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The recent outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has caused a devastating effect globally with no effective treatment. The swift strategy to
find effective treatment against coronavirus disease 2019 (COVID-19) is to repurpose the
approved drugs. In this pursuit, an exhaustive computational method has been used on
the DrugBank compounds targeting nsp16/nsp10 complex (PDB code: 6W4H). A
structure-based pharmacophore model was generated, and the selected model was
escalated to screen DrugBank database, resulting in three compounds. These
compounds were subjected to molecular docking studies at the protein-binding
pocket employing the CDOCKER module available with the Discovery Studio v18. In
order to discover potential candidate compounds, the co-crystallized compound
S-adenosyl methionine (SAM) was used as the reference compound. Additionally, the
compounds remdesivir and hydroxycholoroquine were employed for comparative
docking. The results have shown that the three compounds have demonstrated a
higher dock score than the reference compounds and were upgraded to molecular
dynamics simulation (MDS) studies. The MDS results demonstrated that the three
compounds, framycetin, kanamycin, and tobramycin, are promising candidate
compounds. They have represented a stable binding mode at the targets binding
pocket with an average protein backbone root mean square deviation below 0.3 nm.
Additionally, they have prompted the hydrogen bonds during the entire simulations,
inferring that the compounds have occupied the active site firmly. Taken together, our
findings propose framycetin, kanamycin, and tobramycin as potent putative inhibitors for
COVID-19 therapeutics.
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INTRODUCTION

Coronaviruses are the responsible agents that cause respiratory tract infections in humans (Rothan
and Byrareddy, 2020). The recent outbreak has caused a serious challenge in finding effective
therapeutics (Cao et al., 2020). SARS-CoV-2 has originated from Coronaviridae family and is known
as novel coronavirus (2019-nCoV) (Pal et al., 2020; Zhou et al., 2020). Being the largest group of
viruses, Coronaviruses (CoVs) has four families, of which the Coronavirinae a subfamily of
Coronaviridae family can be divided into α, β, γ, and δ (Woo et al., 2010; Fehr and Perlman,
2015). These viruses have a club-shaped protrusion on their surface, resembling a “crown” referring
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to “corona” in Latin (Li, 2016; Chorba, 2020). COVID-19 is the
seventh type of human infecting coronavirus (Andersen et al.,
2020).

The SARS-CoV-2 genome ismade upof nonstructural polyprotein,
open reading frame (ORF)1a/b and about 30 kb in size. It is further
cleaved proteolytically to generate 15/16 proteins, 4 structural and 5
accessory proteins (Chan et al., 2020; Sinha et al., 2020;Wu et al., 2020).
When the spike protein of SARS-CoV-2 (COVID-19) interacts with
ACE-2, the infection initiates aided by the enzyme TMPRSS2 protease
(Hoffmann et al., 2020; Mousavizadeh and Ghasemi, 2020). Once the
initiation of the infection happens, ORF1a and ORF1ab are translated
and subsequently cleaved proteolytically to form functional proteins
and are majorly involved in viral replication (Mousavizadeh and
Ghasemi, 2020; Krichel et al., (2020)).

In order to escape the degradation process and to secure efficient
translation and additionally to escape from the host innate immune
system recognition (Encinar and Menendez, 2020), the RNA
molecule of SARS-CoV-2 (COVID-19) is capped at their 5′ end.
One of the nonstructural proteins, nsp16, encodes the 2′-O-
methyltransferase (2′-O-MTase) and executes the RNA cap
modification, which requires nsp10 for activation. This unique
feature of SARS-CoV-2 is not discovered in host cell or other
viruses. The binding of nsp10 to nsp16 happens through a
∼930 Å2 activation surface in nsp10 (Decroly et al., 2011)
correspondingly, favoring the nsp16 interaction to capped
RNA substrate and methyl donor S-adenosyl-L-methionine
(SAM), thus stabilizing the SAM-binding pocket and
elongating the capped RNA-binding groove (Encinar and
Menendez, 2020). A recent finding has documented three
binding sites for the nsp16/nsp10 complex, the SAM-
binding site, the interface between the nsp16-nsp10, and
the RNA-binding groove (Encinar and Menendez, 2020). In
the current investigation, we have targeted the SAM-binding
site for exploiting new leads to combat SARS-CoV-2, adapting
several computational approaches.

With no specific medication till date, it is essential to develop
and/or design new therapeutics to counter this pandemic. A
host of drugs are under investigation, and the search for new
compounds is underway. Here, we targeted the nonstructural
protein, the nsp16/nsp10 complex, to identify an effective
prospective drug employing the drug repurposing approach
using several computational studies. Additionally, the use of
the already-known antiviral drugs offers several advantages
due its known safety profiles (Das et al., 2020).

MATERIALS AND METHODS

Selection of the Target Structure
The protein for the present study is the nsp16/nsp10 complexed with
the co-crystalized ligand SAM bearing the PDB code 6W4H (Rosas-
Lemus et al., 2020). The protein was prepared by removing the water
molecules and the heteroatoms. Subsequently, the protein was
minimized enabling the “Minimize and Refine Protein” protocol
available with the Discovery Studio v18 (DS). The chain A of the
protein was used, and the active site residues were marked
around the SAM ligand at 12 Å radius.

