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Background: The emergence and spread of SARS-CoV-2 throughout the world has created an enormous
socioeconomic impact. Although there are several promising drug candidates in clinical trials, none is
available clinically. Thus, the drug repurposing approach may help to overcome the current pandemic.

Methods: The main protease (MP™) of SARS-CoV-2 is crucial for cleaving nascent polypeptide chains. Here,
FDA-approved antiviral and anti-infection drugs were screened by high-throughput virtual screening

gg{/";’gr‘iz (HTVS) followed by re-docking with standard-precision (SP) and extra-precision (XP) molecular docking.
SARS—C_oV—Z The most potent drug’s binding was further validated by free energy calculations (Prime/MM-GBSA) and

molecular dynamics (MD) simulation.
Results: Out of 1397 potential drugs, 157 showed considerable affinity toward MP™. After HTVS, SP, and
XP molecular docking, four high-affinity lead drugs (lodixanol, Amikacin, Troxerutin, and Rutin) with
docking energies —10.629 to —11.776 kcal/mol range were identified. Among them, Amikacin exhib-
ited the lowest Prime/MM-GBSA energy (—73.800 kcal/mol). It led us to evaluate other aminoglycosides
(Neomycin, Paramomycin, Gentamycin, Streptomycin, and Tobramycin) against MP™. All aminoglyco-
sides were bound to the substrate-binding site of MP™ and interacted with crucial residues. Altogether,
Amikacin was found to be the most potent inhibitor of MP™. MD simulations of the Amikacin-MP™ com-
plex suggested the formation of a complex stabilized by hydrogen bonds, salt bridges, and van der Waals
interactions.
Conclusion: Aminoglycosides may serve as a scaffold to design potent drug molecules against COVID-19.
However, further validation by in vitro and in vivo studies is required before using aminoglycosides as an
anti-COVID-19 agent.

© 2021 The Author(s). Published by Elsevier Ltd on behalf of King Saud Bin Abdulaziz University for
Health Sciences. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

Docking and simulation
Aminoglycosides
Antibiotics

Introduction

At the end of 2019, many patients were diagnosed with a respi-
ratory tract infection exhibiting severe pneumonia in Wuhan, the
capital of Hubei province in China [1,2]. In a short time, the dis-
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ease spread throughout the world and caused a pandemic. It was
revealed that the causal organism is a novel coronavirus closely
related to bat Severe Acute Respiratory Syndrome (SARS)-like coro-
navirus, and thus named as SARS-CoV-2 [3,4]. The RNA genome
of SARS-CoV-2 is about 82% identical to the SARS coronavirus
(SARS-CoV), with both viruses belonging to clade b of the genus
Betacoronavirus [1,2]. In general, coronaviruses are enveloped,
positive-sense, single-stranded RNA viruses in the genus Coronavi-
rus of the family Coronaviridae that can infect humans and several

1876-0341/© 2021 The Author(s). Published by Elsevier Ltd on behalf of King Saud Bin Abdulaziz University for Health Sciences. This is an open access article under the CC
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animals, including mammals and aves [5-7]. The famous outbreak
of SARS-CoV in Guangdong, China [8], and Middle East respiratory
syndrome coronavirus (MERS-CoV) in many countries of the Middle
East region [9] establish the fact that some coronaviruses can cause
life-threatening infection in patients. Likewise, COVID-19 has been
confirmed to be transmitted via a human-to-human transmission
that quickly spread to the majority of countries worldwide [10],
affecting millions (40,657,071 reported cases), with a death toll
reaching 1,123,122 till Oct 19, 2020 (https://www.worldometers.
info/coronavirus/).

Unfolding COVID-19 pandemics shows a necessity of rapid find-
ing of drug-candidates that could be used immediately in numerous
hotspots of virus activity. One of the most attractive drug tar-
gets among coronaviruses is the main protease (MP™), also named
chymotrypsin-like protease (3CLP™) [11]. This enzyme plays a cru-
cial role in processing the polyproteins translated from the viral
RNA [12]. Inhibiting the activity of this enzyme would severely
block viral replication. Since no human proteases with similar
cleavage specificity are known, this approach sounds promising, as
the prospective drug candidate’s toxic manifestations against this
enzyme would be negligible.

