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a b s t r a c t 

The pandemic of COVID-19 has an unprecedented impact on global health and economy. The novel SARS- 

CoV-2 is recognized as the etiological agent of current outbreak. Because of its contagious human-to- 

human transmission, it is an utmost global health emergency at present. To mitigate this threat many 

scientists and researchers are racing to develop antiviral therapy against the virus. Unfortunately, to date 

no vaccine or antiviral therapeutic is approved thus there is an urgent need to discover antiviral agent 

to help the individual who are at high risk. Virus main protease or chymotrypsin-like protease plays a 

pivotal role in virus replication and transcription; thus, it is considered as an attractive drug target to 

combat the COVID-19. In this study, multistep structure based virtual screening of CAS antiviral database 

is performed for the identification of potent and effective small molecule inhibitors against chymotrypsin- 

like protease of SARS-CoV-2. Consensus scoring strategy combine with flexible docking is used to extract 

potential hits. As a result of extensive virtual screening, 4 hits were shortlisted for MD simulation to 

study their stability and dynamic behavior. Insight binding modes demonstrated that the selected hits 

stabilized inside the binding pocket of the target protein and exhibit complementarity with the active 

site residues. Our study provides compounds for further in vitro and in vivo studies against SARS-CoV-2. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

The world is witnessing the deadliest pandemic of current 

imes in the form of COVID19, first identified in Wuhan, China 

ates back to December 2019 [1] . SARS-CoV-2 (Severe Acute Res- 

iratory Syndrome Coronavirus 2) is identified as the etiological 

gent of COVID-19 [2] .The mysterious COVID-19 emerged in china, 

rowing exponentially, crossing the territorial barriers of mod- 

rn world and now penetrated in approximately ~196 countries 

3] . Due to the high infectivity of SARS-CoV-2 and the capacity 

f spreading abruptly on an international scale, the WHO on 11 

arch 2020 declared it as a pandemic situation [4] . 

Over the last 2 decades, the world witnesses the two beta-CoVs 

andemics, including the SARS-CoV responsible for severe acute 

espiratory syndrome (SARS) in 2003 and MERS-CoV responsible 

or Middle Eastern respiratory syndrome (MERS) in 2012 [5] . Cur- 

ently emerged another novel Coronavirus called SARS-CoV-2, re- 

ponsible for the ongoing outbreak. The zoonotic Coronaviruses 
∗ Corresponding author. 
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re naturally circulating in different animal species like bats, birds, 

ats, pigs, mice and cause several respiratory and intestinal infec- 

ions in humans. Bat was the common primary host of MERS-CoV, 

nd SARS-CoV. However, the direct zoonotic source of SARS-CoV- 

 remains enigmatic [6] . Although the fatality rate of SARS-CoV-2 

s lower than MERS and SARS but its production rate is higher [7] .

owever, the exact fatality and production rate for COVID-19 is still 

nder debate. The spreading pandemic of COVID-19 has unusual 

mpact on people and economy of the world due to isolation, so- 

ial distancing, quarantine and community containment, which is 

mplemented in many countries to reduce the risk of the infection 

 8 , 9 , 10 ]. 

Coronaviruses are a large family of lipid-enveloped viruses con- 

aining largest known single-stranded and positive polarity mul- 

ipartite RNA genomes ranging from 27 kb to 31.5 kb in size [11] .

he taxonomist of Coronaviridae Study Group (CSG) place the SARS- 

oV-2 in class of Betacoronavirus within the Coronaviridae family 

12] . Typically, its genome contains 10 open reading frames (ORFs). 

he two thirds of the whole SARS-CoV-2 genome harbors a large 

pen reading frame ORF1 at the 5-terminal. The ORF1 acts as mes- 

enger RNA (mRNA) and directly translated into ORF1a and ORF1b 

https://doi.org/10.1016/j.molstruc.2021.129953
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.129953&domain=pdf
mailto:zaheer.qasmi@iccs.edu
https://doi.org/10.1016/j.molstruc.2021.129953
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Fig. 1. Structural details of 3CLPro of SARS-CoV-2. Domain organization with role of amino acid residues and 3D structure of main protease. Inter domain boundaries are 

labelled with amino acid residues. Domain-I shown in cyan color, Domain-II shown in hot pink color while Domain-III shown in dark purple color. 
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y the host cell ribosomal frameshifting machinery. The remaining 

RFs (2–10) at 3 ′ -terminal of SARS-CoV-2 genome encode eight ac- 

essory proteins (3a, 3b, p6, 7a, 7b, 8b, 9b and 10) and four impor-

ant structural proteins [spike (S), nucleocapsid (N), envelope (E) 

nd membrane (M) protein] [13] . 

