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Abstract
The present CoVID-19 pandemic was first detected in December 2019 in Wuhan, China, and is rapidly
spreading worldwide. To date, it has affected 465,915 individuals in 200 countries, and has been
responsible for 21,031 deaths. In the absence of definitive treatment strategies, there is a pressing
demand for drug discovery against CoVID-19. Drug repurposing is a cost- effective and time-saving
strategy which essentially involves the identification of novel targets for known drug candidates. This
reduces the time and cost of drug discovery, as the pharmacokinetics and toxicity profiles of the drugs
are already known, which makes phase-I clinical trials redundant. Here, we employed a computational
drug repurposing strategy for identifying drug hits against the RNA-dependent RNA polymerase (RDRP)
protein of CoVID-19. Analysis of the human-virus protein-protein associations revealed that the viral
RDRP (NSP12) is associated with multiple host proteins that partake in cellular processes, which
indicated that NSP12 could be a potential target for drug discovery. This, combined with the fact that the
RDRP protein is a potential antiviral target in several viral diseases, led us to consider the NSP12 as a
potential drug target for CoVID-19. Owing to the absence of an experimentally-derived structure in the
PDB, we constructed the NSP12 protein of CoVID-19 by homology modelling, and the potential druggable
sites were analysed. The 13,533 entries in DrugBank were initially screened using the sequence of CoVID19 NSP12. The 7 hits thus identified were subjected to a consensus docking and scoring strategy for
identifying hits against the druggable site of CoVID-19 NSP12. Analysis of the docking scores and
protein- ligand interactions revealed that two hits – N-alpha-[(benzyloxy)carbonyl]-n-[(1r)-4- hydroxy-1methyl-2-oxobutyl]-l-phenylalaninamide and S-[5-(trifluoromethyl)-4h-1,2,4- triazol-3-yl] 5-(phenylethynyl)
furan-2 -carbothioate, had stronger binding affinity than remdesivir, which is being presently tested in
clinical trials for its antiviral activity against CoVID-19. This indicated that these two compounds might
be effective against CoVID-19, however, further experimentation is necessary for obtaining substantial
evidence. We believe that the results of this study could offer a novel avenue for drug development
against CoVID- 19.

1. Introduction
Since its first emergence in Wuhan, China, in December 2019, the novel SARS-CoV–2 has spread rapidly
across the globe. At present, there are 465,915 confirmed cases of CoVID–19, and 21,031 deaths. It took
over three months to reach the first 100000 confirmed cases, and only 12 days to reach the next 100000
cases, and the number of infections are doubling every 2–10 days1. Owing to the massive and rapid
upsurge in the number of cases of CoVID–19, the WHO is calling for “urgent, aggressive actions” for
contesting the viral pandemic2. On 30th January 2020, the WHO declared the CoVID–19 outbreak as the
“sixth public health emergency of international concern”2. This situation urgently demands the rapid
discovery of drugs for combating the massive surge in CoVID–19 infections. Drug repurposing offers a
faster and cheaper strategy for repositioning drugs against novel targets3,4. The strategy comprises the
identification of novel targets for the existing drug candidates. This involves reusing an existing drug for
treating a disease different from that the drug was originally intended for. As the pharmacokinetics of
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these drugs are already known, it eliminates the necessity of phase I clinical trials, thus reducing the time
and cost of drug discovery, which is of utmost necessity in the present global scenario4,5. Despite the
desperate necessity for the rapid identification of inhibitors against CoVID–19, it is important to ensure
the safety of the drugs or vaccines that are proposed6. As the pharmacokinetics and toxicity profiles of
drugs are already known, drug repositioning offers a safer strategy for identifying inhibitors against
SARS-CoV–2.