Several studies have now reported putative inhibitors using
bioinformatics studies. For example, Gentile et al. (2020) screened a
collection of 14,064 compounds searching for potential SARS-CoV-
2 MPr inhibitors [13]. Similarly, Jin and colleagues identified 30
drugs and compounds as SARS-CoV-2 MP® inhibitors through pro-
tein modeling and virtual screening [14], which represents rapid
progress in dealing with the crisis. Virtual screening suggested
that ledipasvir or velpatasvir might be particularly attractive as
therapeutics to combat the new coronavirus [15]. Moreover, this
protease’s potential inhibitors were postulated to be alpha-keto
amides with modifications added based on the protein-compound
interactions [16]. However, to the best of our knowledge, no study
to date exploited aminoglycosides as MP™ inhibitors. Therefore,
we screened a library of antiviral agents against the MP™ enzyme.
Initial results indicate Amikacin’s effectiveness (aminoglycoside)
in binding at the substrate site of MP™ and making contacts with
the catalytic residues. Further, some other aminoglycosides were
selected to examine their effect on the MP™ binding. Overall,
Amikacin was found to be the best amongst aminoglycosides.

Materials and methods
Retrieval and processing of ligands

The ligands in antiviral (L7000) and anti-infection (L3100)
agents libraries available at Selleck Inc (www.selleckchem.com)
were processed using “LigPrep-2018 (Schrodinger, LLC, NY, USA)”
as described previously [17]. Briefly, the ionization states of lig-
ands were defined at pH 7.0 & 2.0, and the salt (if any) was removed
using “Epik-2018 (Schrodinger, LLC, NY, USA)". For each ligand, a
maximum of 32 conformations was allowed to be generated. The
energies of each ligand were minimized by OPLS3e (Optimized
Potential for Liquid Simulations). A total of 3809 conformations rep-
resenting different ionization states of ligands were generated and
employed further in the study.

Retrieval and processing of protein (MP™)

The 3D structural coordinates of the SARS-CoV-2 main pro-
tease (MP™®) were retrieved from the PDB databank (www.rcsb.
org/structure/6LU7). The X-ray crystal structure of MP™ (PDB Id:
6LU7) was resolved to 2.16 A and contained a bound peptide-based
inhibitor (N3) [18]. Before virtual screening and molecular dock-
ing, the structure of MP™ was processed using “Protein Preparation
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Wizard-2018 (Schrodinger, LLC, NY, USA)” as reported earlier [17].
Briefly, hydrogen atoms were added, bond orders were assigned,
any missing loops or side chains were added using “Prime-2018
(Schrodinger, LLC, NY, USA)”. Non-catalytic water molecules and
any other heterogeneous atoms were removed. A hydrogen bond
network was created and optimized at a physiological pH of 7.4.
Finally, the energy of the protein was minimized using OPLS3e
forcefield. The grid enclosing substrate-binding site was created
using the “Receptor Grid Generation tool (Schrodinger, LLC, NY,
USA)” by selecting the bound ligand (N3) as the center of the grid.
A grid box of 88 x 88 x 88 A dimension was generated for virtual
screening and molecular docking.

High throughput virtual screening (HTVS) and molecular docking

Screening of ligands toward the substrate-binding site of
MP™© was performed using the HTVS module in “Glide-2018
(Schrodinger, LLC, NY, USA)”. The ligands displaying a good
affinity for MP™® were again docking at the substrate-binding
site using standard precision (SP) docking. Further, the ligands
filtered through SP docking were once again docked at the
substrate-binding site of MP™ using extra precision (XP) docking
of “Glide-2018 (Schrodinger, LLC, NY, USA)” [17]. Analyses of the
results were performed using “Maestro-2018 (Schrodinger, LLC, NY,
USA)”. The binding energy (AG) was used to calculate binding affin-
ity (Kq) of ligands using the relation, as described previously [19].