Pharmacophore Generation and Virtual
Screening Process
The receptor ligand pharmacophore model was generated
exploiting the key interacting features present between the
target and SAM. Correspondingly, the Receptor-Ligand
Pharmacophore Generation module was used retaining all the
other parameters as default (Meslamani et al., 2012). The best
pharmacophore model was chosen based upon the selectivity
score and the key residue interactions and was upgraded to screen
the small molecules.

Preparation of the Small Molecule Dataset
The FDA-approved small molecule dataset was downloaded from
the DrugBank (Wishart et al., 2018) in the .sdf format and was
subsequently imported onto the DS. The small molecules were
initially checked for the presence of any duplicates and were
thereafter minimized employing the “Full Minimization”
protocol accessible with the DS.

Binding Affinity Studies
Molecular docking was conducted to evaluate the binding
affinities between the target protein and the small molecules.
Herein, the CDOCKER (Wu et al., 2003) program available
with the DS was employed. Each ligand was allowed to
generate 50 conformations, and the best pose was selected
based upon the highest dock score (-CDOCKER interaction
energy) from the largest cluster and the key residue
interactions (Rampogu et al., 2018). The compound SAM
was used as the reference compound, while remdesivir and
hydroxychloroquine were used for comparative docking.

Molecular Dynamics Simulation Studies
Molecular dynamics simulation (MDS) studies were undertaken
to envisage on the behavior of the ligand at the binding pocket
of the protein. The protein parameters were generated from
the CHARMM 27 all-atom force field, and the ligand
topologies were garnered from SwissParam (Zoete et al.,
2011) employing the GROMACS v 2016.6 (Van Der Spoel
et al., 2005). The systems were solvated in dodecahedron water
box consisting of TIP3P water model and, subsequently, the
counter ions were added. The systems were subsequently
minimized followed by coupling of the protein and the
ligand. This was proceeded by double equilibration method
using the conserved number of particles (N), volume (V) and
temperature (T) (NVT) and the constant number of particles
(N), pressure (P), and temperature (T) (NPT) for 1 ns each.
The NPT ensembles were escalated to MDS for 50 ns. All the
analyses were carried out using visual molecular dynamics
(VMD) (Humphrey et al., 1996) and DS. The results were
evaluated according to the root mean square deviation
(RMSD), root mean square fluctuations (RMSFs), radius of
gyration (Rg), potential energy, number of hydrogen bonds,
distance between the hydrogen bond interacting residues and
ligand atoms, interaction energy, and the mode of ligand
binding.
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RESULTS

Pharmacophore Generation
Utilizing the interactions between the co-crystallized ligand
SAM and the nsp16 target protein, the structure-based
pharmacophore model was generated. The results have
generated 10 pharmacophore models with the same features
and selectivity score as shown in Table 1. When the
receptor–ligand generation protocol was initiated, a total
of 37 features in ligand were observed. However, 10
features have matched the receptor–ligand interactions:
AAAAAADDPP [where A refers to hydrogen bond
acceptor (HBA), D refers to hydrogen bond donor (HBD),
and P indicates positive ionizable (PI)], out of which six
features were incorporated in each model. For the scoring
method, the Rules was used, which is an internal scoring
method. This scoring function is based on a genetic
function approximation (GFA model), which is a function
of the feature set in the pharmacophore model and the
feature–feature distances of different types of features. In
order to select the ideal model, the pharmacophore that
covers the entire structure of the SAM along with the key
residue interactions was selected. Accordingly, model 3 was
selected with the following features: 2 hydrogen bond
acceptors (HBAs), 2 hydrogen bond donors (HBDs), and 2
positive ionizables (PIs), as shown in Figure 1A with its

geometry in Figure 1B. These features were complementary
to the key residues such as Asn6841, Asp6897, Asn6899,
Cys6913, and Asp6928, respectively, as illustrated in
Figure 1C. We then evaluated if the model could retrieve
potential inhibitors. Since there are not many compounds
specific to nsp16/nsp10 complex, the pan-MTase inhibitor
sinefungin was used. This compound is bound to
SARS-CoV-2 nsp10-nsp16 methyltransferase complex
bearing the PDB code 6YZ1 (Krafcikova et al., 2020). Upon
enabling the Ligand Pharmacophore Mapping tool embedded
with the DS, it was revealed that the compound has mapped
perfectly with the model, Supplementary Figure S1
suggesting that the model could be upgraded for retrieving
new potential inhibitors.

Pharmacophore Mapping to Discover New
Indications for FDA-Approved Small
Molecules
The prepared FDA-approved drugs were mapped with the
pharmacophore model enabling the Ligand Pharmacophore
Mapping tool, which resulted in three compounds, as shown
in Supplementary Figure S2, inferring that these compounds
possess the important features vital for inhibition. The
resultant compounds were upgraded to binding affinity
studies employing the CDOCKER program available with DS.

TABLE 1 | Generation of different pharmacophore models and their characterization.

Pharmacophore model Number of features Feature seta Selectivity score

Model 1 6 HBA, HBA, HBD, HBD, PI, PI 14.834
Model 2 6 HBA, HBA, HBD, HBD, PI, PI 14.834
Model 3 6 HBA, HBA, HBD, HBD, PI, PI 14.834
Model 4 6 HBA, HBA, HBD, HBD, PI, PI 14.834
Model 5 6 HBA, HBA, HBD, HBD, PI, PI 14.834
Model 6 6 HBA, HBA, HBD, HBD, PI, PI 14.834
Model 7 6 HBA, HBA, HBD, HBD, PI, PI 14.834
Model 8 6 HBA, HBA, HBD, HBD, PI, PI 14.834
Model 9 6 HBA, HBA, HBD, HBD, PI, PI 14.834
Model 10 6 HBA, HBA, HBD, HBD, PI, PI 14.834

aHBA refers to hydrogen bond acceptor, HBD refers to hydrogen bond donor, and PI indicates positive ionizable.