During SARS-CoV-2 infection in the host targeted cells, two 

verlapping “polyproteins,” pp1a (486 kDa) and pp1ab (790 kDa) 

ranslated from the genomic ORF1ab region of virus, and cleaved 

nto different non-structural proteins [14] . 3C-like protease (3CL pro , 

lso referred as the main protease, M 

pro ) and PL2 pro protease are 

lso present among these polyproteins. PL2 pro cleaves at three sites 

hile 3CLpro process the large viral polypeptide at 11 sites pro- 

ucing functional nonstructural proteins (nsp1–16) including a he- 

icase, a single-stranded RNA-binding protein, an RNA-dependent 

NA polymerase, an endoribonuclease, an exoribonuclease and a 

 

′ -O-ribose-methyltransferase which are important for the coron- 

virus replication and packaging [15] . Therefore M-pro is consid- 

red as a high-profile drug target in anti-SARS-CoV-2 drug discov- 

ry [ 16 , 17 ]. 

The main protease of SARS-CoV-2 exhibit high structural and 

equence homology to 3CLpro of SARS-CoV (96% sequence identity) 

nd their sequence alignment indicate only 12 mutated/variant 

esidues (T35V, A46S, S65N, L86V, R88K, S94A, H134F, K180N, 

202V, A267S, T285A, I286L) with no significant role in its en- 

ymatic process. The 306 amino acid long Main protease (Mpro) 

n monomeric form consists of three domains namely N-terminal 

omain-I, N -terminal Domain-II and C-terminal Domain-III ( Fig. 1 ). 

he catalytic dyad (His41 and Cys145) located in a cleft between 

he β-barrel folds of domains I (residues 10 −99) and domain-II 

100 −182). The thiol group of Cys145 acts as nucleophile in the 

roteolytic process. A long loop region is connected the catalytic 

omains to the C-terminal domain-III (residues 198 −303) com- 

osed of five antiparallel α-helical [18] . 

The M 

pro exist catalytically active in dimeric state and arranged 

erpendicular to each another. The dimeric form has a unique sub- 

trate binding preference for glutamine residue at the P1 site (Leu- 

ln ↓ Ser, Ala, Gly), that distinguish it from other closely related 
2 
roteases in host, suggesting that it is feasible to achieve high se- 

ectivity by targeting viral M 

pro . The dimerization of two M 

pro pro- 

omer, facilitate the formation of substrate-binding cleft in which 

onformationally distinct solvent-exposed His41 and Cys145 in the 

left act independently [19] . 

Scientists around the world are racing to discover the drug or 

accine against COVID-19. In this regard extensive theoretical and 

xperimental work has been done [20–27] . Many antiviral drugs 

re also in clinical trials against SARS-CoV-2, yet no vaccine or an- 

iviral agent against this deadly virus is discovered. Herein, we per- 

orm a structure based virtual screening of CAS COVID-19 database 

ith potential antiviral properties to identify prototypic inhibitors 

gainst the SARS-CoV-2 M 

pro target. The approach involved score- 

ased virtual screening, molecular dynamics simulations and bind- 

ng free energy calculations. Based on consensus scoring strategy 

ollowed by flexible docking and post docking analysis (i.e. protein- 

igand interactions fingerprinting), four compounds SK S-01, SK S-02, 

K S-03 and SK S-04 were selected for further validation through 

D simulation. 

