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a b s t r a c t

The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in 2019 has posed a
serious threat to global health and the economy for over two years, prompting the need for development
of antiviral inhibitors. Due to its vital role in viral replication, RNA-dependent RNA polymerase (RdRp) is a
promising therapeutic target. Herein, we analyzed amino acid sequence conservation of RdRp across
coronaviruses. The conserved amino acids at the catalytic binding site served as the ligand-contacting
residues for in silico screening to elucidate possible resistant mutation. Molecular docking was employed
to screen inhibitors of SARS-CoV-2 from the ZINC ChemDiv database. The top-ranked compounds
selected from GOLD docking were further investigated for binding modes at the conserved residues of
RdRp, and ten compounds were selected for experimental validation. Of which, three compounds exhib-
ited promising antiviral activity. The most promising candidate showed a half-maximal effective concen-
tration (EC50) of 5.04 mM. Molecular dynamics simulations, binding free-energy calculation and hydrogen
bond analysis were performed to elucidate the critical interactions providing a foundation for developing
lead compounds effective against SARS-CoV-2.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is a positive-sense, single-stranded RNA virus known to
cause the devastating coronavirus disease in 2019 (COVID-19).
By December 2021, the infections have reached nearly 266 million
global cases and over 5.2 million deaths according to the World
Health Organization (WHO). While the available vaccines help mit-
igate disease severity, vaccinated people may still be infected espe-
cially by new variants [1,2]. Moreover, vaccination has not been
widely achieved in many countries, thus it alone may not be suffi-
cient to stop the spread. It is most likely now that SARS-CoV-2
might become an endemic virus that continually circulates in the
global population [3]. Therefore, there remains a need for
development of antiviral therapeutics for people who might be
hospitalized with COVID-19.
Coronavirus (CoV) belongs to the Coronaviridae family, which
comprises four genera: alpha, beta-, gamma- and delta-
coronaviruses, where beta-coronaviruses can be divided into A, B,
C, and D lineages [4]. Each CoV genus shares a varying degree of
genetics and exhibits wide host adaptability resulting in cross-
species transmission [5,6]. In the past two decades, there have
been several serious outbreaks of coronaviruses such as severe
acute respiratory syndrome (SARS) and human Middle East
respiratory syndrome (MERS). SARS-CoV-2 and SARS-CoV belong
in the same beta-coronaviruses lineage B while MERS-CoV is in
lineage C. Extensive research in MERS-CoV and SARS-CoV in the
past have paved the way allowing rapid identification of druggable
targets for SARS-CoV-2.

Among the various potential drug targets, viral RNA-dependent
RNA polymerase (RdRp) also known as nonstructural protein 12
(nsp12) is considered a promising target. RdRp is indispensable
for viral replication [7]. It exhibits conserved core sequences and
structural features among RNA viruses, allowing broad antiviral
activity design [8]. In SARS-CoV-2, RNA replication required RdRp
complex composed of nsp12, nsp7, and nsp8. The nsp12 function
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as RdRp is a key component [7] while nsp7 and nsp8 are accessory
stimulation of polymerase activity [9]. Remdesivir, the only
approved drug by the US Food and Drug Administration for the
treatment of COVID-19, is an example of a drug targeting RdRp.
Remdesivir has been demonstrated to result in significantly greater
recovery for the treatment of COVID-19 in several clinical trials
[10-12]. Remdesivir was shown to be most effective when admin-
istered in early infection [13,14]. On the other hand, there were
studies showing that remdesivir has no statistically significant
clinical improvement over the standard-of-care [15-17] especially
for patients with severe symptoms and required oxygen support
[18]. A combination of remdesivir with other drugs or novel ther-
apeutics such as monoclonal antibodies has been suggested to
improve outcomes over Remdesivir alone [19-21].