FIGURE 1 | Pharmacophore model generation. (A) Pharmacophore features. (B) Geometry of the model. (C)Model complementary to the residues and features.
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Binding Affinity Studies
The molecular docking was undertaken to predict the binding
modes of the small molecules and further to estimate their binding
affinities (Rampogu et al., 2020). Upon subjecting the obtained
compounds to molecular docking mechanism along with the
reference compound, three compounds were found to generate
a higher to comparable dock score than the reference compound,
as displayed in Table 2. Therefore, these compounds were
upgraded to MDS studies to evaluate their stabilities.

Molecular Dynamics Simulation Studies
Molecular dynamics simulation study was carried out to understand
the behavior of small molecules at the binding pocket of the target.
The results were delineated based upon the root mean square
deviation (RMSD), radius of gyration (Rg), potential energy, root
mean square fluctuation (RMSF), mode of ligand binding, number
of hydrogen bond analysis, and the interaction energy.

MDS Inferred Stability Analysis
Root Mean Square Deviation
Protein stability with respect to its conformation can be measured
via the deviations generated, if any, during the simulation period,

logically inferring that the smaller the deviation the greater the
stability of the protein (Aier et al., 2016). Correspondingly, the
RMSD plots were plotted for the protein backbone atoms to
examine if there are any variations in the plot. The RMSD plot
was found to be stable below 0.23 nm for framycetin, an average
of 0.18 nm for tobramycin, and an average of 0.25 nm for
kanamycin. These findings elucidate that the system is stable,
demonstrating no major aberrations, as described in Figure 2A.

Radius of Gyration
Radius of gyration serves as an indicator for protein structure
compactness, further stating that the three-state folding of the
proteins is relatively more compact than the proteins of the same
size but in two-state folding (Lobanov et al., 2008). In the current
study, we investigated the compactness of the protein (backbone)
during the whole simulation. It was noted that the protein was highly
stable ranging between 1.86 and 1.90 nm. Interestingly, the Rg of the
three systems was observed to drop at 25 ns thereafter being stable.
However, in case of tobramycin, the Rg has raised marginally at
40 ns and remained stable thereafter. Overall, the three systems have
revealed a greater compactness as shown in Figure 2B.

Potential Energy
Another parameter, that is, the potential energy, was also calculated.
The three systems have displayed a stable potential energy between
−542000 and −537000 kJ/mol. The average potential energy was
calculated as −539864 kJ/mol for kanamycin, −539133 kJ/mol for
framycetin, and −540066 kJ/mol for tobramycin. These results
additionally strengthen the argument that the systems were
stable with no major variations, as shown in Figure 2C.

Root Mean Square Fluctuation
Root mean square fluctuation (RMSF) is defined as a measure of
residue-specific flexibility (Dong et al., 2018). Here, the RMSF was

TABLE 2 | Binding affinity scores according to the CDOCKER.

Compound name DrugBank ID -CDOCKER interaction
energy

(kcal/mol)

Framycetin DB00452 68.80
Kanamycin DB01172 62.18
Tobramycin DB00684 58.40
S-Adenosylmethionine Reference

compound
64.26

Remdesivir 57.16
Hydroxychloroquine 49.13

FIGURE 2 |Molecular dynamics simulation findings. (A) Stability analysis as inferred by RMSD. (B)Compactness of the protein fromRg. (C) Potential energy during
the entire simulation. (D) Fluctuations rendered by the RMSF plots.
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conducted on the protein backbone of the three systems. It was
observed that there were no fluctuations noticed in the backbone
residues, as shown in Figure 2D. The binding pocket is made up of
the residuesAsn6841, Tyr6845, Gly6879, Gly6871, Pro6878, Gly6879,
Asp6897, Leu6898, Asn6899, Asp6912, Cys6913, Asp6928, Met6929,
and Tyr6930. Interestingly, no significant fluctuations were noticed
with these residues as described in Supplementary Figure S3A. The
residues between 6,820–6,830 and 6,932–6,942 were observed to
demonstrate a marginal surge in the RMSF plots. However, these
residues do not belong to the active site as shown in Figure 2D and
Supplementary Figure S3B. The putative inhibitors were
accommodated at the binding pocket by interacting with the key
residues. The detailed computational analysis has unraveled their
binding potential at the atomistic level. Furthermore, mechanistically,
we speculate that binding with these key residues could illuminate the
credibility of the compounds as new inhibitors.

Binding Mode Analysis
From the stable RMSD, the last 5 ns structure was extracted and
was superimposed against the X-ray crystal structure. The results
have revealed that the compounds have occupied the same
binding pocket as that of the co-crystallized compound SAM,
as shown in Figure 3. The intermolecular interactions have
shown that the compound framycetin has formed four
hydrogen bond interactions with residues Asn6899, Tyr6930,
and Asp6931. The residue Asn6899 has generated two
hydrogen bonds as illustrated in Figure 4A. Additionally, the
residues, Leu6898, Met6929, and Lys6933 have formed the van
der Waals interactions firmly holding the compound at the
binding pocket as illustrated in Supplementary Figure S5.