. Methodology 

.1. Database preparation 

The Chemical Abstract Services released an open source 

AS COVID-19 database, containing ~50,0 0 0 potential antiviral 

andidates. The dataset was downloaded ( https://www.cas.org/ 

ovid- 19- antiviral- compounds- dataset ) and the redundant com- 

ounds were checked by their CAS number and eliminated. Af- 

erwards, the database was converted from 2D to 3D followed by 

eometry optimization using WASH module implemented in MOE. 

ubsequently, hydrogens were added followed by energy mini- 

ization using MMFF94 force field and single low energy confor- 

ation was generated with original state of chirality and ioniza- 

ion states for each compound. Considering the larger size of bind- 

ng pocket of 3CLPro and high molecular weight of effetive an- 

iviral drugs against coronaviruses main protease (e.g. Saquinavir, 

https://www.cas.org/covid-19-antiviral-compounds-dataset
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arunavir, Lopinavir etc.), compounds with molecular weight upto 

15 g/mol were selected. The final database consisting of 35,0 0 0 

ompounds, was saved in mdb format for screening. 

.2. Receptor preparation 

Structure-based virtual screening was carried out using the x- 

ay crystal structure of chymotrypsin-like protease (PDB-ID 6LU7, 

esolution 2.16 Å) [18] of SARS-CoV-2 bound to peptide like in- 

ibitor (N3). Co-crystalized artifacts such as missing atoms and 

oops were modeled by Structure Preparation module implemented 

n MOE 2019.01. All the crystallized water molecules were deleted, 

nd the crystal structure was subjected to protonation and energy 

inimization using Amber99 force field in MOE. A docking grid of 

 Å was generated, centered on the protein active site by selecting 

he atoms of co-crystalized ligand, N3. 

.3. Structure-based virtual screening 

Prepared CAS antiviral database containing 35,0 0 0 compounds 

ere docked into the define grid center on the co-crystalized 

igand. During docking the receptor kept flexible and Triangular 

atcher was used as placement method, which is the most ef- 

cient method for well-defined binding sites. For comprehensive 

xtraction of active compounds, comparative assessment of differ- 

nt scoring functions implemented in MOE was used to evaluate 

he performance of scoring function. Approximately 34,0 0 0 com- 

ounds were docked, poses for each compound were calculated by 

sing five different scoring functions: London dG, GBVI/WSA dG, 

SE, Affinity dG and Alpha HB. Compounds with different scoring 

unction were sort out from highest to lowest value and top 10% of 

he data in all scoring functions were selected for further analysis. 

Protein-ligand interaction fingerprint (PLIF) module imple- 

ented in MOE was used to analyzed all interactions between 

rotein and the selected compounds [28] . The top 78 compounds 

ere selected and subjected to protein ligand interaction profile 

PLIP) for their binding interactions. As a result of this analy- 

is compounds were shortlisted on the basic of interactions with 

otspot residues in addition to catalytic dyad; Phe140, Leu141, 

sn142, Gly143, Ser144, Met165 and Gln189. Finally, 4 hits, con- 

aining tetrahydrofuran and purine ring as chemical scaffold, ob- 

ained from structure-based virtual screening were subjected to 

olecular dynamics simulation. The schematic representation of 

tepwise screening strategy shown in Fig. 2 . 

.4. Molecular dynamics simulation 

All the simulations were carried out using GROMACS version 

018 [29] on GPU. The topological parameters of protein structure 

ere processed by GROMOS 57a7 force field [30] while Automated 

opological Builder was used for the parameterization of all the 

igands. All the complex structures were solvated using single point 

harge water model by placing into a cubic water box and by keep- 

ng at a distance of 1.0 nm from the edge of the water box with

eriodic boundary condition. Subsequently, the systems were neu- 

ralized by the addition of counter ions. Prepared systems were 

inimized to remove the bad contacts and to correct the geom- 

try by using steepest descent algorithm with maximum force < 

0 0 0 kJ mol −1 nm −1. The electrostatic interactions were treated 

y Particle Mesh Ewald algorithm with a cut-off of 1.2 nm while 

INCS algorithm was used to constrained the bond length. To ob- 

ain further convergence, the minimized systems were equilibrated 

or 500 ps in an NVT ensemble followed by NPT ensemble. Dur- 

ng equilibration, pressure and volume were maintained by using 

sobaric-isothermal algorithm. Finally, the production run of 100 ns 

as carried out and coordinates along with their energies were 
3 
aved after every 10 ps in output trajectory file. The convergence 

or all the simulated systems were analyzed by RMSD RMSF, RoG, 

nd hydrogen bond contacts using GROMACS and VMD [31] . More- 

ver, the Coulombic potentials within R-coulomb (Coul-SR) and the 

hort-range Lennard-Jones energies (LJ-SR) were calculated using 

he g_energy program available in GROMACS, extracting the infor- 

ation from .edr files produced during the MD simulations. 