Here, we report novel inhibitors of SARS-CoV-2 RdRp with
promising antiviral activity. Molecular docking was employed to
screen inhibitors that showed binding interaction with the con-
served residues of RdRp across CoVs. Ten candidate compounds
were selected and experimentally validated. Three candidate com-
pounds showed promising antiviral activity with half-maximal
effective concentration (EC50) values less than 50 mM. The best
promising candidate showed EC50 of 5.04 ± 1.11 mM, while EC50

of remdesivir was 2.71 ± 0.70 mM. The interactions of the promising
compounds and RdRp were investigated by performing molecular
dynamics simulations, binding free energy calculations, and hydro-
gen bond analysis. The knowledge derived from this protein–li-
gand interaction analysis will be helpful in the further
development of effective RdRp inhibitors for coronaviruses.
2. Materials and methods

2.1. Comparative sequence analysis of RdRp CoV

To evaluate conservation of protein binding site among CoVs,
RdRp protein sequence of SARS-CoV-2 (Accession ID:
QLG75159.1) was used as a query to search RdRp sequence of other
CoVs using Blastp against NCBI protein database [22]. The matched
sequences were retrieved. Representative sequences of alpha-CoV
were HCoV-NL63 (QQY99320.1), HCoV-229E (APD51497.1), Por-
cine PEDV (ZL47227.1), Bat-CoV/3398–19 (YP_009755889.1), and
RH-BAT-CoV-HKU2 (ABQ57215.1). Representative sequences of
beta-CoV were divided into three lineages. Lineage A, beta-CoV
was presented by HCoV-HKU1 (ABD75591.1), HCoV-OC43
(QXL74882.1), Camel DcCoV-HKU23 (ALA50077.1), and Rabbit
RbCoV HKU14. Lineage B, beta-CoV was presented by SARS-CoV
(AAP13442.1), SARS-CoV-2 (QLG75159.1), and SARS-CoV-Bat-
MA15 (AEA10622.1). Lineage C, beta-CoV was presented by
MERS-Cov (QMS54772.1), and Bat HKU5-2 (ABN10883.1).
Gamma- and delta-CoV were presented by Dolphin CoV-HKU22
(AHB63507.1) and Bulbul CoV-HKU11-796 (ACJ12043.1), respec-
tively. All protein sequence alignment was re-analyzed using a
multiple sequence alignment program (MUSCLE) [23] in UGENE
[24]. Percent sequence similarity referred to the percentage of
matching sequences between each representative CoV was calcu-
lated using MatGAT [25].
2.2. Virtual screening and molecular docking

To discover candidate inhibitors that can bind SARS-CoV-2
RdRp, molecular docking was carried out to screen for potential
hit compounds from the Zinc (purchasable ChemDiv library) which
contain diverse scaffolds [26]. Multiple compounds’ conformations
and probable ionized state at pH 7.0 were prepared using Openba-
bel [27]. The complex structure of the SARS-CoV-2 RdRp and
Remdesivir was retrieved from the Protein Data Bank (PDB ID:
883
7BV2) [28]. Molecular docking was carried out using GOLD
(Genetic Optimization for Ligand Docking) with Astex Potential
(ASP) scoring function [29]. The binding region was defined by
10 Å from the central of crystalized remdesivir. An option for gen-
erating diverse solutions was turned on. The docked protein–li-
gand complex structures were visualized in Discovery Studio
Visualizer Software [30]. Compounds with top ASP scores were
purchased from ChemBridge Corporation (San Diego, California)
and experimentally tested for their antiviral activity.

2.3. Molecular dynamics (MD) simulation and MM-GBSA assay

Docking pose of hit compounds (compound 2, 8, and 9) in com-
plex with SARS-CoV-2 RdRP and X-ray structure of Remedsivir-
SARS-CoV-2 RdRP complex (PDB ID: 7BV2) were subjected to MD
simulations. As recently reported, similar protocols and parame-
ters were applied to conduct MD simulations [31]. Briefly, GAFF2
force field together with AM1-BCC charge was utilized to generate
essential parameters for ligands, and AMBER ff19SB force field was
assigned for protein (SARS-CoV-2 RdRP). The protein–ligand com-
plexes were solvated (10 Å from the molecular surface of the com-
plex) by explicit waters (OPC water model) and counterions (Na+ or
Cl-). MD simulations were performed using standard conditions
(i.e., temperature at 300 K, pressure at 1 bar, time step of 2 fs with
SHAKE constraint) and general steps: energy minimization, heating
step, followed by equilibration step and finally production run for
50 ns.