The compound kanamycin has occupied the similar binding
pocket as that of the co-crystallized compound SAM, as shown in
Figure 3. The intermolecular interactions have shown that the
compound has formed hydrogen bond interactions with residues
Asp6873, Gly6911, Asp6912, Cys6913, and Asp6931, respectively.
The residues Asp6873 and Cys6913 have generated two hydrogen
bonds as illustrated in Figure 4B. Additionally, the compounds
Phe6868, Ser6896, Met6929, Gly6869, Asp6897, Ser6872, Gly6871,
Pro6932, Lys6933, and Leu6898 have formed the van der Waals

interactions firmly holding the compound at the binding pocket, as
illustrated in Supplementary Figure S5.

The compound tobramycin has occupied the binding pocket in
the same fashion as that of the co-crystallized compound SAM, as
shown in Figure 3. The intermolecular interactions have shown
that the compound has formed hydrogen bond with residues
Asn6899, Asp6897, Cys6913, and Tyr6930, respectively. The
residue Asp6897 has generated two hydrogen bonds as
illustrated in Figure 4C. Additionally, the compounds Ala6914,
Asp6912, Tyr6950, Phe6947, Lys6933, Asp6931, Pro6932,
Asp6873, Ser6872, Gly6871, and Gly6911 have formed the van
der Waals interactions accommodating the compound at the
binding pocket, as illustrated in Supplementary Figure S5.

Hydrogen Bond Interactions and Distance
Between the Interacting Residues and
Atoms
The hydrogen bond interactions were monitored during the 50 ns
simulation run. It was noted that the hydrogen bonds were formed
during the entire simulations, stating that the compounds were
present within the active site of the protein. The average hydrogen
bonds were computed to be 2.5, 3.8, and 4.8 for framycetin,
kanamycin, and tobramycin, respectively, as displayed in
Figure 5. Additionally, we meticulously investigated the distance
between the interacting residues that aremaking the hydrogen bonds
and the ligand atoms. The compound framycetin forms four
hydrogen bonds noticed to be interacting throughout the
simulation run with an acceptable average distance below 0.3 nm,
as shown in Figure 6. The seven hydrogen bonds demonstrated
by the compound kanamycin have displayed an acceptable
average distance of 0.3 nm. A distance beyond 0.3 nm was
noticed with Asp6912_OD2:H49, Cys6913_SH:H48 during
the initial simulation run, thereafter demonstrating an
acceptable bond length. The interaction, Asp6931_OD2:H52
showed longer distance that ranged from 0.3 nm to 0.9 nm
until 30 ns, after which the distance has settled at an acceptable
bond length projecting an average distance of 0.36 nm as
described in Figure 7. The compound tobramycin has

FIGURE 3 | Binding mode analysis of the compounds. (A) Accommodation of ligands at the binding pocket and (B) its enlarged view surrounded by the binding
pocket residues.
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shown relatively high degree of variation in the distance
measure, while maintaining the average distance below
0.3 nm. The interactions with residue Cys6913 and Asn6899
were highly rigid, illuminating their strong affinity toward the
ligand, as described in Figure 8. Notably, the residue Asp has
displayed high degree of variation, whilst maintaining the
distance below 0.3 nm, as described in Figure 8.

Interaction Energy Analysis
Furthermore, to quantify the strength of the interaction between the
protein and the small molecule, the interaction energies were
computed and read according to the terms Coul-SR:protein–lig
and LJ-SR:protein–lig. For framycetin, the Coul-SR: protein–lig
interaction energy existed between −400 and −100 kJ/mol with an
average of −178.28 kJ/mol. The LJ-SR:protein–lig interaction energy

was −200 to −50 kJ/mol with an average of −121.35 kJ/mol. For
kanamycin, the Coul-SR:protein–lig interaction energy existed
between −400 and −100 kJ/mol with an average of −167.46 kJ/
mol. The LJ-SR:protein–lig interaction energy was −100 to
−200 kJ/mol with an average of −127.43 kJ/mol. For tobramycin,
the Coul-SR:protein–lig interaction energy existed between −300 and
−100 kJ/mol with an average of −158.01 kJ/mol. The LJ-SR:
protein–lig interaction energy was −200 to −100 kJ/mol with an
average of −121.15 kJ/mol, as illustrated in Figures 9A,B.

DISCUSSION

COVID-19 is a global pandemic (Osier et al., 2020) that the world
has been witnessing with no effective medication yet. The World
Health Organization (WHO) has stated that COVID-19 is “public
enemy number 1” and potentially more powerful than terrorism (Yi
et al., 2020). To find promising therapeutics, in the current research,
we have adapted computational drug repurposing approaches.

Drug repurposing (drug repositioning, reprofiling, or re-tasking)
is amethod for discovering new uses for approved or investigational
drugs different from the original use, and has several advantages
such as reduced risk of failure, reduced time frame for drug
development, and less investment (Pushpakom et al., 2018).