. Results and discussion 

.1. Structure-based virtual screening 

The recent coronavirus pandemic demands the immediate dis- 

overy of therapeutic agent to cure and protect the people who 

re suffering from the COVID-19. In order to combat the spreading 

andemic and to accelerate the discovery of antiviral agent against 

ARS-CoV-2, structure-based virtual screening was carried out em- 

loying the molecular docking approach against 3CLPro. For virtual 

creening, an open access CAS database is utilized which consists 

f nearly 50,0 0 0 compounds with potential or known antiviral ac- 

ivity. 

The crystal structure of 3CLPro in complex with a peptide in- 

ibitor N3 (PDB ID 6LU7) recently reported by Liu et al. was uti- 

ized for score-based screening. The structure of 3CLPro consist 

f three domains in which substrate binding site or active site is 

ocated at the cleft of domain I and II where N3 is bound. Like 

ther coronaviruses, the active site of 3CLPro of SARS-CoV-2 con- 

ists of conserved catalytic dyad (His41 & Cys145) with other cru- 

ial residues of five subsites. This substrate binding pocket served 

s receptor grid while position of N3 served as center of the grid 

uring the docking based screening. During docking simulation, in- 

uced fit method was employed thus providing flexibility of the 

esidues of the active site. 

It has been reported that combining different scoring functions 

r consensus scoring leads to a higher probability of enrichment 

f true positives. This study mainly focused on empirical scoring 

unctions implemented in MOE to provide a real feature of combi- 

ation of scoring functions to extract potential hit compounds. In 

his regard, the prepared database consists of 35,0 0 0 compounds 

as docked into the define grid using different scoring function 

ncluding London dG, GBVI/WSA dG, ASE, Affinity dG and Alpha 

B with Triangular Matcher as placement method ( Table 1 ). Total 

4,372 compounds were correctly docked into the defined pocket, 

nd the docked poses of each candidate were sort out from highest 

o lowest docking score. Afterwards, the compounds were short- 

isted by employing consensus scoring strategy [ 32 , 33 ] which led 

he selection of top 10% of data containing compounds from each 

coring function and the top-scored ~3400 compounds were con- 

idered for further screening. Thus, the outcome of the virtual 

creening was inspected in terms of (i) docking accuracy i.e., rmsd 

o known solutions, (ii) scoring accuracy i.e., prediction of the ab- 

olute binding free energy), (iii) comparisons of different scoring, 

iv) discrimination of true positive from random compounds, and 

v) enrichment factors and hit rates among the top scorers. 

Further the compounds were subjected to PLIF to finger- 

rint the interactions between hit compounds and the active 

ite residues of the 3CLPro. During the interactions fingerprinting, 

is41 and Cys145 (catalytic dyad) were mainly considered as cru- 

ial residue and their interaction analysis led to the selection of 

8 compounds. Subsequently, the obtained compounds form PLIF 

anking were subjected to PLIP (Protein-Ligand Interaction Profile) 

nd visual inspection at molecular level. As a result of PLIP anal- 

sis, 4 compounds (containing tetrahydrofuran and purine ring as 

hemical scaffold) were shortlisted on the basis of their interac- 

ions with the crucial residues of the active site in addition to cat- 

lytic dyad (His41, Phe140, Leu141, Asn142, Gly143, Ser144, Cys145, 
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Fig. 2. Schematic representation of structure-based virtual screening of CAS antiviral database. 

Table 1 

Combination of scoring function utilized for docking. 

Placement Method Refinement Method Scoring Function Rescoring Function 

Triangular Matcher Induced Fit London dG GBVI/WSA dG 

Triangular Matcher Induced Fit London dG ASE 

Triangular Matcher Induced Fit ASE Affinity dG 

Triangular Matcher Induced Fit Alpha HB London dG 

Triangular Matcher Induced Fit Affinity dG Alpha HB 

Triangular Matcher Induced Fit London dG Affinity dG 

Triangular Matcher Induced Fit London dG Alpha HB 
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et165 and Gln189). These hits compounds were further subjected 

o MD simulation to study the stability and dynamic of protein- 

igand complexes. 

