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Abstract

The novel coronavirus that has affected the whole world is declared a pandemic by the World Health Organization. Since
the emergence of this virus, researchers worldwide have searched for potential antivirals against it. Being an RNA virus, it
shows a high rate of mutability and variability in its genome. In the present study, all the reported SARS-CoV-2 genomes
isolated from diverse regions of the world available in the GISAID database have been considered for phylogenetic analysis.
The strain identified at the root is subjected to phylogenetic analysis with genomes of other known human viruses obtained
from NCBI for identifying the nearest viral neighbor. Furthermore, the phylogenetic relationship between various human
viruses was used to repurpose the known antiviral drugs towards coronavirus using in silico docking approach. The phylog-
eny reveals the link of the COVID virus with adenovirus. The known drugs against adenovirus are considered in the present
study for drug repurposing through molecular docking analysis. The reference inhibitors of the respective targets were also
considered in the docking study. The protein targets, namely protease, endoribonuclease, methyltransferase, phosphatase,
and spike protein, are considered for screening with the known drug of adenovirus. Ribavirin, known to treat adenoviral
infection, shows the best docking score, suggesting its use as a repurposed drug to treat SARS-CoV-2. Furthermore, the

potency of the ribavirin drug is analyzed using molecular dynamics studies.

Keywords COVID-19 - Docking - Drug repurposing - Molecular dynamics - Phylogenetics - SARS-CoV-2 - Virtual

screening

Introduction

COVID-19 was declared a global pandemic by the World
Health Organization in March 2020. It is caused by a novel
Betacoronavirus officially known as the severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2) by the
International Committee on Taxonomy of Viruses (ICTV)
[1, 2]. Coronaviruses that belong to the order Nidovirales,
family Coronaviridae, genus Betacoronavirus, and sub-
genus Sarbecovirus, are single-stranded RNA viruses and
are known to infect various organisms, including Aves and
mammals. SARS-CoV-2 belongs to the clad of coronavirus
along with severe acute respiratory syndrome coronavirus
(SARS-CoV), which was reported in 2002 in Guangdong
Province of China. SARS-CoV was known to spread to 26
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countries, causing 774 deaths. The Middle East respiratory
syndrome coronavirus (MERS-CoV) is another virus in the
same family that was first reported in 2012 in Saudi Arabia.
MERS-CoV is known to spread to 27 countries, causing
858 deaths [2]. Being an RNA virus, coronaviruses evolve
rapidly and are more prone to frequent mutations. The clini-
cal manifestation of the coronavirus includes pneumonia,
fever, dry cough, headache, dyspnea, and diarrhea. The
severe symptoms include metabolic acidosis, septic shock,
and bleeding [2].

COVID-19 has shown a critical effect on the world,
resulting in over 6 million deaths with 514 million con-
firmed cases as of May 2022. Alongside many deaths,
the pandemic has also resulted in the loss of livelihoods,
which has a rippling effect on the global economy. The
WHO epidemiological report shows that as of December
2021, there are five different SARS-CoV-2 strains of inter-
est, namely alpha, beta, gamma, delta, and omicron, first
reported in the UK, South Africa, Brazil, India, and South
Africa respectively. The current fatality rate estimate of
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COVID-19 is 2.2%, affected by many factors, including
age, underlying health conditions, and severity of illness.
By the second week of May 2022, it is reported that there
was a 14% increase in the number of new weekly cases
in the region of the Americas and an increase of 12% in
the African region. The weekly death rates of the African
region were also reported to show a rise of 84%.

