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ABSTRACT

Recently, the world has witnessed outbreak of a novel Coronavirus (SARS-CoV-2), the virus which ini-
tially emerged in Wuhan, China has now made its way to a large part of the world, resulting in a pub-
lic emergency of international concern. The functional importance of Chymotrypsin-like protease
(3CLP™) in viral replication and maturation turns it into an attractive target for the development of
effective antiviral drugs against SARS and other coronaviruses. At present, there is no standard drug
regime nor any vaccine available against the infection. The rapid development and identification of
efficient interventions against SARS-CoV-2 remains a major challenge. Based on the available know-
ledge of closely related coronavirus and their safety profiles, repurposing of existing antiviral drugs
and screening of available databases is considered a near term strategic and economic way to contain
the SARS-CoV-2 pandemic. Herein, we applied computational drug design methods to identify
Chymotrypsin-like protease inhibitors from FDA approved antiviral drugs and our in-house database of
natural and drug-like compounds of synthetic origin. As a result three FDA approved drugs
(Remdesivir, Saquinavir and Darunavir) and two natural compounds (. flavone and coumarine deriva-
tives) were identified as promising hits. Further, MD simulation and binding free energy calculations
were performed to evaluate the dynamic behavior, stability of protein-ligand contact, and binding
affinity of the hit compounds. Our results indicate that the identified compounds can inhibit the func-
tion of Chymotrypsin-like protease (3CLP™®) of Coronavirus. Considering the severity of the spread of
coronavirus, the current study is in-line with the concept of finding the new inhibitors against the vital
pathway of the corona virus to expedite the process of drug discovery.

Abbreviations: 3CL°"™°: Chymotrypsin-like protease; CSG: Coronavirus Study Group; ICTV: International
Committee on Taxonomy of Viruses; HCoV-229E: Human coronavirus 229E; HCoV-HKU1: Human cor-
onavirus HKU1; HCoV-NL63: Human coronavirus NL63; HCoV-OC4: Human coronavirus OC34; MERS-
CoV: Middle East Respiratory Syndrome Coronavirus; PLIF: Protein-Ligand Interactions Profile; SARS-
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1. Introduction

Newly emerged coronavirus outbreak of severe asymptom-
atic pneumonia has geographically been associated with the
seafood market of south Chinese Wuhan city, primarily desig-
nated as 2019 novel coronavirus (Salata, Calistri, Parolin, &
Pall, 2019; Seah & Agrawal, 2020; Hemida & Ba Abduallah,
2020; Chan et al. 2020). The Coronavirus Study Group (CSG)
taxonomists working under the umbrella of International
Committee on Taxonomy of Viruses (ICTV) have named the
new virus, Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) based on the novelty and comparative gen-
omic analysis (Coronaviridae Study Group of the
International Committee on Taxonomy of Viruses, 2020). We
have witnessed the rapid spread of COVID-19; the official
name of diseases caused by SARS-CoV-2, from China to

Europe; the current epicenter, America and the Middle East
(World Health Organization), the death curve is noticeably
higher in many European countries, with the worst hit
reported in Italy and Spain. The situation of the South-East
Asian countries is also alarming. Being low income countries,
most of these countries lack basic health care facilities
required to combat the epidemic. With a national tally of
10As of March 27th, Pakistan with 1057 confirmed cases,
Pakistan is the most severely affected South-East
Asian Country.

The SARS-COV-2 is the third most highly virulent human
coronavirus of the 21°" century followed by the SARS-COV
and MERS-COV, expressing the highest fatality rate (Zhou
et al. 2020; Wang et al,, 2020). On 31 Jan 2020, the WHO
declared COVID-19 as a public health emergency of inter-
national concern (Jiang et al., 2020). Coronaviruses are large

CONTACT Zaheer Ul-Haq @ zaheer.gasmi@iccs.edu @ Dr. Panjwani Center for Molecular Medicine and Drug Research, International Center for Chemical and