SARS-CoV–2 is a single-stranded, positive-sense RNA virus belonging to the coronavirideae family. The
viruses replicate in the host cytoplasm, which relies on the function of the RNA- dependent RNA
polymerase (RDRP), also called the NSP12 protein in SARS-CoV–2. The RDRP protein is crucial to the life
cycle of RNA viruses, as they mediate the replication of their RNA genomes7. The RDRP protein is a
potential antiviral target, and has been targeted in numerous studies for the inhibition of several viral
diseases, including dengue, hepatitis C, zika, West Nile disease, and Japanese encephalitis 8–11. In this
study, we aimed to identify drugs against the RNA-dependent RNA polymerase (RDRP) of CoVID–19 by
employing an in silico drug repositioning strategy using the DrugBank database. The RDRP protein is a
potential viral target that has been targeted for the treatment of several viral diseases11,12. Out of the
seven drugs initially screened from DrugBank, we propose that two candidates, N- alpha[(benzyloxy)carbonyl]-n-[(1r)–4-hydroxy–1-methyl–2-oxobutyl]-l-phenylalaninamide and S-[5(trifluoromethyl)–4h–1,2,4-triazol–3-yl] 5-(phenylethynyl) furan–2 -carbothioate, had stronger binding
affinity than remdesivir, which is being presently tested in clinical trials for its antiviral activity against
SARS-CoV–2. These compounds could potentially target the RDRP of SARS-CoV–2, however, further
experimental studies are necessary for validating the inhibitory potential of these compounds. We believe
that this study provides an avenue for drug development against SARS-CoV–2 for impeding the massive
global outbreak.

2. Materials And Methods
2.1 Virus–host PPI networks
The virus-human protein-protein interaction (PPI) networks were analysed using the VIRUSES web
interface, version 10.5, of STRING13–15, that was used to predict the associations between the proteins of
the human SARS coronavirus (NCBI taxonomy Id: 694009) with Homo sapiens (NCBI taxonomy Id: 9606).
In the constructed network, the line colour of the edges indicated the type of interaction evidence, the
maximum number of interactors that were shown were not more then 10, and the minimum interaction
score was 0.400.
2.2 Sequence retrieval, multiple sequence alignment (MSA) of viral RDRP proteins
The sequence of the RDRP of SARS-CoV–2 was retrieved from NCBI (YP_009725307). The sequences of
the RDRP proteins of SARS-CoV–2, murine coronavirus (P0C6X9), human coronavirus (P0C6X6), bovine
coronavirus (P0C6W9), middle ERSR coronavirus (K9N7C7), bat coronavirus (P0C6W2), and the human
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SARS coronavirus (P0C6X7) were aligned using the MUSCLE algorithm and an MSA was subsequently
constructed. A phylogenetic tree was constructed using the Neighbor-Joining algorithm, using a bootstrap
value of 1000 with the CLC Genomics workbench, version 8.5.
2.3 Analysis of motifs and conserved domains
The motifs in the RDRP of SARS-CoV–2, murine coronavirus, human coronavirus, bovine coronavirus,
middle ERSR coronavirus, bat coronavirus, and human SARS coronavirus were identified and compared
using the Dynamic Motifs search approach in CLC Genomics Workbench version 8.5. The conserved
domains in the RDRP protein were detected using the Conserved Domain Search (CD-Search) service of
NCBI16.
2.4 Homology modelling, molecular dynamics (MD) simulations, validation, druggability analysis
The three-dimensional structure of the RDRP protein of SARS-CoV–2 was constructed by homology
modelling with Modeller version 9.1117,18. Template identification was achieved by performing BLASTp19
against the Protein Data Bank (PDB)20. The structure of the NSP12 of SARS-coronavirus (PDB ID: 6NUR)
was selected as the template for modelling the NSP12 of SARS-CoV–221. The model thus obtained was
validated by the Discrete Optimized Potential Energy (DOPE) score22. The structural stability of the
constructed model of SARS- CoV–2 RDRP was confirmed by 10 ns MD simulations using the CABS-flex
server23, according to the method described by Chakraborty et al24. The resulting model was validated by
analysing the Ramachandran plot using ProCheck25. The druggable sites in the RDRP was identified by
SiteMap version 4.326.