Binding free energy (BFE) calculations of protein–ligand com-
plexes were computed by applying the molecular mechanics/gen-
eralized Born surface area (MM/GBSA) method using GB model 5
and other related default parameters. One hundred MD snapshots
extracted from the last 10 ns (40–50 ns) of MD simulations were
exploited for relative BFE calculation by considering only the
enthalpy term (DGbinding � DH) and discarding the entropy term
(-TDS) as previously explained and discussed [31,32]. MD simula-
tions and BFE calculations were conducted by using the AMBER20
program.

2.4. Virus and cells preparation

SARS-CoV-2 can be transmitted through the air, is hazardous to
laboratory staff, and requires biological safety levels 3 facility [33].
We, therefore, employed another coronavirus namely porcine epi-
demic diarrhea virus (PEDV, NCBI accession LC053455) which
causes acute diarrhea and dehydration in swine to determine RdRp
coronavirus inhibition of hit molecules. PEDV carrying mCherry
fluorescent reporter gene (mCherry-PEDV) in its genome was used
as a surrogate of coronavirus for antiviral assay. The viral genome
was constructed by reverse genetics and the infectious viral parti-
cles were prepared as described previously [34]. Vero cells stably
expressing eGFP (eGFP-Vero) were established by transfection of
the pEGFP-N1 (Clontech) plasmid into Vero cells (ATCC: CCL-81)
and selection of the eGFP positive cells using 0.8 mg/ml of G418
antibiotic (Sigma-Aldrich). The cells were maintained in Opti-
MEM (Gibgo) supplemented with 10% (v/v) fetal bovine serum
and antibiotics.

2.5. Cytotoxicity assay

eGFP-Vero cells were seeded overnight in 96-well tissue culture
microplate (at 2.5 � 104 cells/well), at 37 �C in 5% CO2 incubator.
Test compounds and remdesivir were dissolved in dimethyl sulfox-
ide (DMSO) and added into the cells at the final concentrations of
3.125, 6.25, 12.5, 25, 50, 100, and 200 mM. DMSO-treated cells (0.5%
v/v) were used as a control (100% cell viability) for observing cyto-
toxic effect of the test compounds. After 15 h treatment, cytotoxi-
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city was determined by adding Cell Counting Kit-8 reagent
(Dojindo) into the cells and incubating the cells for 1 h at 37 �C
in 5% CO2 incubator. Then, the optical density at 450 nm (OD450)
was measured by Synergy HTX Multi-Mode Microplate Reader
(BioTek) and the percentage of cell viability was calculated by nor-
malization with the DMSO control. Mean values of the normalized
cell viability were fit into a dose-respond curve and the half-
maximal cytotoxic concentration (CC50) was calculated by Graph-
Pad Prism software.
2.6. Antiviral assay

eGFP-Vero cells were seeded overnight in 96-well CellCarrier
Ultra microplate (PerkinElmer) at 2.5 � 104 cells/well at 37 �C in
5% CO2 incubator. mCherry-PEDV (at the multiplicity of infection
of 0.00016) was added into the cells to allow viral absorption (in-
fection) for 1 h at 37 �C. Non-attached viruses were removed by
washing the cells with phosphate-buffered saline. Test compounds
were dissolved in DMSO and added into the cells with fresh media
(Opti-MEM) supplemented with 1% TryPLE (Gibco). DMSO-treated
cells (0.5% v/v) were used as a control for observing the antiviral
effect of the test compounds. Remdesivir, a viral RNA-dependent
RNA polymerase inhibitor that effectively inhibits coronaviruses
e.g., SARS-CoV-2 [35] was used as a positive control. At 15 h
post-infection, fluorescent images of mCherry (at excitation wave-
length 561 nm and emission wavelength 570–630 nm) and eGFP
(at excitation wavelength 488 nm and emission wavelength 500–
550 nm) were acquired by Opera Phenix high-content screening
system (PerkinElmer). The area of mCherry fluorescence (repre-
senting syncytia formation from the infection) in each well was
specified and the total (or sum) mCherry fluorescent intensity
was quantified by Harmony high-content imaging and analysis
software (PerkinElmer). The test compounds’ relative reduction
of mCherry intensity (syncytia formation) was calculated by com-
paring with the DMSO control. Dose-respond curves were fit using
the normalized sum of mCherry fluorescent intensity data and the
half-maximal effective concentration (EC50) was calculated by
GraphPad Prism software.
3. Results and discussion