Biological Sciences, University of Karachi, Karachi, 75270, Pakistan
© 2020 Informa UK Limited, trading as Taylor & Francis Group


http://crossmark.crossref.org/dialog/?doi=10.1080/07391102.2020.1751298&domain=pdf&date_stamp=2020-04-11
http://orcid.org/0000-0002-8530-8711
https://doi.org/10.1080/07391102.2020.1751298
http://www.tandfonline.com

2 S. A. KHAN ET AL.

enveloped positive sense single strand-RNA viruses recog-
nized as highly evolving viruses, with high frequency of gen-
omic recombination and mutation (Chen, Liu, & Guo, 2020;
Fehr & Perlman, 2015). There are six known species of
human coronavirus (HCoV-NL63, HCoV-229E, HCoV-OC34,
HCoV-HKU1, SARS-CoV and MERS-CoV) associated with sev-
eral respiratory tract diseases (Arden et al., 2005; Woo et al.
2005; de Wit et al. 2016; Su et al. 2016) . The new SARS-
COV-2 is the seventh strain of human coronavirus which is
taxonomically placed in the Genre Betacoronavirus exhibiting
89.1% and 60% nucleotide sequence similarity with SARS
and MERS coronaviruses, respectively (Wu et al. 2020).

The SARS-COV-2 genome comprises 29,903 nucleotides,
with 10 Open Reading Frames (ORFs), while the 3’ terminal
regions encode structural viral proteins; spike, membrane
envelope and nucleocapsid proteins (Figure 1A). Whereas, the
5" terminal ORF1ab encodes two viral replicase polyproteins
ppla and pplb. The proteolytic cleavage of ppla and pplb
produces 16 non-structural proteins (nsp1 to nsp16) (Figure
1B). Among these non-structural proteins, nsp5 (3CLP™) exist
in the pp1a, play a key role in the life cycle of coronavirus repli-
cation and maturation (Wu et al., 2020). The functional import-
ance of 3CLP™ turns it into an attractive target for the
development of effective antiviral drugs against SARS and
other coronaviruses (Anand et al., 2005; Yang et al., 2006).

The 3 D structure of 3CLP™ of SARS-Cov-2, like other corona-
viruses, consists of three domains. The domain | (8-101 amino
acid residues) and Il (102-184 amino acid residues) are essen-
tially beta-barrels and bear a resemblance to the chymotrypsin,
whereas Domain Ill (201-306 amino acid residues) mainly com-
prised of alpha-helices. The substrate binding region, located
at the cleft of Domain | and Il, consists of conserved His41 and
Cys145 catalytic dyad, in which Cys act as nucleophile while
His acts as a proton acceptor (Figure 1C). In addition to the
catalytic center there are two other deeply buried subsites (S1
& S2) and three shallow subsites (S3-S5). The S1 subsite con-
sists of His163, Glu166, Cys145, Gly143, His172, and Phe140
while S2 consist of Cys145, His41, and Thr25 amino acid resi-
dues; mainly involved in hydrophobic and electrostatic interac-
tions. The Shallow subsites S3-S5 comprises Met49, His41,
Met165, Glu166 and GIn189 amino acid residues (Figure 2).
These shallow subsites can tolerate different functionalities (Lu
et al. 2006; Jin et al., 2020; Yang et al. 2005).

The FDA approved antiviral drugs remdesivir, lopinavir,
ritonavir, oseltamivir and fapilavir have been reported to be
effective against SARS-CoV-2. Remdesivir, a nucleotide ana-
logue has presented antiviral activity (EC 50=0.77 uM)
against SARS-Cov-2 (Wang et al., 2020). The approved HIV
drug Kaletra (combination of lopinavir/ritonavir) has also
been studied in combination with flu approved drug
Oseltamivir against COVID-19. On Feb 18, 2020 it was
reported that a Chinese woman who received this combin-
ation recovered after suffering severe SARS-CoV-2 infection.
The Fapilavir, is an antiviral drug that has been approved for
clinical testing against novel coronavirus. It has been found
to be effective in an on-going clinical trial in Shenzhen,
Guangdong province (https://www.coronavirustoday.com/
covid-19-treatments). These studies provided the rationale

for drug repurposing with the hope to discover antiviral
drugs to treat COVID-19.