2.5 Screening drug hits, molecular docking
The sequence of RDRP-SARS-CoV–2 (YP_009725307) was used as the target sequence for screening
drug hits from DrugBank, version 5.1.5, by performing BLAST. A gap opening penalty of –1, a mismatch
penalty of –3, and a gap extension penalty of –1 were used. The hits that were identified from DrugBank
were docked to the druggable site identified in the structure of RDRP. A consensus docking and scoring
strategy was employed, using the docking algorithms and empirical scoring functions of Glide SP and
Glide XP27,28. A grid of dimensions 33 Å × 33 Å × 33 Å was prepared around the druggable site that
mapped to the RDRP domain of NSP12. The x, y, and z coordinates of the grid centre were 165.23,
141.089, and 142.37, respectively.

3. Results
3.1 Analysis of virus-host PPI networks
Analysis of the virus-host PPI network revealed that the RDRP protein is associated with the human hub
proteins XPO1 and SPECC1, via the viral proteins 9b and nsp8, respectively (Figure 1). The combined
interaction score between XPO1 and 9b was 0.8, while that between SPECC1 and nsp8 was 0.828,
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indicating a strong association (Supplementary Table 1). The combined interaction scores of RDRP with
nsp8 and 9b were 0.825 and 0.8, respectively, which also indicated a strong association. It might be
possible that RDRP mediates the interactions of the viral proteins 9b and nsp8 with the human proteins,
XPO1 and SPECC1. As the proteins XPO1 and SPECC1 participate in cellular processes29–31, it might be
possible that the viral RDRP affects the cellular processes of the host by mediating the association of 9b
and nsp8 with XPO1 and SPECC1, respectively. The interactome network further revealed that eight viral
proteins, namely, 9b, nsp8, PL-PRO, NC, nsp1, 7a, 3a, and ns2 are directly associated with the host
proteins XPO1, SPECC1, PPP1CA, FGL2, JUN, SGTA and BCL2L1, STAT3 and CAV1, and PHB, respectively
(Figure 1). The interaction scores are provided in supplementary Table 1. The viral S glycoprotein is
indirectly associated with the human proteins CAV1 and STAT3 via the viral protein 3a. The viral M
protein is indirectly associated with STAT3 and CAV1 via the viral S glycoprotein and viral protein 3a, and
is indirectly associated with SGTA and BCL2L1 via viral protein 7a (Figure 1).
3.2 MSA and motif analysis
An MSA of the RDRP proteins of SARS-CoV–2, murine coronavirus, human coronavirus, bovine
coronavirus, middle ERSR coronavirus, bat coronavirus, and the human SARS coronavirus was performed
(Supplementary Figure S1). The results of motif analysis revealed that the RDRP proteins of all the
viruses contained 4 motifs with sequence-specific conservedness, namely, motifs E, A, B, and D (Figure
2a). Analysis of the sequence-specific conservedness of motif A revealed that motif A was conserved in
two regions across all the viruses analysed herein. Motif A was highly repetitive in SARS-CoV–2, which
contained 5 copies of motif A. The sequence composition of motif A was DXXXXDXXXX, indicating that it
is rich in aspartic acid (Figure 2b). The phylogenetic tree analysis revealed that the sequence of the
NSP12 protein of SARS-CoV–2 was most closely related to the RDRP proteins of bat coronavirus and the
human SARS coronavirus, as depicted in Figure 2c.
3.3 Refinement of homology model, validation
The DOPE score of the model (figure 3a) constructed by homology modelling was - 107039.9844. The
Ramachandran plot of the resulting refined model revealed that 3.3% of the residues were in the
disallowed regions (Supplementary Figure S2). The model was further refined by 10 ns MD simulations
and the best model of was selected after clustering (figure 3b). Analysis of the inter-residue interactions
revealed that the intra-protein contacts remain stable over the 10 ns simulation trajectory (Figure 3c).
Analysis of the root mean square fluctuations (RMSF) revealed that the RMSF of the residues at the Nterminus and C- terminus was the highest, owing to the fact that they were located at the terminal ends of
the protein (Figure 3d).