Since the emergence of SARS-CoV-2, researchers have
been interested in the phylogenetic analysis of the virus.
Phylogenetic analysis is carried out for the taxonomical
classification, establishing the ancestry and the relation
of a particular organism with other organisms, along with
the evolutionary history of an organism. The DNA or
protein sequences are used for studying phylogeny and
are depicted by constructing the phylogenetic tree using
mathematical graphs representing the evolutionary rela-
tionships among different organisms [3]. The phylogenetic
study of SARS-CoV-2 shows its relation with bat-derived
viruses (bat-SL-CoVZC45 and bat-SL-CoVZXC21) and
is known to offer more similarity to these viruses than
to other human infection-causing viruses [4]. As stated,
SARS-CoV-2 is an RNA virus with a high rate of muta-
tion, resulting in various virulent strains differing in their
genome from region to region. In the present study, firstly,
the phylogeny of the human viruses from the Coronaviri-
dae family and the SARS-CoV-2 variants was established.
Furthermore, the phylogenetic relationships among SARS-
CoV-2 from different areas of the world, along with their
level of variations, have been established, followed by
the establishment of the phylogeny of SARS-CoV-2 with
other human viruses. The search for the phylogenetic
relation between SARS-CoV-2 and other human viruses
would help in drug repurposing by screening for their
effectiveness against SARS-CoV-2, thus decreasing the
time and cost required for identifying drugs against the
virus. The genomic data of SARS-CoV-2 and other human
viruses were used to construct a phylogenetic tree. The
genomic data of SARS-CoV-2, along with the variants,
were obtained from GISAID [5], a database containing the
genomic data of SARS-CoV-2 deposited by researchers
and clinicians worldwide [6]. The genomic data of other
human viruses were downloaded from the virus reposi-
tory of the NCBI genome browser. The genome of the
origin node of the SARS-CoV-2 was then compared with
the genome of other human viruses. We have used two
distance-based methods, an unweighted pair group method
with arithmetic mean (UPGMA) and neighbor-joining
(NJ), to construct a phylogenetic tree.

Developing a new drug is always a challenging task that
requires both time and extensive effort, so using a previously
known drug against a particular disease can be used to treat
other diseases by drug repurposing. The various advantages
of drug repurposing in search of treatment for a specific
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disease are fewer chances of failure from a safety point of
view, reduction in time, and cost-effectiveness [7].

The known drugs of the closely related virus to the
SARS-CoV-2, identified through phylogenetic analysis,
are used for docking against five common targets of SARS-
CoV-2, main protease (PDB ID: 6LU7), NSP15, which is an
endoribonuclease (PDB ID: 6VWW), spike protein (PDB
ID: 6LZG), ADP-ribose phosphatase of NSP3 (PDB ID:
6VXS), and methyltransferase-stimulatory factor complex of
NSP16 and NSP 10 (PDB ID: 6W61). The first protein used
for docking analysis was the main protease (PDB ID: 6LU7),
the most common drug target in SARS-CoV-2. The process-
ing of polyproteins translated by the viral genome is carried
out by this enzyme. The viral replication can be obstructed
by impeding the activity of this enzyme [8]. Another pro-
tein is NSP15, an endoribonuclease (PDB ID: 6VWW); it
cleaves RNA at the 3' uridylate position, forming a 2'-3'
phosphodiester product. The activity of NSP 15 is to prevent
the immune sensing system of the host from detecting the
virus by targeting and degrading the polyuridine sequence
of the virus. Manganese (Mn2 +) is needed for the activ-
ity of NSP15 [9]. The spike protein of SARS-CoV-2 (PDB
ID: 6LZG) is a glycoprotein that helps mediate the entry of
the virus to the host cell. The protein interacts with human
angiotensin-converting enzyme 2 (ACE2) present on the cell
membrane of the host cell; this interaction is responsible
for the transmission of the virus in the host cell [9, 10].
The next protein is ADP-ribose phosphatase of NSP3 (PDB
ID: 6VXS) from SARS-CoV-2; NSP3 is a papain-like pro-
teinase. It is the largest protein having several conserved
domains, including the transmembrane domain encoded by
a coronavirus. NSP3 has the protease activity responsible
for cleaving the site between NSP2 and NSP3. Apart from
this, protease activity mediates the release of NSP1, NSP2,
and NSP3 from the N-terminal region of polyprotein la
and lab from coronaviruses. The release of these proteins
is essential for viral activity, and inhibition of NSP3 can
help to fight against SARS-CoV-2 [9]. Methyltransferase-
stimulatory factor complex of NSP16 and NSP 10 (PDB
ID: 6W61) of SARS-CoV-2 that show methyl transferring
activity, i.e., viral RNA capping, is also used as a protein
target for docking analysis. mRNA in eukaryotes and most
viruses are capped at the 5’ end, helping in RNA splicing,
transportation of mRNA, maintaining stability, and initiation
of translation. Host or viral mRNA without capping is prone
to rapid degradation. The viruses require capping to protect
themselves from the host’s innate immune responses. It also
helps in viral replication by enhancing viral translation to
escape from host RNA sensors. NSP 10 acts as a stimulatory
factor for NSP 16, a 2'-O-methyltransferase (2'-O-MTase); it
stabilizes the SAM binding pocket and extends the substrate
RNA binding groove of NSP16 by preventing their interac-
tion 2'-O-MTase activity that can be inhibited [11].
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Drug repurposing could serve efficiently in finding the
treatment for SARS-CoV-2 infection, and the drugs used
to treat the diseases caused by the nearest phylogenetic
neighbor of SARS-CoV-2 can be considered for targeting
SARS-CoV-2 infection. In the present work, the phylogeny
of SARS-CoV-2 has been analyzed, and the known drug
of its nearest neighbor is considered for drug repurposing
using various computational techniques such as sequence
alignment, virtual screening, and molecular dynamics
simulations.