A few reports exist targeting the SAM binding site. Encinar
et al. identified twelve drugs that have occupied the SAM binding
site with a high affinity (Encinar and Menendez, 2020). In
another study, Tazikeh-Lemeski et al. reported the drugs
raltegravir and maraviroc, to be effective against nsp 16
(Tazikeh-Lemeski et al., 2020). Bilal et al. discovered

FIGURE 4 | Intermolecular hydrogen bond interactions. (A) Molecular interactions between framycetin and the key residues. (B) Hydrogen bond interactions
between kanamycin and the protein residues. (C) Intermolecular hydrogen bond interactions between tobramycin and the protein residues.

FIGURE 5 | Hydrogen bond interactions between the protein and ligand
during the whole simulations.
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FIGURE 6 | Hydrogen bond distance of the interacting residues (atoms) and the ligand atoms of framycetin.

FIGURE 7 | Hydrogen bond distance of the interacting residues (atoms) and the ligand atoms of kanamycin.
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naphthyridine and quinoline derivatives as possible nsp16-nsp10
inhibitors (Aldahham et al., 2020). However, these computational
investigations have not reported our compounds.

Herein, we have used pharmacophore-based molecular
docking and molecular dynamics simulation methods to
discover potential candidates for SARS-CoV-2, targeting the
6W4H. Upon performing the structural alignment using the
protocol Align Structures of SARS-CoV (3R24) and SARS-
CoV-2 (6W4H), both the sequences have shown a sequence
identity of 86.8% and sequence similarity of 89.4%, as shown
in Supplementary Figure S4B. Additionally, upon
superimposition of the two structures, it was revealed that
the SAM binding site was similar, inferring that the two
structures share high similarity, as shown in
Supplementary Figure S4A.

Our investigation has retrieved framycetin, kanamycin, and
tobramycin as potential candidate drugs as they have
demonstrated higher dock score than the reference
compound. In order to understand their affinities, in case
to avoid false positives and to elucidate the behavior of these
compounds at the active site of the target, the MDS analysis
was undertaken. The results have shown that the three
compounds have projected acceptable results, whilst
maintaining the key residue interactions with the target.

The antibiotic framycetin is generally employed to treat
bacterial eye infections (Wishart et al., 2006; Wishart et al.,
2018). The compound framycetin has formed hydrogen bonds
with residues Asn6899, Tyr6930, and Asp6931. The residue
Asn6899 has generated a hydrogen bond with remdesivir,
while demonstrating a van der Waals interaction with

FIGURE 8 | Hydrogen bond distance of the interacting residues (atoms) and the ligand atoms of tobramycin.

FIGURE 9 | Molecular dynamics simulation–guided interaction energy during the whole simulation. (A) Interaction energy from Coul-SR:Protein-lig and (B)
interaction energy from LJ-SR:Protein-lig.
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hydroxychloroquine. The residues Tyr6930 and Asp6931 have
prompted a van der Waals interaction with the reference
compounds. The compound framycetin was also found to be a
potential inhibitor against SARS-CoV-2Mpro (Rampogu and Lee,
2021). Kanamycin is an aminoglycoside antibiotic and acts by
binding to the bacterial 30S ribosomal subunit, leading to
misread t-RNA, thereby leaving the bacterium unable to
synthesize proteins vital to its growth (Wishart et al., 2006;
Wishart et al., 2018). The compound kanamycin has
established hydrogen bond interactions with residues
Asp6873, Gly6911, Asp6912, Cys6913, and Asp6931,
respectively. The residue Asp6873 has formed van der
Waals interaction with remdesivir and hydroxychloroquine.
The residue Gly6911 has generated a van der Waals
interaction with the docked pose of SAM and the
cocrystallized structure. The residue Asp6912 has generated
hydrogen bond interaction with the docked pose of SAM and
the co-crystallized structure. The residue Cys6913 has formed
van der Waals interaction with remdesivir and π-alkyl
interaction with hydroxychloroquine. Interestingly, this
residue has interacted with the hydrogen bond interaction
in both the docked pose of SAM and the co-crystallized
structure. The residue Asp6931 has formed van der Waals
interaction with remdesivir and the docked pose of SAM. The
compound tobramycin is a broad-spectrum aminoglycoside,
antibiotic produced by Streptomyces tenebrarius (Wishart
et al., 2006; Wishart et al., 2018). It is effective against
Gram-negative bacteria, especially the pseudomonas species.
The compound tobramycin has formed five hydrogen bonds.
The residue Asp6897 has formed hydrogen bond with
tobramycin as was noticed with all the reference
compounds. The residue Asn6899 has formed hydrogen
bond interaction with tobramycin, remdesivir, and co-
crystallized ligand, while it formed van der Waals
interactions with remdesivir and the docked pose of SAM.
The residue Cys6913 formed hydrogen bond interactions with
tobramycin, docked pose of SAM, and the cocrystallized
structure. It has generated a van der Waals interaction with
remdesivir. The residue Tyr6930 represented a hydrogen bond
interaction with tobramycin and van der Waals interaction
with hydroxychloroquine. The residue has demonstrated a
carbon–hydrogen bond with remdesivir and docked pose
of SAM.

Furthermore, our investigations have shown that the three
compounds have been accommodated within the binding pocket
during the entire simulation run without any significant
variations, as predicted by RMSF profiles in Supplementary
Figure S3.