Inhibition of main protease or 3CLP™ activity is a promis-
ing strategy to control the emerging infection of SARS-CoV-
2. In this study, we used an approach for target based-virtual
screening of an in-house database containing synthetic and
natural compounds with the aim of obtaining structurally
diverse and potential inhibitors targeting the 3CLP™.
Furthermore, this study is focused on repurposing the exist-
ing antiviral drugs based on their target interaction profile.
As a result, five compounds were prioritized and proceeded
to a detailed study through MD simulation and binding free
energy calculation. This study is in-line with the aim of expe-
diting the discovery of treatment against the COVID-19.

2. Material and methods
2.1. Database preparation

For structure-based virtual screening, an in-house database
of natural and synthetic molecules along with 16 FDA
approved drugs against viral protease was utilized. All the
molecules were allowed to adjust hydrogens and lone pairs,
where required charges were applied using MMFF94x force
field. After protonation, the molecules were subjected to
energy minimization in order to optimize the geometry using
an RMS gradient of 0.1 kcal/mol/A. The optimized molecules
were then saved in mdb (MOE database) format for fur-
ther processing.

2.2. Structure-based virtual screening

The MOE software suite [] was used to carry out molecular
docking simulations of the designed database. At present,
there is a single record of 3CLP™ of SARS-CoV-2 in the RCSB
Protein Data Bank (Berman et al, 2000). The structure has
been recently submitted to the protein data bank with the
PDB ID: 6LU7 (Jin et al., 2020) The crystal structure of the tar-
get protein was protonated using the Protonate 3D method
(Labute, 2009), followed by energy minimization using
Amber99 force field implemented in MOE. The grid was set
on cognate ligands in the PDB to define the active site exclu-
sively. The placement method Triangular Matcher Algorithm
was implemented during the docking along with the London
dG scoring functions and GBVI/WSA dG as a rescoring func-
tion. All the prepared compounds were docked in the
defined binding site. Later on, the binding interactions of
crucial residues were fingerprinted between protein and
compounds using the Protein Ligand Interaction
Fingerprinting (PLIF) module in MOE. Further interactions
and binding poses were analyzed visually using Chimera
(Pettersen et al.,, 2004). On the basis of the binding profiles,
three FDA approved drugs (Remdesivir, Daraunvir and
Saquinavir) and two compounds flavone and coumarin deriv-
atives) from our in-house database were subjected to MD
simulation studies and binding free energy calculation using
the MM (GB/PB)SA method implemented in AMBER18
(Gohlke, Kiel, & Case, 2003; Case et al., 2005, 2018).
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Figure 1. A) Diagram of coronavirus structure showing S (Spike) protein, M (membrane) protein, E (envelope) protein, N (nucleocapsid) protein & RNA. B)
Schematic representation of genome sequence of SARS-CoV-2. Each colored box represented the product of protein (nsp1-nsp16 and structural and accessory pro-
tein). C) Structure of 3CLP™ in complex with N3 while the zoom region represented the substrate binding site.
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Figure 2. The surface of 3CLP" showing substrate binding subsites, color-coded
as follows: purple site S1 and S2, olive green site S3, blue site S4, pink site S5.

2.3. Molecular dynamics simulation

Molecular dynamics simulation studies were performed using
the pmemd.cuda module in AMBER 18. The antechamber
(Wang et al. 2006) and tleap modules were used to prepare
the parameters for five systems. The Generalized Amber
Force Field (GAFF) was used for the parameterization of
ligands (Wang et al., 2004) and the FF14SB force field was
used for protein preparation (Maier et al. 2015). A box of 8 A
was generated and solvated by the TIP3P water model
(Jorgensen et al., 1983). The systems were neutralized by
adding counter ions and periodic boundary conditions were
applied. The Particle Mesh Ewald method was used to calcu-
late the long-range electrostatic interactions while the SHAKE
algorithm was used to constrain the hydrogen bonds
(Essmann et al., 1995; Krautler et al., 2001).