Material and methods

Retrieval and filtering of the coronavirus genome
sequences

The coronavirus genome sequences reported in the GISAID,
a primary source for influenza and novel coronavirus
genomic data, were analyzed in this study. About 30,800
sequences were downloaded from the EpiCoV repository
of the GISAID in the FASTA format. To filter out similar
sequences from the downloaded sequences, a single genome
was picked randomly from each region, namely Africa, Asia,
Central America, Europe, North America, Oceania, and
South America. The complete set of downloaded sequences
was subject to similarity matching with the seven sequences
picked randomly from the stated regions. The latest complete
and high coverage sequences from all the available variants
of SARS-CoV-2 were also downloaded from GISAID along
with the genomic sequences of all viruses from the Corona-
viridae family with humans as a host from NCBI. To visual-
ize the evolutionary history, the downloaded sequences were
subjected to sequence alignment to construct a phylogenetic
tree using the neighbor-joining method. Locality sensitive
hashing (LSH) technique [12] was used to calculate the simi-
larities between the studied genomes using the sequences
picked randomly from each region as a reference. Using the
similarity score generated by the LSH, all the sequences that
showed less than 70% similarity towards reference genomes
were subjected to further study. Three thousand one hun-
dred fifty-one genomic isolates were identified using this
approach.

Sequence alignment and phylogenetic analysis
of the coronavirus genome

To perform the phylogenetic analysis on the obtained sequences,
the genomic sequence alignment was performed using the
MEGAX software and Clustal Omega [13]. Furthermore, the
aligned genomic sequences were subjected to Biopython to
generate the distance matrix and the phylogenetic tree. The tree

has been generated from the distance matrix using the UPGMA
method. As it is known that UPGMA is inherently rooted at
the deepest point of the tree, the genome corresponding to the
deepest point is selected for further analysis. The phylogeny of
all the viruses infecting the humans from Coronaviridae fam-
ily, along with various variants of SARS-CoV-2, was generated
using the NJ method.

Retrieval of all the known human virus genomes

The NCBI genome browser was used to obtain the genomes
of various viruses that infect humans. The virus repository
of the NCBI genome browser was filtered for viruses with
humans as a host, and the complete genomes of these viruses
were downloaded using the FTP service provided by NCBI.
A total of 558 viral genome FASTA files were downloaded
using this method for further study.

Comparison of human viral genomes
with that of coronavirus using phylogenetic
techniques

For comparison of the human viral genomes with that of cor-
onavirus, all the viral genomes obtained in this study were
aligned with the genome of the coronavirus strain identified
at the root node during the phylogenetic analysis of various
coronavirus strains. The viral sequences were aligned using
the MEGAX software, and the phylogenetic tree of these
aligned genomes was constructed using Biopython employ-
ing the neighbor-joining method.

Identification of the most similar human virus
for drug repurposing

The phylogenetic tree constructed using the neighbor-joining
method is further analyzed to identify the viral genome that
is most similar to the coronavirus strain studied in this work,
which has been used for further analysis. Based on the dis-
tances, it has been identified that adenovirus is the nearest
neighbor to the coronavirus. Furthermore, various drugs that
help in the treatment of adenoviral infections are identified
through literature search [14], and these drugs were subjected
to docking studies to identify their potency towards corona-
virus. ETE toolkit was used to visualize all the phylogenetic
trees [15].