3.4 Compounds screened from DrugBank
The sequence of the RDRP of SARS-CoV–2 (YP_009725307) was used to screen the 13,533 entries in
DrugBank. A total of 7 compounds were identified from DrugBank version 5.1.5 (Table 1). Of these, six
compounds were experimental small molecules (compounds 1–6 in Table 1), while compound 7 was an
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investigational small molecule. The pharmacokinetic properties of the compounds are provided in
supplementary Table 2. The 2D structure of the compounds were retrieved from DrugBank in SMILES
format and were converted to the 3D structures were obtained using OpenBabel32.
3.5 Selection of druggable site
Analysis of the druggable site of the RDRP protein of SARS-CoV–2 revealed two druggable sites (1 and 2)
in the protein, having Dscore values of > 1 (Figure 4a). The SiteMap score is designed in such a way that
druggable sites have a Dscore of > 1 and a Sitescore of > 0.8. Both these druggable sites had SiteScore
and Dscore values greater than 0.8 and 1, respectively, indicating that both are potential druggable sites
(Figure 4b). Conserved domain analysis revealed that residues 14–366 in the N-terminus of SARS-CoV–2
NSP12 protein mapped to the coronavirus RDRP domain, belonging to the Corona_RPol_N_superfamily
(Pfam accession number pfam06478). The druggable sites were mapped to the conserved domains,
which revealed that druggable site 2 mapped to the RDRP domain of NSP12 (Figure 4b). This indicated
that site 2 is a potential druggable site, and targeting site 2 would inhibit the RDRP function of NSP12,
which is a necessary component of SARS-CoV–2 replication. The don/acc ratio for site 2 was 1.053,
indicating that the residues of this druggable region have a greater tendency to act as hydrogen bond
donors in ligand interactions (Figure 4b). The results of SiteMap further revealed that site 2 was a tight
binding site, revealed by the values of exposure and contact (Figure 4b). The volume of site 2 was
455.847 Å3. The hydrogen bond acceptor, hydrogen bond donor, hydrophobic, and hydrophilic surfaces of
druggable site 2 are represented in Figure 4c.
3.6 Hit selection by consensus docking
The 7 compounds previously screened from DrugBank were further screened by consensus docking and
scoring using Glide SP and Glide XP. Analysis of the hitlists from Glide SP (Table 2) and Glide XP (Table
3) revealed that the ranks of compounds 5 and 3 corresponded between Glide SP and Glide XP (Tables 2
and 3). Analysis of the Glide scores (Tables 2 and 3) revealed that the Glide SP and XP scores of
compound 5 were the highest, while that of compounds 1 and 2 were the lowest among the seven
compounds. There was a sharp decline in the Glide XP scores between compounds 7 and 4, and the
difference between the Glide XP scores of compounds 7 and 4 was more than 1 kCal/mol (Table 3). The
ranks of compounds 5 and 3 were consistent across the Glide SP and Glide XP hitlists. Therefore,
compounds 5 and 3, with Glide XP scores of –7.05 and –6.589, respectively, were selected as the top
scoring compounds from the hitlist.
The protein-ligand interactions of compounds 5 and 3 are compared with those of compound 7
(remdesivir) (Figure 5). Analysis of the protein-ligand interactions revealed that compounds 5 and 3
formed 2 and 1 hydrogen bonds, respectively, with the druggable site. The phenyl ring of compound 7
formed a pi-pi interaction with Y728. The analysis revealed that residues Y32, L207, L708, L240, and
Y728 were involved in hydrophobic interactions with compounds 5, 3, and 7. The details of the
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interactions are provided in Table 4. The protein- ligand interactions of the other compounds are provided
in supplementary Figure S3.

4. Discussion
SARS-CoV–2 infects alveolar epithelial cells via receptor-mediated endocytosis by binding to the
angiotensin-converting enzyme II (ACE2) receptor33. The viruses multiply following entry into host cells.
The multiplication of RNA viruses depends upon the simple strategies of replication and transcription.
The RDRP protein, encoded by the RdRp gene, plays a central role in the replication of RNA viruses7.