3.1. Comparison of RdRp sequences of SARS-CoV-2 with other CoV

Structure of SARS-CoV-2 RdRp contains nidovirus RdRp-
associated nucleotidyltransferase (NiRAN) domain, interface
domain, and three polymerase domains, namely fingers, palm,
and thumb (Fig. 1A) [36]. The polymerase possesses seven con-
served motifs, A to G, involved in nucleotide and template binding
and catalysis [36]. In this present study, we compared the RdRp
protein sequences of four CoV genera and three lineages of beta-
coronavirus (Fig. 1B) to explore the possibility of cross binding
by inhibitors targeting RdRp. CoV is considered a case of animal-
to-human disease transmission. CoV’s affecting humans such as
SARS-CoV and MERS-CoV, likely originated from bats [37,38]; how-
ever, the origin of SARS-CoV-2 is still debated. Apart from highly
pathogenic SARS-CoV, MERS-CoV and SARS-CoV-2 that cause
human diseases, there are other four human coronaviruses in
beta-coronavirus genera including HCoV-NL63, HCoV-229E,
HKU1 and HCoV-OC43 that cause mild respiratory tract infection
[39]. Protein comparative sequences showed high similarity of
RdRp among CoVs. Interestingly, the high sequence similarity of
SARS-CoV-2 RdRp (�75%) was observed among human CoV iso-
lates and animal CoV isolates such as bat, rabbit or porcine
(Fig. 1B).
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Inspection of sequence similarity of polymerase motifs showed
a high identity of SARS-CoV-2 compared with other CoVs (Fig. 1C).
Moreover, based on the co-crystallized structure of SARS-CoV-2
RdRp and remdesivir triphosphate (PDB ID: 7BV2) [28], amino acid
residues within 4.5 Å of remdesivir triphosphate including Arg553,
Arg55, Cys622, Asp623, Ser682, Thr687, Asn691, Ser759, and
Asp760 showed high conservation across CoVs. These conserved
residues are not part of the mutation profile of RdRp SARS-CoV-2
including non-synonymous variants: P323L and A97V and synony-
mous variants: Y455Y, N628N, and Y32Y [40-42]. As viruses evolve
over the time to adapt and survive in the human host, the emer-
gence of some variants might increase risk to global public health
[43]. For example, a recent variant called Omicron (B.1.1.529)
poses global concern on effectiveness of current vaccines, tests
and treatment [44]. To overcome the effects of possible mutations,
we screened inhibitors that not only directly act on RdRp which
showed low mutation rate but also bind the conserved residues.

3.2. Virtual screening of candidate SARS-CoV-2 inhibitors

To screen potential SARS-CoV-2 inhibitors, molecular docking
was performed using GOLD software, using ASP scoring function.
Compounds from the purchasable Zinc ChemDiv library were
docked into the binding pocket of the SARS-CoV-2 RdRp structure
to predict the binding affinity. The compounds with top-ranked
docking results were further investigated for their binding mode.
As hydrogen bonds are imperative to binding affinity and specific
interaction, the candidate compounds should have at least one
hydrogen bond interaction with the conserved catalytic active resi-
dues as aforementioned. Finally, the top ten hits were selected as
the final candidates. The 2D structures, docking scores, and detail
of physiochemical properties of the selected candidates are
depicted in Fig. 2. The drug-like criteria as Lipinski’s rule of five
including molecular mass less than 500 Da, less than 5 hydrogen
bond donors, less than 10 hydrogen bond acceptors and an octa-
nol–water partition coefficient log P less than 5, were investigated
[45]. The results showed that the candidate compounds have no
more than one violation of the drug-like criteria. Only compound
9 has slightly higher molecular weight (571 Da) than the criteria
of 500 Da, nevertheless its weight was not higher than the average
molecular mass of orally available FDA-approved drugs (600 Da)
[46].