AG = —RT InKj

where R and T represent Boltzmann's gas constant
(=1.987 cal (mol K)~! and temperature (=298 K), respectively.

Prime/molecular mechanics-generalized born surface area
(MM-GBSA) free energy calculations

The solvent effect on the binding of aligand to protein was evalu-
ated by estimating the MM-GBSA using “Prime-2018 (Schrodinger,
LLC,NY, USA)” as reported earlier [ 17]. Briefly, the optimization fea-
ture of Prime-2018 (Schrodinger, LLC, NY, USA) was employed to
minimize the docked poses, while the binding free energy of lig-
ands was computed using OPLS3e forcefield, VSGB solvent model,
and rotamer search algorithm, i.e., MM-GBSA continuum solvent
model [20-22].

Molecular dynamics (MD) simulation

MD simulation of the most potent protein-ligand complex
was performed to evaluate its stability and dynamics behavior.
The initial conformation of the selected protein-ligand complex
was subjected to an MD simulation of 100 ns using “Desmond-
2018 (Schrodinger, LLC, NY, USA)” as described earlier [17]. An
orthorhombic box was utilized to submerge protein-ligand com-
plex in TIP3P explicit water solvent, at least 10A away from
the box’s walls. Proper counterions were added to neutralize the
system, and physiological conditions were mimicked by adding
150 mM NaCl. Further, the whole system’s energy was minimized
with a convergence criterion of 1kcal/mol/A. MD simulation was
performed under NTP conditions (300 K temperature and 1.013 bar
pressure) wherein the temperature and pressure were maintained
using Nose-Hoover-Chain thermostat and Martyna-Tobias-Klein
barostat, respectively [23,24]. A time-step of 2fs was fixed, and
the energy and structure were recorded and saved in the trajec-
tory every 10 ps. The results were analyzed using “Maestro-2018
(Schrodinger, LLC, NY, USA)".
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Table 1
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XP docking and Prime/MM-GBSA scores of compounds having a docking score < —7.5 kcal/mol in SP mode.

S. no. Name of compounds Docking score Glide g-score Glide e-model Glide energy Primer/MM-GBSA
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

1. lodixanol -11.776 -11.776 -119.344 —83.600 —45.963
2. Amikacin -11.238 -11.315 —89.722 —65.561 —73.800
3. Troxerutin -11.075 -11.078 —100.903 —69.179 —58.236
4, Rutin -10.629 -10.657 -98.651 —66.120 —56.651
5. Proanthocyanidins —8.427 —8.427 —89.788 —64.829 ND

6. Lomitapide —7.644 —7.647 —87.585 —54.886 ND

7. Birinapant —7.635 —8.556 -93.992 —64.414 ND

8. Netilmicin —7.144 —7.863 —69.786 —54.375 ND

9. Bortezomib -7.078 -7.078 —68.339 -55.127 ND

10. Lumefantrine —7.067 —7.091 —64.286 —52.821 ND

11. Leuprolide —6.464 —6.999 —77.576 —63.923 ND

12. Cobicistat -4.167 —4.697 -137.01 -87.118 ND

13. Cangrelor -7.505 -7.519 —~78.278 —60.657 ND

ND stands for not determined.
Amikacin (shown in bold) is selected for further analysis.