Additionally, the distance plots of the hydrogen bonds
determine the strength of the bonds inferring that the
compounds are held strongly at the active site of the target
protein. Furthermore, they were clamped by several residues at
the binding pocket locking them at the active site throughout
the simulation via van der Waals interaction, as shown in
Supplementary Figure S5. Since these are the key residues to

bring out the biological processes as noticed with the
cocrystallized ligand, we speculate that our newly identified
compounds could serve as effective inhibitors.
Mechanistically, interacting with these residues is essential
to bring about the desirable result. These compounds have also
demonstrated the pharmacophore features inferring the key
features as that of the cocrystallized ligand. Taken together, we
propose these compounds as potential leads targeting nsp16
protein to combat SARS-CoV-2.

CONCLUSION

SARS-CoV-2 causing COVID-19 is the recent pandemic the
world is fighting currently with no effective therapeutics yet.
In pursuit of finding effective drugs to this disease, we have
performed exhaustive pharmacophore-based drug
repurposing approach to discover candidate compounds
from DrugBank. Our results have retrieved three potential
candidates, which have shown promising computational
results. These compounds have displayed the
pharmacophore features as possessed by the cocrystallized
compound SAM complemented by the key residue
interactions and stable MDS results. Together, we propose
three compounds, framycetin, kanamycin, and tobramycin, as
promising therapeutics for SARS-CoV-2 infections.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are
included in the article/Supplementary Material; further
inquiries can be directed to the corresponding
author.

AUTHOR CONTRIBUTIONS

SR and KWL conceived the idea. SR wrote the manuscript. SR
and KWL approved and validated the manuscript.

FUNDING

This research was supported by the Bio & Medical Technology
Development Program of the National Research Foundation
(NRF) and funded by the Korean government (MSIT) (no.
NRF-2018M3A9A7057263).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fchem.2021.636362/
full#supplementary-material

Frontiers in Chemistry | www.frontiersin.org May 2021 | Volume 9 | Article 6363629

Rampogu and Lee Drug Repurposing Approaches for SARS-CoV-2 Therapeutics

https://www.frontiersin.org/articles/10.3389/fchem.2021.636362/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2021.636362/full#supplementary-material
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


REFERENCES

Aier, I., Varadwaj, P. K., and Raj, U. (2016). Structural insights into conformational
stability of both wild-type and mutant EZH2 receptor. Sci. Rep. 6, 34984. doi:10.
1038/srep34984

Aldahham, B. J. M., Al-Khafaji, K., Saleh, M. Y., Abdelhakem, A. M., Alanazi, A.
M., and Islam, M. A. (2020). Identification of naphthyridine and quinoline
derivatives as potential Nsp16-Nsp10 inhibitors: a pharmacoinformatics study.
J. Biomol. Struct. Dyn., 1–8. doi:10.1080/07391102.2020.1851305

Andersen, K. G., Rambaut, A., Lipkin,W. I., Holmes, E. C., andGarry, R. F. (2020). The
proximal origin of SARS-CoV-2.Nat.Med. 26, 450. doi:10.1038/s41591-020-0820-9

Cao, B., Wang, Y., Wen, D., Liu, W., Wang, J., Fan, G., et al. (2020). A trial of
lopinavir–ritonavir in adults hospitalized with Severe covid-19. N. Engl. J. Med.
382, 1787–1799. doi:10.1056/nejmoa2001282

Chan, J. F.-W., Kok, K.-H., Zhu, Z., Chu, H., To, K. K.-W., Yuan, S., et al. (2020).
Genomic characterization of the 2019 novel human-pathogenic coronavirus
isolated from a patient with atypical pneumonia after visiting Wuhan. Emerg.
microbes AND infect. 9, 221–236. doi:10.1080/22221751.2020.1719902

Chorba, T., and Perlman, S. (2020). The concept of the crown and its potential role in the
downfall of coronavirus. Emerg. Infect. Dis. 1282, doi:10.3201/eid2609.ac2609

Das, S., Sarmah, S., Lyndem, S., and Singha Roy, A. (2020). An investigation into
the identification of potential inhibitors of SARS-CoV-2 main protease using
molecular docking study. J. Biomol. Struct. Dyn., 1–11. doi:10.1080/07391102.
2020.1763201

Decroly, E., Debarnot, C., Ferron, F., Bouvet, M., Coutard, B., Imbert, I., et al.
(2011). Crystal structure and functional analysis of the SARS-coronavirus RNA
cap 2′-O-methyltransferase nsp10/nsp16 complex. PLoS Pathog. 7, e1002059.
doi:10.1371/journal.ppat.1002059

Dong, Y.-w., Liao, M.-l., Meng, X.-l., and Somero, G. N. (2018). Structural
flexibility and protein adaptation to temperature: molecular dynamics
analysis of malate dehydrogenases of marine molluscs. Proc. Natl. Acad. Sci.
USA 115, 1274. doi:10.1073/pnas.1718910115

Encinar, J. A., and Menendez, J. A. (2020). Potential drugs targeting early innate
immune evasion of SARS-coronavirus 2 via 2′-O-methylation of viral RNA.
Viruses 12, 525. doi:10.3390/v12050525

Fehr, A. R., and Perlman, S. (2015). Coronaviruses: an overview of their replication and
pathogenesis. Methods Mol. Biol. 1282, 1–23. doi:10.1007/978-1-4939-2438-7_1

Hoffmann, M., Kleine-Weber, H., Schroeder, S., Krüger, N., Herrler, T., Erichsen,
S., et al. (2020). SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is
blocked by a clinically proven protease inhibitor. Cell 181, 271. doi:10.1016/j.
cell.2020.02.052