The prepared systems were energy minimized to correct the
geometry and steric clashes. The first 2500 steps were carried

out using the steepest descent algorithm, while the remaining
2500 steps were carried out by using conjugate gradient algo-
rithms (Fletcher & Powell, 1963). The systems were then grad-
ually heated from 0 to 300K within 500 ps. A further 500 ps of
equilibration was carried out at 300K to obtain a stable system.
Subsequently, the NPT equilibration for the unconstrained sys-
tem was carried out for 1000 ps at 1atm pressure and 300K
temperature. The final MD production run of 20ns was per-
formed with an integration time step of 2.0 fs. The trajectories
were collected after every 1 ps and analyzed using the CPPTRAJ
module within the Amber software (Roe & Cheatham, 2013).
The root mean square deviation, root mean square fluctuation,
and radius of gyration were calculated for all the five simulated
systems to predict the reasons attributable to their stability. The
graphs were plotted using the gnuplot (Racine, 2006).

2.4. Binding free energies

The binding free energy calculation is a promising approach
to estimate binding affinities of small molecules with the tar-
get protein in explicit solvent (Genheden & Ryde, 2015). In
the study Molecular Mechanics-combined with
Poisson-Boltzmann or Generalized Born surface (MMGB/
PBSA) method was used to evaluate binding free energies of
five simulated systems using the following equation:

AGbind = Gcomplex — Gprotein — Gligand
= AEmm + AGgg + AGsp— TAS
= AEgw + AEge + AGgg + AGsp— TAS
Where AEywm represent the gas-phase interaction energy

between protein-ligand complex including van der Waals
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energy contribution (AE,q,) and electrostatic energy contri-
bution (AEee), AGg represents the polar while AGss repre-
sents the nonpolar components of desolvation free energy.
-TAS is the entropy contribution at temperature T. Herein,
AGsp and AGgg were estimated using the accessible surface
area (SASA) model with the LCPO method: AGSA =
0.0072 x ASASA and generalized Born (GB) model, respect-
ively. For each protein complex the binding free energy was
calculated from 1000 snapshots extracted from the last 5ns
simulation trajectories.

3. Results and discussion
3.1. Structure-Based virtual screening

In the present study, a structure-based virtual screening was
performed using an in-house database and FDA approved
drugs against viral proteases using the crystal structure of
Coronavirus main proteinase (3CLPro) of SARS-CoV-2. The
approach is based on computationally fitting molecules in
the target protein using 3D structure of the active site, fol-
lowed by ranking of these compounds on the basis of their
interaction profile. Recently, the crystal structure of SARS-
CoV-2 3CLP™ has been submitted by Jin et al in the RCSB
Protein Data Bank with PDB ID code 6LU7. The crystal struc-
ture was used as a starting point for computer aided drug
design because of its functional importance in virus survival.
The binding site of 3CL® consists of conserved catalytic dyad
i.e. Cys145 and His41 with other crucial residues i.e. Phe140,

Leu141 Asni142, Gly143, Ser144, Cys145, Met165, Glu166,
GIn189 and Thr190.

The prepared database was filtered using the docking-
based procedure to obtain the potential chemical probes
with significant binding affinity towards aforementioned
active site residues. The grid was placed on the cognate lig-
and (N3) to cover all the active site residues. Approximately
8,000 compounds were docked whereas 700 compounds
were prioritized with significant affinities or docking scores.
The interaction between the active site residue and the
selected compounds were carefully analyzed using the PLIF
module in MOE. These compounds were then ranked accord-
ing to the following criteria: (i) low S-score (lower the S-
score, stronger the binding affinity) and (ii) interaction with
the residues of the binding pocket.

The collection of compounds that resulted mostly showed
hydrogen bond interactions with the catalytic dyad. Thus
among 700 compounds 5 hits were selected on the basis of
significant interaction with catalytic dyad and other hotspot
residues of the active site (Scheme 1).