Results
HTVS and SP and XP molecular docking analysis

A total of 3809 conformations representing different ioniza-
tion states of ligands were screened for the substrate-binding
site of MP™ using HTVS. The HTVS analysis showed that 1397
ligands could bind MP™ with varying docking energies in the
range of —4.001 to —9.742 kcal/mol. These 1397 ligands were
again docked to the substrate-binding site of MP'© using SP dock-
ing mode. Out of these, only 157 ligands showed considerable
affinity toward MP™ with docking energies < —4.245 kcal/mol
(Supplementary Table 1). The Glide g-score, Glide e-model and
Glide energy of ligands varied between —9.651 to —4.681 kcal/mol,
—119.797 to —31.220 kcal/mol, and —76.950 to —12.790 kcal/mol,
respectively. Further, XP docking was performed on top scoring
ligands obtained by SP docking analysis, i.e., the ligands having <
—7.5kcal/mol docking energy (13 ligands only) were again sub-
jected to XP docking. The analysis of XP docking revealed that
the docking energies of lodixanol, Amikacin, Troxerutin, Rutin,
Proanthocyanidins, Lomitapide, Birinapant, Netilmicin, Borte-
zomib, Lumefantrine, Leuprolide, Cobicistat, and Cangrelor were
-11.776, —11.238, —-11.075, —10.629, —8.427, —7.644, —7.635,
—7.144, -7.078, —7.067, —6.464, —4.167 and —4.112kcal/mol
respectively (Table 1). Similarly, the Glide g-score, Glide e-
model, and Glide energy of ligands in XP docking mode were
—11.776 to —4.254 kcal/mol, —119.344 to —64.286 kcal/mol, and
—87.118 to 53.821kcal/mol, respectively. The most promising
ligands (lodixanol, Amikacin, Troxerutin, and Rutin) with dock-
ing score < —10.000kcal/mol were subjected to free energy
calculations by Prime/MM-GBSA. The Prime/MM-GBSA score
of Amikacin was lowest (—73.800kcal/mol), followed by Trox-
erutin (—58.236 kcal/mol), Rutin (—56.651 kcal/mol) and Iodixanol
(—45.963 kcal/mol) (Table 1).

XP docking and Prime/MM-GBSA analysis of aminoglycosides

The initial screening of ligands by HTVS and shortlisting by
different docking procedures (SP and XP docking) led to the iden-
tification of Amikacin (an aminoglycoside) as the most promising
inhibitor of SARS-CoV-2 MP™. We extended the study by evaluat-
ing the binding affinity of other structurally similar aminoglycoside
candidates such as Gentamycin, Neomycin, Paramomycin, Strepto-
mycin, and Tobramycin toward the substrate-binding site of MP™
using XP docking and Prime/MM-GBSA (Table 2). Amongst amino-
glycosides, Amikacin was the most potent inhibitor of MP™ as its
XP docking score (—11.238 kcal mol~1), and Prime/MM-GBSA score
(—73.800 kcal mol~1) was the lowest. A detailed analysis of MPr-

Amikacin interaction is given below, while the interaction of other
aminoglycosides with MP© is described in supplementary data.

MPT-Amikacin interaction

Amikacin-MP™ interaction analysis revealed that it was bound
at the substrate-binding site and interacted with key amino acid
residues (Fig. 1 and Table 3). Amikacin formed seven hydro-
gen bonds (one hydrogen bond with each of Phe140, Pro168,
and GIn189, and two hydrogen bonds with Cys145 and Glu166
each), and two salt bridges with Cys145 and Glu166. It also
networked through van der Waals’ interaction with some other
amino acid residues such as Hie41, Met49, Tyr54, Leu141, Asn142,
Gly143, Ser144, His163, His164, Met165, Leu167, Gly170, Hie172,
Asp187, and Arg188. It is worth to note that His41 and Cys145
are catalytic amino acid residues of SARS-CoV-2 MP™, The docking
energy and binding affinity of Amikacin toward MP™ were esti-
mated to be —11.238 kcal/mol and 1.75 x 108 M~1, respectively.
The Prime/MM-GBSA score of Amikacin-MP™ interaction was esti-
mated to be —73.800 kcal/mol (Table 2).