.2. Molecular dynamic simulation 

The molecular dynamics simulation provides the information 

bout the stability of the protein-ligand complexes in a time de- 

endent manner. In this study, we employed 100 ns simulation of 

 compounds: SK S-01, SK S-02, SK S-03 and SK S-04 in complex with

CLPro of SARS-CoV-2. The stability of these ligands within the 

ctive site of target protein was analyzed by plotting root mean 

quare deviation (RMSD) of the backbone atoms and root mean 

quare fluctuation (RMSF) of amino acid residues. In order to deter- 

ine the compactness of the protein upon binding of the ligands, 

adius of gyration (RoG) was also calculated. 

.2.1. Root mean square deviation (RMSD) 

MD trajectories were analyzed to ensure the binding stability 

f all the four protein-ligand complexes by calculating the devia- 

ion of backbone carbon atom. All the systems showed inconsider- 

ble fluctuation with the deviation of less than 0.4 nm during the 

hole simulation Fig. 3 ). Initially SKS-01 showed variable fluctua- 

ion but after 16 ns, RMSD become quite stable. Slight fluctuations 
4 
ere observed till the end of the simulation with the inconsider- 

ble deviation of less than 0.35 nm. SKS-02 has represented the 

ost stable RMSD below 0.3 nm with no major variations. How- 

ver, the system converged after 27 ns of the simulation. SKS-03 

howed slightly fluctuated RMSD in comparison to other systems. 

herefore, marginal elevation was observed throughout the sim- 

lation with the deviation of less than 0.4 nm. In case of SKS- 

4 bound to the protein, insignificant variations were observed 

hroughout the simulation with the deviation of less than 0.35 nm. 

he backbone profile of all the systems was almost similar with no 

onformational changes. 

.2.2. Root mean square fluctuation (RMSF) 

RMSF represented the average displacement of each residue 

pon binding of all the four ligands ( Fig. 4 ). Interestingly, 

onserved residues (His41, Asn142, Gly143, Ser144, Cys145 and 

et165) involved in the ligands binding were stable throughout 

he whole simulation. The average value of RMSF for all the sys- 

ems was around 0.3 nm. Protein-ligand complexes showed sim- 

lar pattern of RMSF expect SKS-04. The RMSF analysis of SKS- 

1, SK S-02 and SK S-03 showed higher fluctuation in three loop 

egions; Thr45-Leu50, Ile152-Cys156 and Met275-Glu288. In ad- 

ition to these regions, SKS-04 showed fluctuation in the region 

f loop connecting Domain II and III. Moreover, His41, a catalytic 
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Fig. 3. Time dependent RMSD of all the four simulated systems. 

Fig. 4. Time dependent RMSF of all the four simulated systems. 
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yad amino acid residue, showed higher fluctuation in all the sys- 

ems except apo protein which may attribute to the involvement of 

is41 in the accommodation of ligands into the binding site. Sim- 

larly, all the other amino acid residues of the simulated systems 

howed significantly stable RMSF. 

.2.3. Radius of gyration (RoG) 

In order to determine the compactness or folding of the target 

rotein during 100 ns simulation, radius of gyration was calculated. 

yration score for all the systems oscillated between 2.15 nm to 

.30 nm ( Fig. 5 ). The average gyration score of Apo, SK S-01, SK S-

2, SKS-03 and SKS-04 was found to be 2.20 ± 0.04, 2.21 ± 0.02, 
5 
.24 ± 0.01, 2.23 ± 0.01 and 2.21 ± 0.01 nm respectively. RoG anal- 

sis suggested that all the simulated systems more or less showed 

imilar degree of compactness. 

.2.4. Binding mode analysis 

Comprehensive interactions profile before and after MD simu- 

ation, between the selected compounds and the important bind- 

ng residues of target protein is presented in Table 2 . Before and 

fter MD simulation all the compounds were positioned at the 

left of Domain I and II of 3CLPro. Thr25, His41, Phe140, Leu141, 

sn142, Gly143, Ser144, Cys145, Met165, Glu166, and Gln189 con- 

ribute significantly in the binding of the compounds. All these 
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Fig. 5. Time dependent RoG of all the four simulated systems. 