Docking analysis
For identification and repurposing of anti-adenovirus drugs
towards coronavirus, the identified drugs from the literature

search [14] as shown in Table 1 were subjected to docking studied
using Glide, an efficient docking tool from Schrodinger. The
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Table 1 List of drugs used as

. . . S. no. Name of the ligands
ligands for docking analysis

1

2

3

4

5

6

7 Ganciclovir (GCV)

8

9 Alovudine

10

11

Cidofovir [(S)-HPMPC; (S)-1-(3-hydroxy-2-phosphonomethoxypropyl)cytosine; VISTID]
Brincyclovir (BCV; hexadecyloxypropyl-cidofovir; CMX001)

(S)-HPMPA [(S)-9-(3-hydroxy-2-phosphonomethoxypropyl)adenine]

USC-187 (alkyl tyrosinamide-ester prodrug of HPMPA)

(S)-HPMPO-DAPYy [2,4-diamino-6-[3-hydroxy-2-(phosphonomethoxy)-propoxy]pyrimidine]
(S)-2242 [2-amino-7-(1,3-dihydroxy-2-propoxymethyl)purine]

Zalcitabine (2'3'-dideoxycytidine, ddC)

Trifluridine (3FT) and vidarabine (Vira-A)
Ribavirin (1-B-D-ribofuranosyl-1,2,4-triazole-3-carboxamide)

MG-101 (PubChem ID: 443118), NSC95397 (PubChem
ID: 262093, ZINC000000082673, ZINC000038661771,
and ZINC000023398144), and ellagic acid (PubChem ID:
5281855) were considered reference inhibitors for main pro-
tease, NSP 15 an endoribonuclease, ADP-ribose phosphatase
of NSP3, methyltransferase complex of NSP16 and NSP 10,
and spike protein respectively [16-20]. The binding affinity,
glide score, and ligand interaction diagrams are analyzed to
identify the potential drugs that could be repurposed against
coronavirus. The three-dimensional structures of the drugs
were optimized using LigPrep, and the tautomer of the drugs
used as ligands was generated using Epik. The affinity grid
maps of the binding site were generated using the available
ligand within the crystallized structure, where available. The
Sitemap module of the Schrodinger suite was used to identify
the active sites where the known binding sites were unavail-
able. The coronavirus proteins considered in this study are
spike protein, methyltransferase, protease, endoribonuclease,
and phosphatase.

Molecular dynamics simulation

The target protein with the best docking score was sub-
jected to MDS to validate the stability of protein—ligand
interaction. MDS was performed for 50 ns on GROMACS
(version 2018.2) [21] using the CHARMM36 all-atom
force field [22]. SwissParam web server [23] was used to
generate ligand topology as the force field used for simula-
tion (CHARMM36) lacked the force field parameters for
ligands. GROMACS compatible protein and ligand files
were generated with in-house ad hoc scripts before the pro-
tein, and ligand topologies were combined, solvated, mini-
mized, and equilibrated. The protein—ligand complex was
solvated with a TIP3P explicit model of water molecules.
The covalent bonds of the particles were using a linear
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constraint solver (LINCS) algorithm. Later, the system was
neutralized using Cl— and Na+ions. The energy minimiza-
tion of the system was performed using the steepest descent
algorithm until the maximum force is less than 10.0 kJ/
mol evaluated using the particle mesh Ewald electrostatic
interactions. Furthermore, the NVT and NPT conserved
ensembles were generated and equilibrated at 1 bar pres-
sure and 300 K temperature using the Berendsen thermo-
stat and Berendsen pressure coupling algorithm. The MD
simulations were performed using the leapfrog algorithm
with an integration time step of 2 fs for 50 ns at constant
temperature and pressure of 300 K and 1 bar, respectively.