MPT-Amikacin MD simulation analysis

Root mean square deviation (RMSD) analysis

RMSD is a measure of deviation in the position of Cy,-atoms
compared to the initial frame, as a function of simulation time.
An RMSD value of +2.00A suggests that the structure of pro-
tein remains stable throughout the simulation. The RMSD plots of
MP™, Amikacin, and MP™-Amikacin complex is shown in Fig. 2A.
A sharp increase in the RMSD value of MP™ was observed dur-
ing the initial phase of simulation; however, it was stabilized in
the latter part of the simulation (40-100ns). The RMSD values of
Amikacin were observed to remain within the limit throughout the
simulation. Moreover, the RMSD value of the MP™-Amikacin com-
plex was increased sharply during 0-15 ns but remained constant
within +2.00 A for the rest of the simulation time. During the ini-
tial phase, the variation in the RMSD value of the MP-Amikacin
complex was due to the entry of a large ligand (Amikacin) into the
substrate-binding site of MP™. However, once stable interactions
were formed between MP™ and Amikacin, the RMSD value became
stable (Fig. 2A). The mean + standard deviations in the RMSD values
of MP™°, Amikacin, and MP-Amikacin complex during 40-100 ns
duration were estimated to be 2.65+0.40A, 3.27+0.42A, and
1.79+0.21 A, respectively.

Root mean square fluctuation (RMSF) analysis

RMSF measures the conformation changes in the side chains
of individual amino acid residues during a simulation. Fig. 2B
represents the RMSF plot of the MP™-Amikacin complex (blue
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Table 2
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Molecular docking (SP and XP) and Prime/MM-GBSA calculations of selected aminoglycosides toward MP™ of SARS-CoV-2.

S. no Name of antibiotics XP docking score (kcal/mol) Binding affinity, Kg (M~1) Prime/MM-GBSA (kcal/mol)
1. Amikacin -11.238 1.75 x 108 —-73.800
2. Neomycin -9.114 4.84 x 106 —58.174
3 Paramomycin -8.503 1.72 x 108 —56.228
4 Gentamycin -7.770 4.99 x 10° —-53.394
5. Streptomycin —-7.533 3.35x 10° —50.094
6. Tobramycin -5.831 1.89 x 104 —53.582
Amikacin (shown in bold) is selected for further analysis.
©) -
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Fig. 1. Molecular docking of Amikacin with SARS-CoV-2 MP™. (A) 2D view of Amikacin binding at the substrate-binding site of MP™, (B) 3D view of Amikacin binding at the
substrate-binding cavity of MP™, and (C) Molecular interaction between Amikacin and MP™, showing various kinds of bonds and amino acid residues responsible for the
formation of a stable Amikacin-MP™ complex.

Table 3

Molecular interaction between SARS-CoV-2 MP™ and different aminoglycosides.

S. no. Name of antibiotics Residues of MP™ involved in various interactions
Hydrogen bonding Salt bridges Other interactions

1. Amikacin Phe140, Cys145%, Glu166?, Cys145, Glu166 Hie41, Met49, Tyr54, Leu141, Asn142, Gly143, Ser144, His163, His164,
Pro168, GIn189 Met165, Leu167, Gly170, Hie172, Asp187, Arg188

2. Neomycin Thr26, Ser46, Phe140, Cys145°, Cys145, Glu166 Thr25, Leu27, Hie41, Thr45, Met49, Leu141, Asn142, Gly143, Ser144, His163,
Glu166, GIn189 His164, Met165, Hie172

3. Paramomycin Phe140?, Cys145, Glu166¢, Cys145, Glu166®  Leul41, Asn142, Gly143, Ser144, His163, His164, Met165, Leu167, Pro168,
Thr190 Gly170, Hie172, Arg188, GIn189, Ala191, GIn192

4. Gentamycin Leul41, Asn142, Glu166? Hie41, Met49, Phe140, Ser144, Cys145, His163, His164, Met165, Pro168,
Glu166°,GIn189°, Leu167 Gly170, Hie172, Arg188, Thr190, GIn192