The docking results revealed that among selected drugs
Saquinavir showed highest binding affinity compared to
other compounds. All 5 selected compounds exhibit signifi-
cant interactions with the catalytic dyad (Cys145 and His41)
in addition to S1-S5 subsite pocket residues. The selected
hits were subjected to MD simulation studies followed by
binding energy calculation to estimate the stability of
these compounds.
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Figure 3. A) Binding mode of all virtual hits in the active site of 3CLP". B-F) Binding interactions of Saquinavir, Darunavir, Remdesivir, Nat-1 & Syn-16 with the
active site residues, respectively. Protein residues are shown in pink stick while blue dash lines depict hydrogen bonds.

3.2. Molecular dynamics simulation

Molecular Dynamics (MD) simulation is an attractive
approach to explore the real-time dynamics and conform-
ational stability of a protein upon binding of a ligand.
Simulation studies of 20ns for five selected systems
(Saqunavir, Remdesivir, Darunavir, Syn-16, and Nat-1) were
carried out. The Root Mean Square Deviation (RMSD) from
the initial crystal structure, Root Mean Square Fluctuation
(RMSF) of the active site residues and protein-ligand binding
contacts in terms of hydrogen bonding and electrostatic
interactions were estimated to get an insight into the overall
stability of the system. To determine the compactness of the
system during simulation, the radial distance of mass
weighted atoms from their center of mass (radius of gyr-
ation) was also estimated. Because of the vital role of cata-
lytic dyad of 3CLP™ in viral replication, His41 and Cys145 are
considered to be essential for the activity of viruses.
Moreover, in addition to catalytic center, amino acid residues
of subsites designated as S1-S5 (Thr25, His163, Glu166,
Cys145, Gly143, His172, Phe140, Met49, His41, Met165,
Asn142 and GIn189) play a key role in the substrate binding.
The visual analysis of MD simulation trajectories suggests
that all the virtual hits engaged in significant binding interac-
tions with the hotspot residues of the target protein
(Figure 3A).

Upon examining the molecular interaction, it was
observed that Saquinavir exhibits a number of significant
interactions with the active site residues as depicted in
Figure 3B. The amide group filled the S1 and S2 subsite and
formed a hydrogen bond with the nitrogen of the imidazole

ring of His41. The linker amide group mediated the three
hydrogen bonds with the backbone of Asn142, Gly143 and
Cys145. Moreover, Thr25 and Glu166 prompted to have
alkyl-alkyl interaction in the hydrophobic S2 and S4 pocket.
Similarly, all these interactions were highly conserved during
the course of simulation with high occupancies and accom-
modating the ligand to be held at the binding pocket firmly.

The binding mode of Darunavir demonstrated that oxy-
gen of furan ring mediates three hydrogen bonds with the
backbone of Gly143, Ser144 and Cys145 in S1 pocket. The
fourth hydrogen bond was mediated by a carbonyl group
with the backbone of Glu166 in the S4 subsite pocket.
Furthermore, aromatic ring in the ligand have prompted
n-alkyl interaction with Met165 and Asp187 while alkyl-alkyl
interaction observed with Leu167 and GIn192 in the shallow
hydrophobic S4 and S5 subsite pockets, which projected lig-
and firmly in the binding pocket as shown Figure 3C.

The binding mode of Remdesivir illustrated in Figure 3D,
suggested that the triazine ring mediated two hydrogen
bonds with backbone of Phe140 and nitrogen of imidazole
ring of His163 in the S1 pocket. Similarly, the hydroxyl group
of the furan ring formed a strong hydrogen bond with His41,
and two hydrogen bonds with Thr25 and Asn142 in the S2
subsite. Additionally, alkyl-alkyl interactions were also
observed with Thr25 and Thr26. All these interactions were
conserved during the simulation with significant occupancies
and nestling the ligand in the binding pocket.

The binding mode of the polar ligand Nat-1 depicted in
Figure 3E, suggested that aromatic ring in the ligand medi-
ated a m-alkyl interaction with GIn189 in the S5 subsite while
the rest of the interactions were hydrogen bonds. The side
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Table 1. Comprehensive interactions between protein and selected hits.