Humphrey, W., Dalke, A., and Schulten, K. (1996). VMD: visual molecular
dynamics. J. Mol. Graph. 14, 33. doi:10.1016/0263-7855(96)00018-5

Krafcikova, P., Silhan, J., Nencka, R., and Boura, E. (2020). Structural analysis of the
SARS-CoV-2 methyltransferase complex involved in RNA cap creation bound
to sinefungin. Nat. Commun. 11, 3717. doi:10.1038/s41467-020-17495-9

Krichel, B., Falke, S., Hilgenfeld, R., Redecke, L., and Uetrecht, C. (2020).
Processing of the SARS-CoV pp1a/ab nsp7-10 region. Biochem. J. 477,
1009–1019. doi:10.1042/BCJ20200029

Li, F. (2016). Structure, function, and evolution of coronavirus spike proteins.
Annu. Rev. Virol. doi:10.1146/annurev-virology-110615-042301

Lobanov, M. Y., Bogatyreva, N. S., and Galzitskaya, O. V. (2008). Radius of gyration
as an indicator of protein structure compactness. Mol. Biol. 42, 623. doi:10.
1134/S0026893308040195

Meslamani, J., Li, J., Sutter, J., Stevens, A., Bertrand, H. O., and Rognan, D. (2012).
Protein-ligand-based pharmacophores: generation and utility assessment in
computational ligand profiling. J. Chem. Inf. Model. 52, 943. doi:10.1021/ci300083r

Mousavizadeh, L., and Ghasemi, S. (2020). Genotype and phenotype of COVID-19:
their roles in pathogenesis. J. Microbiol. Immunol. Infect., 30082. doi:10.1016/j.
jmii.2020.03.022

Osier, F., Ting, J. P. Y., Fraser, J., Lambrecht, B. N., Romano, M., Gazzinelli, R. T.,
et al. (2020). The global response to the COVID-19 pandemic: how have
immunology societies contributed? Nat. Rev. Immunol. 20, 594. doi:10.1038/
s41577-020-00428-4

Pal, M., Berhanu, G., Desalegn, C., and Kandi, V. (2020). Severe Acute respiratory
Syndrome coronavirus-2 (SARS-CoV-2): an update. Cureus 12, e7423. doi:10.
7759/cureus.7423

Pushpakom, S., Iorio, F., Eyers, P. A., Escott, K. J., Hopper, S., Wells, A., et al.
(2018). Drug repurposing: progress, challenges and recommendations. Nat.
Rev. Drug Discov. 18, 41. doi:10.1038/nrd.2018.168

Rampogu, S., Kim, S. M., Son, M., Baek, A., Park, C., Lee, G., et al. (2020). A
computational approach with biological evaluation: combinatorial treatment
of curcumin and exemestane synergistically regulates ddx3 expression in
cancer cell lines. Biomolecules 10, 857. doi:10.3390/biom10060857

Rampogu, S., and Lee, K. W. (2021). Old drugs for new purpose—fast pace
therapeutic identification for SARS-CoV-2 infections by pharmacophore
guided drug repositioning approach. Bull. Korean Chem. Soc. 42, 212–226.
doi:10.1002/bkcs.12171

Rampogu, S., Park, C., Son, M., Baek, A., Zeb, A., Lee, G., et al. (2019). Modulation of
aromatase by natural compounds—a pharmacophore guided molecular modelling
simulations. South Afr. J. Bot. 120, 230. doi:10.1016/j.sajb.2018.06.019

Rosas-Lemus, M., Minasov, G., Shuvalova, L., Inniss, N. L., Kiryukhina, O.,
Wiersum, G., et al. (2020). The crystal structure of nsp10-nsp16
heterodimer from SARS-CoV-2 in complex with S-adenosylmethionine.
bioRxiv 4, 047498. doi:10.1101/2020.04.17.047498

Rothan, H. A., and Byrareddy, S. N. (2020). The epidemiology and pathogenesis of
coronavirus disease (COVID-19) outbreak. J. Autoimmun. 109, 102433. doi:10.
1016/j.jaut.2020.102433

Sinha, S. K., Shakya, A., Prasad, S. K., Singh, S., Gurav, N. S., Prasad, R. S., et al.
(2020). An in-silico evaluation of different Saikosaponins for their potency
against SARS-CoV-2 using NSP15 and fusion spike glycoprotein as targets.
J. Biomol. Struct. Dyn. 1, 1–12. doi:10.1080/07391102.2020.1762741

Tazikeh-Lemeski, E., Moradi, S., Raoufi, R., Shahlaei, M., Janlou, M. A. M., and
Zolghadri, S. (2020). Targeting SARS-COV-2 non-structural protein 16: a
virtual drug repurposing study. J. Biomol. Struct. Dyn., 1–14. doi:10.1080/
07391102.2020.1779133

Van Der Spoel, D., Lindahl, E., Hess, B., Groenhof, G., Mark, A. E., and Berendsen,
H. J. (2005). GROMACS: fast, flexible, and free. J. Comput. Chem. 26, 1701.
doi:10.1002/jcc.20291

Wishart, D. S., Knox, C., Guo, A. C., Shrivastava, S., Hassanali, M., Stothard, P.,
et al. (2006). DrugBank: a comprehensive resource for in silico drug discovery
and exploration. Nucleic Acids Res. 34, D668. doi:10.1093/nar/gkj067