5. Streptomycin Asn142, Cys145?, Glu166°¢, Cys145, Glu166 Thr25, Thr26, Leu27, Hie41, Met49, Phe140, Leu141, Gly143, Ser144, His163,
GIn189 His164, Met165, Leu167, Pro168, Gly170, Hie172, Arg188, Thr190

6. Tobramycin Phe140, Asn142, Cys145, Cys145, Glu166°  Hie41, Met49, Leu141, Gly143, Ser144, His163, His164, Met165, Pro168,

Glu166¢, Leu167

Gly170, Hie172, GIn189

2 Two interactions.
b Three interactions.
¢ Four interactions.
d Five interaction.

Residues in bold are catalytic residues.
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Fig. 2. Molecular docking simulation of the Amikacin-MP™ complex. (A) Root mean square deviations (RMSDs) in the Ca-atoms of MP™ only (red), Amikacin-MP™ complex
(blue) and Amikacin only (black), during simulation, (B) root mean square fluctuations (RMSFs) in the Ca-atoms of MP™ (teal) as compared to experimentally determined
B-factor of MP™ (brown). The vertical lines (green) on X-axis represent the amino acid residue with which Amikacin formed a contact. The light brown and light teal vertical
bars represent the secondary structures a-helices and (3-sheets respectively, (C) variation in the radius of gyration (rGyr) as a function of simulation time, and (D) variations
in molecular surface area (MolSA), solvent accessible surface area (SASA) and polar surface area (PSA) as a function of simulation time.

curve) and the B-factor of MP™ (brown curve) determined exper-
imentally during X-ray crystallography. The RMSF values of the
MP°-Amikacin complex were in agreement with the B-factor of
MPr® je,, the protein did not undergo any significant conforma-
tional changes due to the inhibitor’s binding. The vertical green
lines on X-axis show the contact between Amikacin and MP™, while
the light brown and teal vertical bars represent the regions of o-
helices and 3-sheets. The RMSF plot of the MP™-Amikacin complex
also confirmed that all the contacts between MP™ and Amikacin
were located in domain II, harboring the substrate-binding site
(Fig. 2B).

Analysis of radius of gyration (rGyr) and surface areas

The analysis of rGyr of a ligand demonstrates its compactness
as a function of simulation. In this study, the rGyr of Amikacin
in the MP™-Amikacin complex was found to remain constant
around 4.88+0.08 A (Fig. 2C). It indicates the formation of a
stable MP™-Amikacin complex due to the formation of favor-
able interactions. Further, the variation in molecular surface area
(MolSA), solvent accessible surface area (SASA), and polar surface
area (PSA) of Amikacin was also determined during the simula-
tion (Fig. 2D). It was found that the MolSA, SASA, and PSA of
Amikacin remained constant throughout the simulation. The mean
value along with standard deviations of MolSA, SASA, and PSA of
Amikacin was estimated to be 480.30 + 7.71 A2, 405.55 + 34.89 A2,
and 522.16 + 19.24 A2, respectively. It is evident that MolSA, SASA,
and PSA’s values were fluctuating within the prescribed limits,
thus indicating the formation of a stable MP-Amikacin com-
plex.

Analysis of interactions pattern during simulation

The analysis of the interaction between Amikacin and MP™ that
occurred during simulation indicates that hydrogen bonds played
a significant role in stabilizing the MP™-Amikacin complex (Fig. 3).
Amikacin formed various interactions such as hydrogen bonds,
hydrophobic interactions, ionic interactions, and water bridges
with different substrate binding sites’ residues (Fig. 3A). The total
number of contacts formed between MP™ and Amikacin during
the simulation was in the 2-17 range, with an average of 8 con-
tacts (Fig. 3B, upper panel). The significant amino acid residues
participated in different capacities to stabilize the MP™-Amikacin
complex were His41, Ser139, Phe140, Leu141, Asn142, Gly143,
Ser144, Cys145, His163, His164, Met165, Glu166, Leu167, Pro168,
Gly170, His172, Val180, Asp187, Arg188, GIn189, Thr190, Ala191,
and GIn192. Interestingly, Asn142, Ser144, Cys145, His164, and
Glu166 played a significant role in making a stable MP™-Amikacin
complex (Fig. 3B, lower panel). The catalytic residue Cys145 formed
a hydrogen bond and a water bridge with Amikacin for 76% and
37% of simulation time, respectively. Moreover, Glu166 formed two
hydrogen bonds with Amikacin for 97% and 73% of simulation time,
and a water bridge for more than 50% simulation time. His164 also
formed a hydrogen bond with Amikacin for a shorter duration of
around 37% simulation time (Fig. 3C).