System Alkyl-Alkyl and m-Alkyl Interactions Hydrogen Bonding Docking Score
Saquinavir His41, Thr26, Glu166, Asn142 Gly143, Ser144, Cys145 -85
Darunavir Met165, Leu167, Asp187, GIn192 Gly143, Ser144, Cys145, Glu166 —6.9
Remdesivir Thr25, Thr26 Thr26, His41, Phe140, Asn142, Cys145, His163 -7.7
Nat-1 GIn189 Gly143, Ser144, Cys145, Glu166, GIn189, Thr190 —8.0
Syn-16 GIn189, Cys145 Asn142, Glu166, GIn189, Thr190 -73

Table 2. Distance and occupancy of H Bond contacts between protein and selected hits.

System Donor Donor H Acceptor Distance (/f\) % Occupancy
Saqunavir His41:NE2 His41:HE2 Lig:034 1.98 85
Asn142:ND2 Asn142:HD21 Lig:049 3.23 98
Gly143:N Gly143:H Lig:N36 2.16 95
Cys145:N Cys145:H Lig:N35 2.95 99
Darunavir Gly143:N Gly143:H Lig:027 2.18 95
Ser144:N Ser144:H Lig:027 2.70 99
Cys145:N Cys145:H Lig:027 2.49 98
Glu166:N Glu166:H Lig:019 2.82 98
Remdesivir His41:NE2 His41:HE2 Lig:035 3.06 97
Thr26:N Thr26:H Lig:09 2.17 75
Lig:N33 Li:H27 Phe140:0 3.86 79
Asn142:N12 Asn142:H18 Lig:OD1 1.85 95
Gly143:N Gly143:H Lig:N23 2.29 88
Cys145:N Cys145:H Lig:N23 2.44 91
His163:NE2 His163:HE2 Lig:N29 227 96
Nat-1 Lig:010 Lig:H18 Thr45:N 3.43 68
Asn142:ND2 Asn142:HD22 Lig:016 2.00 95
Glu166:N Glu166:H Lig:08 3.27 97
Glu166:N Glu166:H Lig:013 3.47 98
GIn189:NE2 GIn189:HE22 Lig:01 2.22 50
Lig:02 Lig:H6 Thr190:N 227 65
Syn-16 Gly143:N Gly143:H Lig:06 1.87 75
Ser144:N Ser144:H Lig:06 2.86 95
Met165:N Met165:H Lig:07 1.98 70
GIn189:NE2 GIn189:HE22 Lig:09 2.19 98
Thr190:N Thr190:H Lig:011 2.13 50

chain of Asn142 and backbone of Glu166 and Thr45 in the
S1 subsite established hydrogen bonds with different
hydroxyl groups. Similarly, the fourth and fifth hydrogen
bonds were mediated by GIn189 and Thr190 in the S5 sub-
site pocket with the hydroxyl group. All these interactions
were shown to exhibit more than 50% occupancy during the
course of simulation.

The analysis of molecular interactions of Syn-16 after simu-
lation depicted in Figure 3F, suggested that it stabilizes the
protein by interacting with the S1, S2 and S5 pocket residues.
Three different hydroxyl groups of ligand exhibit hydrogen
bonds with the backbone of Met165 and Thr190 and with the
side chain of GIn189 in the S5 pocket. Further, three other
hydrogen bonds were observed with Gly143, Ser144 and
Cys145, which may further stabilize the ligand in the S1 and S2
pocket. All the five selected hits are found to mediate strong
hydrogen bonds along with hydrophobic interactions with the
hotspot residues of 3CL"® of SARS-CoV-2. Table 1 illustrates
the detail of interactions between protein and selected hits
whereas hydrogen bonding distances between heavy atoms
and their occupancies are provided in Table 2.