Therefore, the RDRP protein is a potential antiviral drug target7. Furthermore, as the 2019-nCoV/SARSCoV–2 share the highest nucleotide sequence identity34, the virus-human PPI networks were analysed
using the SARS coronavirus database in STRING for identifying the potent druggable targets of SARSCoV-2. Analysis of the virus-human PPI network revealed that the RDRP (NSP12) of SARS-CoV- 2 is
associated with the human proteins, XPO1 and SPECC1, via the viral proteins 9b and nsp8, respectively.
The human protein, XPO1, also known as exportin–1, mediates the nuclear export of proteins and certain
RNAs29,31. The SPECC1 (sperm antigen with calponin homology and coiled-coil domains 1) protein, that
is primarily expressed in the testes and plays a role in the organisation of the actin cytoskeleton30. The
association of RDRP with the viral proteins, 9b and nsp8, indicated that it might be possible that RDRP
mediates the interactions of 9b and nsp8 with XPO1 and SPECC1, respectively. This, combined with the
fact that RDRP is a potential antiviral target7, led us to consider that the RDRP (NSP12) of SARS-CoV–2
was a potential target for drug discovery. We therefore selected RDRP as a potential target for drug
repurposing against SARS-CoV–2. Analysis of the motifs in the NSP12 protein revealed that five copies
of motif A are present in the NSP12 protein of SARS-CoV–2. A study by Chou and Wang in 2015 revealed
that the presence of D/E-rich repeats in proteins in associated with transcriptional regulation, DNA
mimicry, and mRNA processing39. It was found that motif A is rich in aspartic acid, and the presence of
aspartic acid-rich repeats correlates with the fact that the RDRP domain catalyses RNA-dependent RNA
transcription and plays a crucial role in viral replication. Several drugs, including chloroquine, baricitinib,
remdesivir, lopinavir, and ritonavir, that are used to treat malaria, rheumatoid arthritis, and SARS-CoV
infections, have been considered as potential drug candidates for the treatment of SARS-CoV–2
infections35,36.
SARS-CoV–2 is a novel strain of coronavirus that was first reported in Wuhan, China in December 2019,
and has caused more than 21,031 deaths to date. The WHO is calling for “urgent, aggressive actions” for
combating the pandemic. By employing a drug repurposing strategy, we aimed to identify plausible drug
candidates from DrugBank against the NSP12 protein of SARS-CoV–2, which possesses the RDRP
activity that is crucial for viral replication. We employed sequence-based and structure-based
computational approaches for screening drug candidates from DrugBank. A homology model of the
NSP12 protein of SARS-CoV–2 protein was constructed using the PDB template 6NUR, and refined by 10
ns MD simulations. Druggability analysis of the NSP12 protein of SARS-CoV–2 revealed the presence of
two druggable sites. The druggable sites were mapped to the conserved domains in NSP12, which
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revealed that druggable site 2 mapped to the RDRP domain of NSP12. This indicated that site 2 would be
a potential target site for inhibiting SARS-CoV–2, as targeting this site it would inhibit the RNA-dependent
replication of viral RNA. We therefore selected site 2 as a potential druggable site for targeting SARSCoV–2. Initially, the 13,533 entries in DrugBank were screened by performing a BLAST using the
sequence of CoVID–19 NSP12 as target. The 7 drug hits that were obtained were docked to the druggable
site in the RDRP protein, using a consensus docking and scoring approach. The rank of the top scoring
hits, compound 5 and compound 3, agreed between the Glide SP and Glide XP hitlists, indicating that the
binding of these two compounds did not occur randomly. The compounds interacted with the RDRP
domain via hydrogen bonds, hydrophobic interactions, and pi-pi stacking interactions. Compounds 5 and
3 are experimental small molecules and the docking scores of the compounds were consistently better
that compound 7, in both the docking platforms. Compound 7, remdesiver, is being presently studied in
other clinical trials against 37. Previous studies have demonstrated that remdesivir (compound 7) can
bind to the RDRP of SARS- CoV–2 and inhibit the virus in vitro35,38. We observed that the Glide SP and
Glide XP scores of compounds 5 and 3 were higher than that of remdesivir (compound 7), indicating that
these compounds might have better inhibitory properties against the RDRP activity of SARS- CoV–2.

