6785-97. [DOL:
10.1074/jbc.RA120.013679] [PMID] [PMCID]

3. Eastman RT, Roth JS, Brimacombe KR, Simeonov
A, Shen M, Patnaik S, et al. Remdesivir: a review of
its discovery and development leading to emergency
use authorization for treatment of COVID-19. ACS
Cent Sci. 2020;6(5):672-83. [DOL:
10.1021/acscentsci.0c00489] [PMID] [PMCID]

4. Elfiky AA. Ribavirin, Remdesivir, Sofosbuvir,
Galidesivir, and Tenofovir against SARS-CoV-2

10.

11.

12.

13.

14.

15.

16.

17.

18.

RNA-dependent RNA polymerase (RdRp): a
molecular docking study. Life Sci.
2020;253:117592. [DOL:
10.1016/).1£5.2020.117592] [PMID] [PMCID]

Saha A, Sharma AR, Bhattacharya M, Sharma G,
Lee SS, Chakraborty C. Probable molecular
mechanism of Remdesivir for the treatment of
COVID-19: need to know more. Arch Med Res.
2020;51(6):585-6. [DOL:
10.1016/j.arcmed.2020.05.001] [PMID] [PMCID]
Cao YC, Deng QX, Dai SX. Remdesivir for severe
acute respiratory syndrome coronavirus 2 causing
COVID-19: an evaluation of the evidence. Travel
Med Infect Dis. 2020;35:101647. [DOI:
10.1016/j.tmaid.2020.101647] [PMID] [PMCID]
Berman H, Henrick K, Nakamura H. Announcing
the worldwide Protein Data Bank. Nat Struct Biol.
2003;10(12):980. [DOIL:  10.1038/nsb1203-980]
[PMID]

ZINCI15 [Internet]. University of California, San
Francisco; [cited 2020 Dec 30]. [Link]

Enhanced NCI Database Browser 2.2 [Internet].
National Cancer Institute; [cited 2020 Dec 30].
[Link]

Chemical Entities of Biological Interest (ChEBI)
[Internet]. European Bioinformatics Institute; [cited
2020 Dec 30]. [Link]

PyRx [Internet]. SourceForge; [cited 2020 Dec 30].
[Link]

Rashid M. Design, synthesis and ADMET
prediction of bis-benzimidazole as anticancer agent.
Bioorg Chem. 2020;96:103576. [DOL:
10.1016/j.bioorg.2020.103576] [PMID]

Makhaeva GF, Elkina NA, Shchegolkov EV,
Boltneva NP, Lushchekina SV, Serebryakova OG,
et al. Synthesis, molecular docking, and biological
evaluation of 3-oxo-2-tolylhydrazinylidene-4,4,4-
trifluorobutanoates bearing higher and natural
alcohol moieties as new selective carboxylesterase
inhibitors. Bioorg Chem. 2019;91:103097. [DOI:
10.1016/j.bioorg.2019.103097] [PMID]

Arora R, Issar U, Kakkar R. Identification of novel
urease inhibitors: pharmacophore modeling, virtual
screening and molecular docking studies. J Biomol
Struct  Dyn.  2019;37(16):4312-26.  [DOI:
10.1080/07391102.2018.1546620] [PMID]
SwissADME  [Internet]. Swiss Institute of
Bioinformatics. [Link]

Lii JH, Allinger NL. Molecular mechanics. The
MM3 force field for hydrocarbons. 3. The van der
Waals potentials and crystal data for aliphatic and
aromatic hydrocarbons. J Am Chem Soc.
1989;111(23):8576-82. [DOL:
10.1021/j200205a003]

Becke AD. Density-functional thermochemistry. III.
The role of exact exchange. J Chem Phys.
1993;98(7):5648-52. [DOI: 10.1063/1.464913]
Arifuzzaman, Mohammadi M, Rupa FH, Khan MF,
Rashid RB, Rashid MA. Identification of natural
compounds with anti-SARS-CoV-2 activity using