Analysis of the secondary structure

The analysis of variations in the secondary structure of a pro-
tein during simulation is crucial to examine protein conformation’s
stability. Fig. 4A shows the contribution of individual amino acid
residues in secondary structure formation, i.e., a-helices (blue bars)
and [3-sheets brown bars). It is evident that the majority of domain
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Iand domain Il amino acid residues, which are part of a-helices and
[3-sheets in the native structure, continue to contribute nearly 100%
of simulation time in maintaining MP'°’s secondary structural con-
formation. Similarly, the amino acid residues of domain III, which
are part of 3-sheets in the native structure, continue to participate
nearly 100% of simulation time in maintaining the protein’s con-
formation (Fig. 4A). Moreover, the secondary structural elements
(SSE) of MP™ reported in X-ray crystal structure were 52% (a-helix:
27%+ [3-sheet: 25%). During the simulation, the average secondary
structure of MP'™ was estimated to be 48% (a-helix: 24% + 3-sheet:
24%), which was in agreement with the reported value (Fig. 4B). The
contribution of individual amino acid residues over the simulation
duration is represented in Fig. 4C. It is evident that the secondary
structure of MP™ remained steady and did not deviate significantly
upon Amikacin’s binding during the whole simulation duration. The
minor local changes might be due to the entry of a big ligand such
as Amikacin into the substrate-binding cavity of MP™°,

Discussion

The recent outbreak of COVID-19 caused by SARS-CoV-2 has
implicated a substantial socioeconomic burden. The increasing

number of cases and high mortality has fueled the academic and
pharmaceutical industries to discover effective therapeutics. How-
ever, the conventional method of drug discovery is time-consuming
and requires massive financial support. An alternative approach
to identify lead compounds is the engagement of computational
methods such as structure-based drug designing against potential
targets of SARS-CoV-2. In this study, we have employed high-
throughput virtual screening, molecular docking, and molecular
dynamics simulation studies to identify novel inhibitors of SARS-
CoV-2. We have applied drug-repurposing strategies to screen
FDA-approved antiviral and anti-infective agents’ library available
at Selleck Inc. against the main protease (MP™ or 3CLP™) of SARS-
CoV-2.

The main protease (MP™) of SARS-CoV-2 is a suitable target
for drug development as MP™, along with PLP™, are responsible
for the cleavage of polypeptides ppla and pplab into 16 fully
functional non-structural proteins (nsps). Earlier, Yang et al. [6]
have used MP™ of SARS-CoV as the most suitable target and
designed an effective peptide-based inhibitor (N3), which binds at
the substrate-binding site of MP'°, Recently, MP™® has emerged as
the target of choice to design effective therapeutics against SARS-
CoV-2. For instance, Jin et al. [14] have reported an X-ray crystal
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of individual amino acid residues in the overall secondary structure of MP™ during the simulation.

structure of MP™ bound with a mechanism-based inhibitor (N3).
Some other computer-based drug designing and drug repurpos-
ing approaches have identified potential inhibitors of MP™, such
as Nelfinavir and Lopinavir [25]; Hesperidin and Diosmin [26];
Kaempferol, Quercetin, and Rutin [26]; and Ebselen [14].