Wishart, D. S., Feunang, Y. D., Guo, A. C., Lo, E. J., Marcu, A., Grant, J. R., et al.
(2018). DrugBank 5.0: a major update to the DrugBank database for 2018.
Nucleic Acids Res. doi:10.1093/nar/gkx1037

Woo, P. C. Y., Huang, Y., Lau, S. K. P., and Yuen, K. Y. (2010). Coronavirus
genomics and bioinformatics analysis. Viruses 2, 1804–1820. doi:10.3390/
v2081803

Wu, A., Peng, Y., Huang, B., Ding, X., Wang, X., Niu, P., et al. (2020). Genome
composition and divergence of the novel coronavirus (2019-nCoV)
originating in China. Cell Host Microbe. 27, 325–328. doi:10.1016/j.
chom.2020.02.001

Wu, G., Robertson, D. H., Brooks, C. L., and Vieth, M. (2003). Detailed analysis of
grid-based molecular docking: a case study of CDOCKER-A CHARMm-based
MD docking algorithm. J. Comput. Chem. 24, 1549. doi:10.1002/jcc.10306

Yi, Y., Lagniton, P. N. P., Ye, S., Li, E., and Xu, R.-H. (2020). COVID-19: what has
been learned and to be learned about the novel coronavirus disease. Int. J. Biol.
Sci. 16, 1753. doi:10.7150/ijbs.45134

Zhou, P., Yang, X.-L., Wang, X.-G., Wang, B., Zhang, L., Zhang, W., et al. (2020).
A pneumonia outbreak associated with a new coronavirus of probable bat
origin. Nature 579, 270. doi:10.1038/s41586-020-2012-7

Zoete, V., Cuendet, M. A., Grosdidier, A., and Michielin, O. (2011). SwissParam: a
fast force field generation tool for small organic molecules. J. Comput. Chem. 32,
2359. doi:10.1002/jcc.21816

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Rampogu and Lee. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Chemistry | www.frontiersin.org May 2021 | Volume 9 | Article 63636210

Rampogu and Lee Drug Repurposing Approaches for SARS-CoV-2 Therapeutics

https://doi.org/10.1038/srep34984
https://doi.org/10.1038/srep34984
https://doi.org/10.1080/07391102.2020.1851305
https://doi.org/10.1038/s41591-020-0820-9
https://doi.org/10.1056/nejmoa2001282
https://doi.org/10.1080/22221751.2020.1719902
https://doi.org/10.3201/eid2609.ac2609
https://doi.org/10.1080/07391102.2020.1763201
https://doi.org/10.1080/07391102.2020.1763201
https://doi.org/10.1371/journal.ppat.1002059
https://doi.org/10.1073/pnas.1718910115
https://doi.org/10.3390/v12050525
https://doi.org/10.1007/978-1-4939-2438-7_1
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1038/s41467-020-17495-9
https://doi.org/10.1042/BCJ20200029
https://doi.org/10.1146/annurev-virology-110615-042301
https://doi.org/10.1134/S0026893308040195
https://doi.org/10.1134/S0026893308040195
https://doi.org/10.1021/ci300083r
https://doi.org/10.1016/j.jmii.2020.03.022
https://doi.org/10.1016/j.jmii.2020.03.022
https://doi.org/10.1038/s41577-020-00428-4
https://doi.org/10.1038/s41577-020-00428-4
https://doi.org/10.7759/cureus.7423
https://doi.org/10.7759/cureus.7423
https://doi.org/10.1038/nrd.2018.168
https://doi.org/10.3390/biom10060857
https://doi.org/10.1002/bkcs.12171
https://doi.org/10.1016/j.sajb.2018.06.019
https://doi.org/10.1101/2020.04.17.047498
https://doi.org/10.1016/j.jaut.2020.102433
https://doi.org/10.1016/j.jaut.2020.102433
https://doi.org/10.1080/07391102.2020.1762741
https://doi.org/10.1080/07391102.2020.1779133
https://doi.org/10.1080/07391102.2020.1779133
https://doi.org/10.1002/jcc.20291
https://doi.org/10.1093/nar/gkj067
https://doi.org/10.1093/nar/gkx1037
https://doi.org/10.3390/v2081803
https://doi.org/10.3390/v2081803
https://doi.org/10.1016/j.chom.2020.02.001
https://doi.org/10.1016/j.chom.2020.02.001
https://doi.org/10.1002/jcc.10306
https://doi.org/10.7150/ijbs.45134
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1002/jcc.21816
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Pharmacophore Modelling-Based Drug Repurposing Approaches for SARS-CoV-2 Therapeutics
	Introduction
	Materials and Methods
	Selection of the Target Structure
	Pharmacophore Generation and Virtual Screening Process
	Preparation of the Small Molecule Dataset
	Binding Affinity Studies
	Molecular Dynamics Simulation Studies

	Results
	Pharmacophore Generation
	Pharmacophore Mapping to Discover New Indications for FDA-Approved Small Molecules
	Binding Affinity Studies
	Molecular Dynamics Simulation Studies
	MDS Inferred Stability Analysis
	Root Mean Square Deviation
	Radius of Gyration
	Potential Energy
	Root Mean Square Fluctuation

	Binding Mode Analysis
	Hydrogen Bond Interactions and Distance Between the Interacting Residues and Atoms
	Interaction Energy Analysis

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