Avicenna J Pharma Res. 2025 ;6(2) | 105


../6-2/%5bDOI:%2010.1038/s41586-020-2012-7%5d
../6-2/%5bDOI:%2010.1038/s41586-020-2012-7%5d
../6-2/%5bPMID%5d
https://pmc.ncbi.nlm.nih.gov/articles/PMC7095418/
../6-2/%5bDOI:%2010.1074/jbc.RA120.013679%5d
../6-2/%5bDOI:%2010.1074/jbc.RA120.013679%5d
../6-2/%5bPMID%5d
https://pmc.ncbi.nlm.nih.gov/articles/PMC7242698/
../6-2/%5bDOI:%2010.1021/acscentsci.0c00489%5d
../6-2/%5bDOI:%2010.1021/acscentsci.0c00489%5d
../6-2/%5bPMID%5d
https://pmc.ncbi.nlm.nih.gov/articles/PMC7202249/
../6-2/%5bDOI:%2010.1016/j.lfs.2020.117592%5d
../6-2/%5bDOI:%2010.1016/j.lfs.2020.117592%5d
../6-2/%5bPMID%5d
https://pmc.ncbi.nlm.nih.gov/articles/PMC7102646/
../6-2/%5bDOI:%2010.1016/j.arcmed.2020.05.001%5d
../6-2/%5bDOI:%2010.1016/j.arcmed.2020.05.001%5d
../6-2/%5bPMID%5d
https://pmc.ncbi.nlm.nih.gov/articles/PMC7214327/
../6-2/%5bDOI:%2010.1016/j.tmaid.2020.101647%5d
../6-2/%5bDOI:%2010.1016/j.tmaid.2020.101647%5d
../6-2/%5bPMID%5d
https://pmc.ncbi.nlm.nih.gov/articles/PMC7151266/
../6-2/%5bDOI:%2010.1038/nsb1203-980%5d
https://pubmed.ncbi.nlm.nih.gov/14634627/
https://zinc15.docking.org/
https://cactus.nci.nih.gov/ncidb2.2/
https://www.ebi.ac.uk/chebi/
https://pyrx.sourceforge.io/
../6-2/%5bDOI:%2010.1016/j.bioorg.2020.103576%5d
../6-2/%5bDOI:%2010.1016/j.bioorg.2020.103576%5d
https://pubmed.ncbi.nlm.nih.gov/31986463/
../6-2/%5bDOI:%2010.1016/j.bioorg.2019.103097%5d
../6-2/%5bDOI:%2010.1016/j.bioorg.2019.103097%5d
https://pubmed.ncbi.nlm.nih.gov/31323527/
../6-2/%5bDOI:%2010.1080/07391102.2018.1546620%5d
../6-2/%5bDOI:%2010.1080/07391102.2018.1546620%5d
https://pubmed.ncbi.nlm.nih.gov/30580662/
https://www.swissadme.ch/
https://doi.org/10.1021/ja00205a003
https://doi.org/10.1021/ja00205a003
https://doi.org/10.1063/1.464913
http://dx.doi.org/10.53208/ajpr.6.2.99
https://ajpr.umsha.ac.ir/article-1-123-en.html

[ Downloaded from ajpr.umsha.ac.ir on 2026-11-15]

[ DOI: 10.53208/5jpr.6.2.99]

19.

machine learning, molecular docking and molecular
dynamics simulation studies. Dhaka Univ J Pharm
Sci. 2022;21(1):1-13. [DOI:
10.3329/dujps.v21i1.60391]

Mohammadi M, Khan MF, Rashid RB, Nokhostin
SM, Rashid MA. In silico screening of hispolon and

Mohammadi et al.

its analogs: pharmacokinetics and molecular
docking studies with cyclooxygenase-2 enzyme. J
Appl Pharm  Sci. 2022;12(5):120-8. [DOL:
10.7324/JAPS.2022.120509]

106 | Avicenna ) Pharma Res. 2025 ;6(2)


https://doi.org/10.3329/dujps.v21i1.60391
https://doi.org/10.3329/dujps.v21i1.60391
https://doi.org/10.7324/JAPS.2022.120509
https://doi.org/10.7324/JAPS.2022.120509
http://dx.doi.org/10.53208/ajpr.6.2.99
https://ajpr.umsha.ac.ir/article-1-123-en.html
http://www.tcpdf.org