Table 2 

Detailed protein-ligand interactions before and after MD simulation. 

Compound 

Name 

Docking score 

(kcal/mol) 

Vann der Waal 

Interactions 

After Docking Hydrogen Bond Contacts After Docking 

Vann der Waal 

Interactions After 

MD Simulation 

Hydrogen Bond Contacts After MD 

Simulation 

Acceptor Donor Distance Acceptor Donor 

SKS-01 −11.49 His41, 

Met165, 

Gln189 

Lig: Furan = O 

Lig: Methoxy = O 

Lig: Oxirane = O 

Lig: Carbonyl = O 

Lig: Carbonyl = O 

Lig: Triazole = N 

His41-NH 

Asn142-NH 

Gly143-NH 

Ser144-OH 

Glu166-NH 

Gln189-NH 

2.18 

2.17 

2.08 

3.11 

2.15 

3.44 

Thr25, Leu141 Lig: Carbonyl = O 

Lig: Carbonyl = O 

Lig: Carbonyl = O 

His164: Carbonyl = O 

His164: Amide = N 

Lig: Carbonyl = O 

His41-NH 

Gly143-NH 

Ser144-NH 

Lig: 

Amino = NH 

Lig: 

Amino = NH 

Met165-NH 

SKS-02 −15.32 Thr25, 

Met165, 

Gln189 

Lig: Carbonyl = O 

Asn142: Carbonyl = O 

Lig: Amide = N 

Lig: Sulfonyl = O 

His41-NH 

Lig: 

Methoxy = O 

Gly143-NH 

Glu166-NH 

2.73 

2.53 

2.89 

2.27 

His41, Met165, 

Gln189 

Lig: Hydroxyl = O 

His41: Amide = O 

Thr26: 

Carbonyl = O 

Lig: Amide- 

NH-Thr25 

SKS-03 −13.67 Thr25, 

Leu27, 

Gln189 

Lig: Carbonyl = O 

Lig: Pyrimidine = N 

Lig: Carbonyl = O 

His41-NH 

His163-NH 

Glu166 

2.33 

2.82 

2.02 

His41, Met49, 

Met165, Gln189 

Lig: Purine-N 

Gly143: Carbonyl = O 

Lig: Oxycarbonyl = O 

Lig: Carbonyl = O 

Lig: Carbonyl = O 

Asn144-NH 

Lig: Amide-NH 

Ser144-NH 

Cys145-NH 

Met165-NH 

SKS-04 −15.22 – Lig: Hydroxyl = O 

Lig: Carbonyl = O 

Lig: Nitro = O 

Lig: Triazole = N 

Lig: Hydroxyl = O 

His41-NH 

Gly143-NH 

Glu166-NH 

His163-NH 

Gln198-NH 

– Lig: Hydroxyl = O 

Lig: Hydroxyl = O 

Lig: Nitro = O 

His41-NH 

His164-NH 

Glu166-NH 

r
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s

esidues are critically important for substrate binding. Insight dock- 

ng modes of the selected ligands showed that all the compound 

ound to mediate van der Waals interactions as well as hydro- 

en bond contact with the afore-mentioned residue. Results of MD 

imulation demonstrated that all the docking interactions didn’t 

ersist throughout simulation, however some new interactions 

ere also observed during the course of simulation. For time de- 

endent analysis of protein-ligand interactions, residues within the 

 Å of ligands were selected. All the four ligands showed similar 

ype of interactions as like N3 (co-crystallized ligand). 
6 
Upon examining the MD trajectories, SKS-01 found to form 

ix hydrogen bonds contacts with significant persistence ( Fig. 6 A). 

xygen of benzoyl oxycarbonyl moiety in the ligand mediate hy- 

rogen bond with the backbone amide of Met165 ( Table 2 ). Simi- 

arly, alanine carbonyl group establishes two hydrogen bonds with 

he nitrogen of amino group of Gly143 and Ser144. Moreover, 

mide group adjacent to triazole ring in the ligand mediate one 

ydrogen bond with His41 and two other hydrogen bonds with 

is164. Additionally, methyl group in the ligand interact with the 

ide chain of Thr25 via alkyl-alkyl interaction producing hydropho- 
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Fig. 6. Binding mode of selected hits retrieved from score based screening. (A) SKS-01, (B) SKS-02, (C) SKS-03 and (D) SKS-04. Interacting residues presented as aquamarine 

sticks while red dotted lines presented the hydrogen bonds. 
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ic effect. SKS-01 mediate highest number of hydrogen bonds as 

ompare to the other ligands. 