3.3. Antiviral activity and cytotoxicity

To evaluate antiviral activity of the hit compounds derived from
in silico screening against coronavirus, PEDV, a non-zoonotic virus
belonging to the alpha-coronavirus genus was used as a surrogate
for antiviral assay. In this study, we used the PEDV model to test
potential inhibitors of SARS-CoV-2 because PEDV is not a risk to
human health [47] and permissible for experiment in our labora-
tory. Furthermore, protein sequences of coronaviruses’ polymerase
are conserved, and the candidates were designed based on those
conserved amino acids. The potential inhibitors, therefore, are
expected to inhibit coronaviruses. Remdesivir, the only FDA-
approved drug for COVID-19, was used as a positive control
because it showed antiviral activity against RdRp of various RNA
viruses such as Ebola virus, MERS virus, SARS-CoV [48-50] as well
as PEDV [51]. Previously, the concept of using the PEDV model to
test potential inhibitors of SARS-CoV-2 has been performed to
evaluate a SARS-CoV-2 protease inhibitor which is a highly con-
served protein among coronaviruses [52].

Vero cells stably expressing eGFP were used as a host cell for
infection with the reporter PEDV carrying mCherry fluorescent
gene (mCherry-PEDV) of which the expression of reporter protein
occurred only after transcription and replication processes of virus



Fig. 1. SARS-CoV-2 RNA-dependent RNA polymerase (RdRp). (A) Schematic diagram of domain organization of the SARS-CoV-2 RdRp and its structure. (B) Matrix of
percentage protein sequence similarity values calculated from pairwise alignment of 16 coronavirus RdRp representing alpha-, beta-, gamma- and delta-coronaviruses. (C)
Multiple sequence aligment of seven conserved motifs (A, B, C, D, E, F and G) of SARS-CoV-2 RdRp compared to other RdRp coronaviruses. Identical residues are shown in blue.
Top bars indicate the percentage of consensus sequences at each residue. Orange dots above the bars indicate the residues within 4.5 Å of Remdesivir triphosphate. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in host cells [34]. Therefore, the cytopathic effect of infected cells
was observed by the formation of syncytia with mCherry protein
(Fig. 3). Most hit compounds have no cytotoxicity at the concentra-
tion of 100 mM whereas compound 2 was toxic to the cells at CC50

values of 26.58 ± 6.84 mM (Fig. S1 and Table S1). Non-cytotoxic
concentrations of the hit compounds were used for further antivi-
ral assay.

Treating the infected cells with remdesivir (50 mM), an inhibitor
of viral RdRp which effectively inhibits replication of other coron-
aviruses such as SARS-CoV-2 [35], completely inhibited mCherry
expression and syncytia formation (Fig. 3) indicating that this
replication system is suitable for antiviral assay. Effective inhibi-
tion of viral replication was also observed when treating the
885
infected cells with compound 2 at 15 mM (Fig. 3). In addition, com-
pound 8 and 9 showed a partial antiviral effect against viral repli-
cation at the concentration of 50 mM (Fig. 3). Compound 2, 8, and 9
were selected for further antiviral assay with various concentra-
tions of the compounds for dose–response curve fitting and esti-
mation of EC50 value. Treating the infected cells with test
compounds or remdesivir (a positive control) reduced viral replica-
tion in a dose-dependent manner (Fig. S2). Estimating EC50 values
from the dose–response curves showed that compound 2 inhibited
viral replications at EC50 of 5.04 ± 1.11 mM with the selectivity
index (SI) value of 5 (Fig. S2 and Table 1). Compound 8 and 9 inhib-
ited viruses at EC50 of 29.32 ± 4.91 mM (SI > 3) and 51.14 ± 5.45 mM
(SI > 2), respectively, whereas remdesivir inhibited virus at EC50 of



Fig. 2. Structures and physicochemical properties of the ten selected compounds.
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2.71 ± 0.70 mM (SI > 37) (Fig. S2 and Table 1). These results verify
that in silico targeting RdRp with the compound 2, 8, or 9 effec-
tively inhibited in vitro replication of coronavirus.