Trajectory analysis

The molecular dynamic trajectories were analyzed using
GROMACS analysis utilities to derive and conclude results.
The stability of the protein complex was determined by cal-
culating the root mean square deviation (RMSD) between
the initial structure and the simulated structure. At the same
time, the calculation of RMSF was carried out to deter-
mine the rigidity of the secondary structure. The analysis
toolkit was also used to generate the PDB files of the pro-
tein—ligand complex to analyze the protein—ligand interac-
tions at various simulation periods. The strength of binding
between protein and ligand was established by analyzing the
change in interaction energies between protein and ligand
throughout the simulation time. The stability of the complex
was further validated by analyzing modifications in second-
ary structure per residue versus time during the simulation
period using the DSSP algorithm [24]. The timeline analysis
of the evolution of the secondary structure was plotted using
Ghostscript. The UCSF Chimera software [25] was used for
structural alignment and visualization. MATLAB was used
to plot graphs.
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Fig. 1 The phylogenetic tree hCoV-19/Peru/LIM-INS-11330/2021|EP! ISL 8874883.2021-12-17 ] Lamda 1
representing the evolutionary hCoV-19/Denmark/DCGC-531714/2022EP! ISL 13400530.12022-06-14 ] Delta
history of the coronavirus hCoV-19/lsraelICH-741232924/2022|EP! ISL 13461070.2022-06-21 ] Omicron
hCoV-19/Peru/CUS-INS-13342/2022|EP! ISL 9769405.[2022-01-10 ] Gamma
hCoV-19/Spain/CB-HUMV-602100270312/2022|EP! ISL 12690087.|2022-05-06 ] Alpha SARS-CoV-2

hCoV-19/USA/NJ-CDC-LC0439741/2021|EPI ISL 8367942.[2021-12-24 ] Mu
hCoV-19/Germany/BY-MVP-000013145/2022|EPI ISL 12045322.[2022-03-21 ] Beta

NC 045512.2 Severe acute respiratory syndrome coronavirus 2 isolate Wuhan-Hu-1 complete genome

NC 006213.1 Human coronavirus OC43 strain ATCC VR-759 complete genome

NC 005831.2 Human Coronavirus NL63 complete genome

NC 028752.1 Camel alphacoronavirus isolate camel/Riyadh/Ry141/2015 complete genome

NC 002645.1 Human coronavirus 229E complete genome

NC 048214.1 Duck coronavirus isolate DK/GD/27/2014 complete genome

NC 010800.1 Turkey coronavirus complete genome

NC 048213.1 Infectious bronchitis virus isolate Ind-TN92-03 complete genome

E hCoV-19/France/NOR-CERBAHC-01489038/2022|EPI ISL 9178368.]2022-01-04
NC 038294.1 Betacoronavirus England 1 isolate H123990006 complete genome
NC 019843.3 Middle East respiratory syndrome-related coronavirus isolate HCoV-EMC/2012 complete genome
NC 006577.2 Human coronavirus HKU1 complete genome
NC 003045.1 Bovine coronavirus isolate BCoV-ENT complete genome

NC 001451.1 Avian infectious bronchitis virus complete genome

Results and discussion
Phylogenetic analysis of coronavirus genome

Phylogenetic studies play an essential role in forecasting an
organism’s evolutionary history [26]. Analyzing the phy-
logeny of coronavirus would provide information on its
evolutionary history and the most closely related neighbor.
Firstly, the phylogenetic tree of the genomic sequences of
the viruses from the Coronaviridae family, along with vari-
ous variants of the SARS-CoV-2, is constructed (Fig. 1).
The phylogenetic tree shows that coronavirus shows a high
rate of mutation with respect to time. It also shows that
the first coronavirus strain that evolved to infect humans is
from the avian population.

Phylogenetic analysis of a large number of SARS-CoV-2
strains from different regions of the world revealed that
there had been a variety of variations in the genomes iso-
lated in the different areas. To filter out one genome from
these large numbers of strains, the corresponding genome
nearest to the root node as calculated through phylogenetic
analysis using the UPGMA method is selected for further
study. The analysis of the phylogenetic tree reveals that
the strain isolated from China (Asia) is calculated to be
nearest to the root node of all the strains used in this study.
The table showing the five least distant strains excluding
animals from the root as calculated by the UPGMA method
is shown in Table 2. The phylogenetic tree constructed

using the identified strains is shown in the figure (Online
Resource 1). From the phylogenetic tree, it can be deduced
that the isolates from the Europe region show large varia-
tions in their genome.