3.2.1. Rmsd analysis

The Root Mean Square Deviation (RMSD) imparts the informa-
tion of overall stability of the protein complex in terms of calcu-
lating deviation from the initial structure. As depicted in Figure
4 all the five systems were significantly stable with variable

deviation. All the systems have projected RMSD around 3 A
except Nat-1, which shows the RMSD up to 4 A. Upon calculat-
ing the average deviation, Remdesivir presented an average
RMSD of 2.45 A with slight fluctuation in Ca backbone around
13000ps and was stabilized in the remaining simulation.
Similarly, in the case of Saquinavir the analysis of RMSD of Ca
backbone has prompted an average RMSD of 2.72 A. However,
a streak of continuous drop was observed around 11000ps fol-
lowed by inconsiderable variation. For Darunavir bound com-
plex, the average RMSD was found to be 2.59 A with the overall
RMSD of around 3 A suggesting its stability. A negligible fluctu-
ation was observed in the starting 5000ps and around 10000ps
and stable thereafter throughout simulation. In case of Nat-1
bound to target protein, the overall RMSD of around 4 A was
observed which was the highest among the five selected sys-
tems. However, RMSD was significantly stable throughout the
simulation with negligible fluctuation as compared with other
systems. Similarly, the average RMSD of 2.53 A was observed
for Syn-16 bound to target protein with inconsiderable fluctu-
ation till 8000ps followed by a stable RMSD till the end of the
simulation, indicating the convergence of the system. The data
indicates that all the systems showed stable internal motion.

3.2.2. RMSF analysis

The Root Mean Square Fluctuation (RMSF) was also calcu-
lated that imparts knowledge on the flexibility of the protein
residues. As depicted in Figure 4, all the systems showed
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Figure 4. RMSD of the simulated systems calculated as a function of time.

almost similar patterns. The overall value of RMSF for all the
five systems was around 3 A as clearly seen in Figure 5. The
loop region was slightly fluctuated in all the systems while
regions of active site residues were quite stable throughout
the course of simulation. The results here indicate that bind-
ing of all five selected hits stabilizes the target protein.

3.2.3. Radius of gyration

Radius of Gyration (RoG) imparts the knowledge of folding
and unfolding of protein structure upon binding of the
ligands. Therefore, RoG was calculated to determine the
compactness of the system with the time. Higher RoG values
explain less compactness (more unfolded) with high con-
formational entropy while low RoG values show high com-
pactness and more stability in the structure (more folded). As
evident from Figure 6, all the systems have projected the
gyration scores between 21+0.2 to 23+0.2A. In the case of
Remdesivir, the average gyration score was found to be
22.25+0.1A while Saquinavir and Darunavir prompted to
have average scores of 2232+04A and 2229+06A,
respectively. Similarly, in case Nat-1 and Syn-16 bound to the
target protein the average gyration score was found to be
21.91+0.2 and 22.21+0.7A, respectively. The data reveal
that all the systems were compact throughout the simula-
tion, which indicate that the systems are well converged.

3.3. Binding free energy

Energy calculation was carried out of all five systems to
determine their binding affinities using MM (GB/PB)SA
method. To evaluate the binding free energy, 1000 confor-
mations were extracted from the last 5ns of the MD produc-
tion run. The calculated AG binding energy for Remdesivir,
Saqunavir, Darunavir, Nat-1 and Syn-16 with target protein

was found to be -45.5240, —36.3026, —48.1041, —41.2565
and -31.5581, respectively. By comparing the binding free
energy, it was found that Darunavir bound more tightly to
the 3CLP™ than others. In order to understand the impact of
individual energy terms in the binding process, total free
energy decomposed into the E,q,, Eee Ecs and ESURF
energy components. The results indicated that the major
favorable contributors were electrostatic (AGg) and van der
Waals interactions (AGq,) While the polar component of
solvation (AG polar) contributed unfavorably to the binding
of all five compounds (Table 3).