3.4. Molecular dynamic simulation and MM-GBSA

The antiviral assay revealed that the three selected compounds
showed promising antiviral activity. The protein–ligand complexes
were subjected to MD simulations to gain insight into the atomic
interactions of these hit compounds with SARS-CoV-2 RdRp.
Remdesivir is a nucleotide analog prodrug that is metabolized into
an active form, remdesivir triphosphate (RTP) recognized by viral
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RdRp [28]. RTP then competes with ATP for incorporation into
the growing viral RNA chain and causes RNA synthesis arrest
[28]. RTP, therefore, was used to study binding interaction and
binding free energy. The promising candidates which are not
nucleotide analogs were targeted to bind the same pocket as
RTP. Binding interactions of the candidates and RTP with SARS-
CoV-2 RdRp were investigated to guide interactions that might
improve inhibitory activity in further study. The stability of the
protein–ligand complex was evaluated through root-mean-
square deviation (RMSD), which is the difference between the
backbones of the protein from its initial structure to its final posi-
tion (Fig. S3). It could be observed that the complex structures of



Fig. 3. Anti-coronavirus effect of test compounds. (A) eGFP-Vero cells in 96-well plate were infected with mCherry-PEDV and treated with compound 1, 2, 3, 4, 5, 6, 7, 8, 9, 10,
or Remdesivir (as a positive control) at the indicated concentrations. DMSO treated cells were used as the control for observing the inhibitory effect of the test compounds.
Mock is the DMSO-treated cells without virus infection. At 15 h post-infection, images of mCherry and eGFP fluorescent signals at 21 images/well, were acquired by Opera
Phenix high-content screening system. (B) The sum of mCherry fluorescent intensity in each well of A was quantified by Harmony software and the mean values (±SD) from
two independent experiments (each performed in duplicate) are shown.

Table 1
Half-maximal effective concentration (EC50) and selectivity index (SI) of compound 2,
8, and 9.

Compound EC50 ± SD (mM) SI (=CC50/EC50)

2 5.04 ± 1.11 5
8 29.32 ± 4.91 >3
9 51.14 ± 5.45 >2
Remdesivir 2.71 ± 0.70 >37
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the candidate compounds displayed slight fluctuation over 50-ns
simulation as observed in the co-crystallized remdesivir structure.
The simulation results showed that all systems had converged
well, and these candidates formed stable bindings with the target
protein. The MM-GBSA based binding free energy of remdesivir
triphosphate, compound 2, compound 8 and compound 9 in the
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complex were �184.36 ± 11.27 kcal/mol (-771.36 ± 47.15 kJ/mo
l), �37.35 ± 3.92 kcal/mol (-156.27 ± 13.77 kJ/mol), –32.67 ± 3.62
kcal/mol (-136.69 ± 15.15 kJ/mol) and �26.29 ± 5.55 kcal/mol
(-110.00 ± 23.22 kJ/mol), respectively (Fig. 4). The negative binding
free energy of the compounds agreed with the experimental
ranking antiviral activity Fig. S3.