Insight into the MD trajectories of SKS-02 ( Fig. 6 B) indicated 

hat most of the hydrogen bonds observed in docked pose were 

ot persistent during simulation. However, Van der Waals interac- 

ions were conserved throughout the simulation. Biphenyl ring in 

he ligand establish π-stacking with imidazole ring of His41. Simi- 

arly, Gln189 and Met165 also found to interact with ligand by me- 

iating π-alkyl interactions. Moreover, hydroxyl group in the lig- 

nd act as proton donor and establish hydrogen bond with the 

hr25. Nitrogen of amide group near to tetrahydrofuran ring in 

he ligand form hydrogen bond with backbone amide of His41. All 

hese interactions persist significantly throughout the simulation. 

In case of SKS-03 some new interactions were observed other 

han docking interactions ( Fig. 6 C). Carbamate group in the ligand 

stablish three hydrogen bonds with Gly143, Ser144 and Cys145. 

oreover, nitrogen of purine ring in the ligand form a hydro- 

en bond with Asn142 while oxycarbonyl group mediate hydrogen 

ond with Met165. The protein-ligand contacts are further stabi- 
7 
ized by His41 and Met165 by producing hydrophobic effect and 

-stacking. 

The analysis of time dependent molecular interactions of SKS- 

4 demonstrated that most of the docking interactions persisted 

hroughout the MD trajectory ( Fig. 6 D). His41 and His164 act as 

ydrogen bond donor and form a hydrogen bond with the hydroxyl 

roup attached to tetrahydrofuran ring in the ligand. Similarly, oxy- 

en of nitrophenyl group in the ligand establishes a hydrogen bond 

ith the backbone amide of Glu166. Similarly, Thr25 contributing 

he binding of ligand by mediating hydrophobic interactions with 

he ethoxy group in the ligand. 

.2.5. Protein-ligand interactions energy 

A quantitative knowledge of receptor–ligand binding affinities 

s important in understanding of molecular recognition; hence, the 

alculation of effective and accurate binding free energy ( �Gbind) 

lays a central roal in computer-aided drug design. Therefore, 

n this study to compute the strength of protein-ligand inter- 

ctions, short range Coulombic (Coul-SR) and lennard-Jones (LJ- 
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R) interactions energies were calculated. The sum of Coul-SR 

nd LJ-SR for SK S-01, SK S-02, SK S-03 and SK S-04 was found

o be −283.1973 kJ/mol, −342.338 kJ/mol, −238.1212 kJ/mol and 

311.7273 kJ/mol respectively. The data indicate that non-bonded 

nteractions energies of all four complexes were fairly enough to 

xplain the strenght of protein-ligand interactions. 

. Conclusion 

The SARS-CoV-2 chymotrypsin like protease, plays a pivotal role 

n the virus maturation and life cycle, therefore it is considered 

s an attractive drug target to combat COVID-19. Due to lack of 

ntiviral therapy and vaccine under development, the identifica- 

ion of chemical probe inhibitors of 3CLPro that can potentially 

e optimized as therapeutic agent seems to be highly desirable. 

n the present study structure-based virtual screening of CAS an- 

iviral database containing ~50,0 0 0 compounds was carried against 

CLPro of SARS-CoV-2. Virtual screening campaign utilize the con- 

ensus scoring strategy in combination with flexible docking which 

ed the extraction of potential hit compounds. The extracted com- 

ounds were further subjected to molecular interactions analysis. 

n the successive screening, 4 hits were shortlisted and subjected 

o dynamic study. The results of MD simulation suggested that all 

he selected compounds significantly stabilize the protein structure 

nd have encouraging potential to inhibit the protein activity. We 

elieve that our findings provide suitable chemical candidates for 

urther detailed in vitro and in vivo analyses. 
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