Examining the results of MM (GB/PB)SA suggest that the
van der Waals and electrostatic interactions play a dominant
role in the binding of the ligands. To gain further insight
into the protein-ligand interaction or the key residues
involved in the binding process, the total binding free ener-
gies were decomposed into the individual residue energy
contribution (Figure 7). The residues that contributed more
than 1.0kcal/mol in the binding energy, considered as hot-
spot residues. It is observed that Phe140, Leu141, Asn142,
Gly143, Ser144, Cys145 Met164, Glu166 and GIn189 residues
contribute most significantly to the binding energy. For all
the five systems the major binding contribution came from
catalytic dyad (His41 and Cys145) in the binding affinity.

In Remdesivir, Asn142 of the electrostatic S1 subsite con-
tributes -6.58 kcal/mol to the binding free energy. Similarly,
Phe140, Leu141, Gly143, Ser144, Glu166 and GIn189 of the
S1 and S5 subsite pockets, contributed between -1.10 to
-1.49kcal/mol to the binding free energy by mediating
strong hydrophobic and electrostatic interactions. In case of
Saquinavir, the residues of S1 and S4 pocket (His41, Asn142,
and Met165) contribute more significantly with binding ener-
gies ranging from -1.16 to -2.20kcal/mol as compared to
other active site residues by establishing electrostatic and
hydrophobic interactions. The binding of Darunavir to the
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Table 3. Contribution of each energy component in the binding of all five simulated systems.
System Evaw Eele Ecs ESURF AGB bind AGP Bind
Remdesivir —55.5595 —40.7738 57.1003 —6.2910 —45.5240 —38.2654
Saquinavir -53.6286 —20.0359 44.2065 —6.8447 —36.3026 —34.3634
Darunavir —55.7290 —15.8202 29.8952 —6.4501 —48.1041 —32.6737
Nat-1 —49.8898 —48.5398 63.5133 —6.3401 —41.2565 —30.3325
Syn-16 —45.4254 —86.6787 107.0819 —6.5359 —31.5581 —21.6986

target protein was mediated strongly by the residues of S1,
S2 and S5 pockets (His41, Gly143, Ser144, Cys145, Met164,
and GIn189) that contribute between -1.21 to -3.71 kcal/mol
by establishing hydrophobic contacts with the aromatic
rings, and through electrostatic interactions. However, in

case of Nat-1, GIn189 contributed most significantly (binding
energy of -4.26 kcal/mol) by mediating strong electrostatic
interactions. Similarly, the residues of S1 and S5 pocket
(His41, Asn142, Met165, and Glu166) majorly contribute to
the binding of Nat-1. In the case of Syn-16 the major
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Figure 7. Graphical representation of each residue contribution in bind-
ing energy.

Figure 8. Short-listed candidates potentially interact with S1, S2 and S5 sub
sites for 3CLP™ inhibition.

contribution came from Met165, Glu166 and GIn189 in the
range of -2 to -4 kcal/mol mainly by establishing electrostatic
interactions. However, Asn142, Gly143, also favorably contrib-
ute to the binding affinity, in addition to the catalytic dyad.

4. Conclusion

3C-like protease (3CLP™) is essential for the initiation of the
viral replication cycle and thus considered as a validated
drug target for the treatment of SARS-COV-2 infections. In
this study, we identified three FDA-approved drugs
(Remdesivir, Saquinavir and Darunavir) and two small mole-
cules (flavone and coumarin derivatives) as potential inhibi-
tors of 3CLP™ by using an in silico approach. Primarily
structure-based screening was performed using an in-house
database of natural and synthetic molecules along with exist-
ing antiviral FDA-approved drugs. Candidates with good
docking scores were selected for binding mode analysis.
Among them, five compounds were shortlisted for MD simu-
lation and binding free energy calculation to get deep
insight in their inhibitory mechanism. Detailed analysis of
per-residue energy contribution with short-listed compounds
revealed functionally important S1, S2 and S5 subsites for
3CLP"™ inhibition (Figure 8).

Our findings address an urgent need, as currently there is
no drug available against this target. As demonstrated in this
combined approach, screening and repurposing of FDA-
approved antiviral drugs to inhibit 3CLP™ may provide an

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS . 9

alternative fast-track approach for identifying and developing
new treatments for SARS-COV-2 infection.
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