5. Conclusion
In conclusion, we report two compounds, N-alpha-[(benzyloxy)carbonyl]-n-[(1r)–4-hydroxy- 1-methyl–2oxobutyl]-l-phenylalaninamide (compound 5) and S-[5-(trifluoromethyl)–4h- 1,2,4-triazol–3-yl] 5(phenylethynyl) furan–2 -carbothioate (compound 3), which showed stronger binding affinity to the RDRP
domain of SARS-CoV–2, than remdesivir, which has been reported to inhibit SARS-CoV–2 in vitro35. This
suggests that these compounds might serve as potent inhibitors of CoVID–19, however, further
experimental studies are necessary for validating their inhibitory potential.
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Tables
Due to technical limitations, Tables 1-4 are provided in the Supplementary Files section.

Figures

Figure 1
Virus-human protein-protein interaction (PPI) network showing the interactions between the proteins of
the human SARS coronavirus and those of Homo sapiens. The red circles represent the viral proteins and
the grey circles represent the human proteins. The colour of the lines (edges) indicates the type of
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interaction, the thickness of the edges indicates the strength of the supporting data, and the different
edges of different colours indicate the number of interactions.

Figure 2
a) MSA and comparison of motifs present in the RDRP proteins of SARS-CoV-2, murine coronavirus,
human coronavirus, bovine coronavirus, middle ERSR coronavirus, bat coronavirus, and the human SARS
coronavirus. Four motifs, motif E, A, B, and C were identified in all the viral RDRP sequences, that are
indicated by yellow rectangles, blue triangles, red triangles, and green rectangles, respectively. The
sequence-specific conserved motifs that were present in all the sequences are outlined by rectangles. b)
Sequence composition of motif-E (yellow), motif-A (blue), motif-B (red), and motif-C (green). c)
Phylogenetic cladogram of the viral RDRP protein sequences. The bootstrap percentage value obtained
from 1000 samplings. The RDRP sequence of SARS-CoV-2 (CoVID-19) was phylogenetically closest to
the RDRP sequence of the bat coronavirus and human SARS coronavirus. The sister group is indicated by
a blue rectangle.
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Figure 3
A) Model of the RDRP (NSP12) protein of SARS-CoV-2 that was constructed by homology modelling. The
helices are coloured in blue, the beta sheets are represented in red, while the coiled regions are indicated
in grey. and structural stability of model. B) Superimposition of the best models obtained from the
clusters after the 10 ns MD simulations. C. The residue contact maps of the constructed model of SARSCoV-2 RDRP. The map shows a matrix with the contacts. The colour scale, indicating the contact distance
between the residues is provided below the map. D. RMSF of the constructed model over the 10 ns
simulation trajectory.
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Figure 4
a) The RDRP domain of the NSP12 protein of SARS-CoV-2 is represented in orange surface
representation. Druggable sites 1 and 2 are in grey and purple representation, respectively. b) Graphical
representation of the properties of the druggable sites 1 and 2. SiteScore and Dscore indicate the
potential druggability of binding sites. Exposure indicates the degree of solvent exposure, while enclosure
represents the degree of openness of the site to the solvent. Contact represents the strength of ligandtarget van der Waals interactions. Phobic and philic indicate the hydrophobic and hydrophilic character of
the binding site, while balance indicates the phobic:philic ratio. Don/Acc indicates the ratio of hydrogen
bond donor property to hydrogen bond acceptor property. c) The hydrogen bond donor, hydrogen bond
acceptor, hydrophobic, and hydrophilic surfaces of druggable site 2 are represented by blue, red, yellow,
and green surfaces, and surface areas are indicated in the corresponding colours.
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Figure 5
The binding poses of compound 5, compound 3, and compound 7 (upper panel). The interacting residues
are represented in green colour, and the ligands are in grey colouration. The hydrogen bonds are indicated
by purple dashed lines. The pi-pi interactions are indicated by light blue dashed lines. The protein-ligand
interactions are provided in the lower panel.
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