Comparison of human viral genomes
with coronavirus

The phylogenetic analysis of the SARS-CoV-2 strain iden-
tified in the previous step and the human viral genomes
downloaded from the NCBI virus repository revealed that
the adenovirus is the nearest neighbor to the coronavirus.
The table showing the five least distant viruses concerning
coronavirus as calculated by the neighbor-joining method

Table 2 Distances of the top five nearest strains from the root node
along with isolates from bat and pangolin

Region Distance from root Node
Bat (China) 0.409678
China (Asia) 0.409678
Wuhan (Asia) 0.409678
Pangolin (China) 0.409678
Colombia (SouthAmerica) 0.432357
Wales (Europe) 0.432357
Italy (Europe) 0.432357
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Docking analysis

Docking is one of the most important computational tools
commonly used to study the interaction of the small, potent

drug molecules against targets and is known to have sig-

nificant importance in drug discovery [27]. Docking analy-
sis was carried out by Maestro Schrédinger in 2019 to find
the strength of the interaction between the known drugs of

Fig.2 The phylogenetic tree is generated by the NJ method. The blue
and red pointers point to the studied coronavirus strain and adenovi-

rus, respectively
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Fig.3 The interaction diagrams
correspond to each protein’s
top-scoring ligand. A Interac-
tions between protease and riba-
virin. B Interactions between
methyltransferase and ribavi-
rin. C Interactions between
phosphatase and alovudine. D
Interactions between endori-
bonuclease and alovudine. E
Interactions between spike a
protein and ribavirin
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adenovirus infection along with known inhibitors against
the structures of target proteins, namely spike protein, meth-
yltransferase, protease, endoribonuclease, and phosphatase
of SARS-CoV-2. The docking score of top-scored drugs is
mentioned in Table 4. As evident from the docking score,
ribavirin, an antiviral agent used against adenovirus, shows
promising binding affinity with methyltransferase with a
docking score of —9.451 kcal/mol and can be considered for
repurposing against coronavirus. The interaction diagrams
corresponding to the top-scoring ligand of each protein are
shown in Fig. 3.

Molecular dynamics simulation

As stated, it was subjected to molecular dynamic analysis
to study the ligand’s inhibitory activity further. The RMSD
plot of the protein—ligand complex reveals the stability of the
compound. The RMSD plot is shown in Fig. 4. To further
evaluate the stability of protein, the RMSF and the change in
interaction energies are analyzed. The RMSF plot, as seen in
Fig. 5, reveals that the changes in protein structure through-
out the simulation were within the threshold concerning
the ligand. As stated, the strength of nonbonded interaction
between methyltransferase and ribavirin was quantified by
calculating interaction energy between them as represented
in Fig. 6; the graph shows a stable interaction confirming the
stable interaction between methyltransferase and ribavirin.
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When considering diverse genomes from coronavirus,
it is seen that the root of the phylogenetic tree lies at the
genome isolated from the bat. Further phylogenetic analysis
of various human virus genomes shows that the coronavirus
is most closely related to adenovirus. The virtual screening
of adenoviral drugs against coronavirus suggests that riba-
virin can be repurposed against different target proteins of
coronavirus.

Conclusions

The emergence of SARS-CoV-2 as a pandemic in the world
demands the search for an efficient potential drug for the
treatment of COVID-19. This study attempted to iden-
tify potential antiviral drugs for the SARS-CoV-2 using a
bioinformatics approach. The phylogenetic analysis of the
SARS-CoV-2 strains obtained from GISAID suggests that
the samples identified from the European region showed
large diversity in their genome as compared to other regions.
The phylogenetic analysis also reveals that the coronavirus
strains infecting the humans emerged from the avian popula-
tion. The SARS-CoV-2 strain isolated at Wuhan, China can
be identified as the strain corresponding to the root node as
calculated by the UPGMA method. Furthermore, the phylo-
genetic analysis of various human viral genomes obtained
from the NCBI genome browser confirms the close relation
between SARS-CoV-2 and adenovirus. Considering adeno-
virus as the nearest neighbor to the coronavirus, as suggested
by the phylogenetic analysis, the literature search for drugs
against adenovirus reveals diverse small molecules. For drug
repurposing studies, the molecular docking analysis of the
identified small molecules towards various protein structures
corresponding to coronavirus suggests that ribavirin, a known

@ Springer
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antiviral drug against adenovirus infection, can be repurposed
against coronavirus. The molecular dynamic simulation stud-
ies further confirm the potency of ribavirin towards coronavi-
rus and could help find the treatment for COVID-19.
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