3.5. Analysis of binding poses of the promising candidates

As key molecular interactions formed between potential candi-
dates and protein target are essential to guide structure–activity
optimization, binding interaction of promising antiviral candidates
was analyzed. The binding interaction of remdesivir triphosphate
exhibited several attractive charge interactions between triphos-
phate and the residues Arg553, Arg555 and divalent magnesium
(Fig. 4A) as previously reported [53,54]. Analysis of traditional



Fig. 4. 2D ligand interaction diagrams of the inhibitors into the catalytic binding site of RNA-dependent-RNA-polymerase (RdRp) SARS-CoV-2 (Discovery Studio Client version
2021). The inhibitors are (A) Remdesivir triphosphate (RTP), (B) Compound 2 (C) Compound 8 and (D) Compound 9. The binding free energy and energy components
(kcal/mol) for the protein-inhibitor complexes predicted by the MM/GBSA method. The percentage occupancy of H-bonds averaged over the last 50 ns of simulation time was
present along the green dashed lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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hydrogen bond occupancy, which is the angle and the distance
between the donors and the acceptors are less than 135�Å and
3.0 Å (acceptor to donor heavy atom), respectively, showed 82%
hydrogen bond occupancy between Ser814 phosphate group
(Fig. 4B). Compared to our candidate compounds, the interaction
of compound 2, 8 and 9 showed different binding modes. Com-
pound 2 which exhibited the highest binding affinity among the
candidate compounds, showed high hydrogen bond occupancy as
remdesivir. Two hydrogen bonds of compound 2 were interaction
between the carboxylate oxygen atom and Arg553 (82% hydrogen
occupancy) and the oxygen atom of the benzofuran ring and
Asp760 (41% hydrogen bond occupancy). Both Arg553 and
888
Asp760 are conserved amino acid residues in RdRp of CoVs. Apart
from the hydrogen bond interaction, Pi-alkyl hydrophobic interac-
tions were observed with Arg624 and Lys621.

Weaker anti-CoVs of compound 8 and 9 showed much lower
hydrogen bond occupancy than compound 2 (Fig. 4C and
Fig. 4D). Compound 8 showed 29% hydrogen bond occupancy
between carbonyl and Thr687 while compound 9 exhibited no sig-
nificant hydrogen bonding. The primary affinity of compound 9
was attractive interaction between N of 4-pyrrolidinyl with
Asp623 and Asp760, and Pi-sigma /Pi-alkyl between triazole and
Lys621 and Pro620. It suggested that hydrophobic interactions
could improve the binding in further studies.
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The results reported herein should be considered with some
limitations. First, the PEDVmodel was employed to screen antiviral
activity. This model might be useful for screening coronavirus
antiviral agents. Nonetheless, the quantitative antiviral activity
found in the PEDV model might be different from inhibition activ-
ity in SARS-CoV-2. Although it has been reported that remdesivir’s
antiviral activity is variable in different cell types [55], the ranking
of the compounds based on binding free energy prediction in SARS-
CoV-2 polymerase was similar to the result obtained from antiviral
activity assay in PEDV. Antiviral activity test on SARS-CoV-2, there-
fore, is necessary to quantitative antiviral potency for further
structure/activity relationship analysis. The second limitation con-
cerns the cell line. The Vero cell line employed in this study is
derived from a monkey kidney whereas lung epithelial cells are
regarded to be the main targets for SARS-CoV-2 infection in
humans [56]. Drug metabolism or bioavailability may not be repre-
sented in Vero cells.
4. Conclusions

In an attempt to identify novel candidate compounds to fight
against SARS-CoV-2, we have selected RpRd as a potential drug tar-
get. We analyzed RpRd protein sequences to ensure high sequence
conservation across coronaviruses and to evaluate its feasibility as
a target for combating emerging CoV outbreaks. While most in sil-
ico screening used the conserved interactions between remdesivir
and residues of RdRp for identified novel inhibitors, we employed
an alternative approach by utilizing molecular docking to screen
compounds and curate the binding interaction based on the con-
served residues of RdRp. Three potential inhibitors (compound 2,
8 and 9) have been experimentally validated. Although inhibition
activity was not directly evaluated on SARS-CoV-2 but on another
coronavirus (PEDV) instead, the promising results showed the inhi-
bitors might be broadly effective. The MD simulations revealed key
interactions. The information of these active inhibitors provides a
novel guide for inhibitor design which will enable us to develop
a competent drug that might be complementary in treatment or
reduce the likelihood of resistance. Further validation on SARS-
CoV-2 and mutants will be required on the path toward developing
SARS-CoV-2 inhibitors.
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