This study identified 4 potential lead compounds after screening
3809 different conformational states of compounds using different
methods such as HTVS, SP docking, XP docking, and Prime/MM-
GBSA. The lead compounds (Amikacin, lodixanol, Troxerutin, and
Rutin) have varied antiviral and anti-infective activities. Amikacin
is an aminoglycoside antibiotic widely used as an anti-bacterial
agent against various infections such as meningitis, pneumonia,
sepsis, abdominal infection, joint infection, urinary tract infec-
tion [27,28]. Amikacin acts by inhibiting the protein synthesis
after it binds the 16S rRNA and the RNA-binding S12 protein of
the 30S subunit of the prokaryotic ribosome [29]. lodixanol is an
osmomolar, non-ionic radiocontrast agent generally used in com-
puted tomography (CT) during coronary angiography. It has a short
half-life of 2h and excreted unchanged through the body. Trox-
erutin (a derivative of Rutin) is a naturally occurring flavonoid
found in most fruits and vegetables. Troxerutin has hepatoprotec-
tive, vasoprotective, anti-erythrocytic, anti-thrombin, fibrinolytic,
and edema-protective rheological activities, owing to its antiox-
idant potential [30-33]. Moreover, it protects radiation-induced
damage to DNA and micro-nuclei formation. Rutin, one of the

top-ranked drugs in our study, is a natural flavonoid commonly
found in citrus fruits. It has diverse biological activities such
as anti-allergic, anti-inflammatory, anti-proliferative, and anti-
carcinogenic. Rutin acts as a quercetin’s carrier to the large
intestine, where it gets metabolized to release the active Quercetin
[34].

Among the lead compounds, Amikacin exhibited the lowest
Prime/MM-GBSA energy. Other aminoglycosides such as Gen-
tamycin, Neomycin, Paramomycin, Streptomycin, and Tobramycin
were also evaluated for their potential to inhibit MP™. All the
aminoglycosides have been found to interact with MP™ at the
substrate-binding site, primarily through extensive hydrogen-
bonding interactions with the key/catalytic residues. Among
aminoglycosides, Amikacin was an effective inhibitor of MP
due to its lowest Prime/MM-GBSA score. Hence, the stability of
MPr-Amikacin was evaluated by molecular dynamics simulation.
Amikacin interacted with MP™ with crucial amino acid residues,
Asn142, Ser144, Glu166, Cys145, and His164 in domain Il. Among
the crucial amino acids at the binding site, Glu166 forms a strong
hydrogen bond with the Amikacin terminal -NH3 and -OH atoms.
It has been shown that the catalytic dyad (His41 and Cys145) at
the junction of domain I and domain II of MP© is responsible for its
catalytic activity. Our analysis revealed that the residues Pro168
and Glu166, adjacent to Cys145, are involved in the interaction
with the drug molecule, suggesting their crucial role in inhibiting

617



M.Z.Ahmedetal.

the protein—protein interaction between the main protease and the
human epigenetic regulatory proteins.

In addition to anti-bacterial activity, aminoglycosides have been
discovered to possess antiviral properties against herpes simplex
virus, influenza virus, and Zika virus [35,36]. Thus, aminoglyco-
sides could serve as lead molecules to develop potential inhibitors
against SARS-CoV-2.

Conclusion

During the COVID-19 pandemic, drug repurposing is being
pursued as a fast strategy to develop safe and effective COVID-
19 treatments. With some candidates being moved into clinical
trials, no drug has shown a beneficial response against COVID-
19 infection. In this study, a variety of potential ligands were
considered for its affinity toward SARS-CoV-2 protease. Out of
four potential lead compounds, Amikacin (an aminoglycoside)
emerged as the most potent drug-candidate exhibiting the highest
binding affinity toward MP™. Other aminoglycosides such as Gen-
tamycin, Neomycin, Paramomycin, Streptomycin, and Tobramycin
also showed a high affinity toward MP™, However, before clinical
application, detailed studies are needed to establish the antiviral
potential of aminoglycosides.
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