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ABSTRACT

The COVID-19 pandemic caused by SARS-CoV-2 is a global health emergency warranting the
development of targeted treatment. The main protease MP™ is considered as a key drug target in
coronavirus infections because of its vital role in the proteolytic processing of two essential
polyproteins required for the replication and transcription of viral RNA. Targeting and inhibiting
the MP™ activity represents a valid approach to prevent the SARS-CoV-2 replication and spread.
Based on the structure-assisted drug designing, here we report a circadian clock-modulating small
molecule “SRT2183"” as a potent inhibitor of MP™ to block the replication of SARS-CoV-2. The
findings are expected to pave the way for the development of therapeutics for COVID-19.

Introduction

Outbreaks of deadly contagious diseases, particularly
caused by viruses, have always been a big threat to the
human race. During the last five decades, herpes, legion-
naires, HIV/AIDS, Western African Ebola epidemic,
Middle East Respiratory Syndrome (MERS), Severe
Acute Respiratory Syndrome (SARS), and now new cor-
disease 2019 (COVID-19) viruses have
attacked human population worldwide. The members
of the coronavirus family, alone, have caused two deadly
outbreaks, namely MERS caused by MERS coronavirus
(MERS-CoV) and SARS caused by SARS coronavirus
(SARS-CoV) during the last two decades (Zhong et al.
2020). In December 2019, a new unprecedented viral
infection emerged in Wuhan, China. Genomic studies
have shown that about 82% genome of this novel virus
match the RNA genome of SARS-CoV (Wu et al. 2020a,
2020b; Zhou et al. 2020). The novel virus was named as
Severe Acute Respiratory Syndrome coronavirus-2
(SARS-CoV-2) and the contagious infectious disease
caused by this new virus was named as coronavirus
disease 2019 (COVID-19) (Gorbalenya et al. 2020).
Pathophysiological findings made it evident that
SARS-CoV-2 infection is more contagious than both
MERS and SARS (Zhang and Holmes 2020). Infection
can spread even if an individual is asymptomatic or in
presymptomatic conditions. Individuals infected with
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SARS-CoV-2 develop mild-to-moderate illness; how-
ever, older people and those with chronic medical com-
plications are more likely to develop serious illness
(Chen et al. 2020; Li et al. 2020; World Health
Organization, clinical management of COVID-19:
Interim Guidance 2020).

In December 2019, the COVID-19 pandemic outbreak
originated in Wuhan city, Hubei province of China. The
first cluster of cases of “pneumonia of unknown cause”
was reported in late December 2019 (Wu et al. 2020c).
Thereafter, the contagious SARS-CoV-2 infection quickly
spread globally. The first laboratory-confirmed novel cor-
onavirus case recorded outside of China was reported on
13th January 2020 by the Ministry of Public Health in
Thailand (Yan et al. 2020). The World Health
Organization (WHO) declared the infection a pandemic
on 11th March 2020 (Zhang et al. 2020). According to
WHO reports, confirmed cases of COVID-19 are increas-
ing exponentially worldwide. Globally, as of 04:02h CET,
4 March 2021, there have been 114,853,685 confirmed
cases of COVID-19, including 2,554,694 deaths, reported
to WHO (https://covid19.who.int/). However, these num-
bers are likely to be higher than reported because of the
frequent exclusion of mild or asymptomatic cases.

Currently, no therapeutic options are available for
COVID-19. However, an insight gained on the
SARS-CoV-2 RNA genome and crystal structures of
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encoded translated products is envisioned to pave the
way to accomplish this goal (Jin et al. 2020a; Jin, Zhou
et al. 2020b; Jo et al. 2020; Zhang et al. 2020). The RNA
genome of SARS-CoV-2 contains approximately
30,000 nucleotides encoding structural and non-
structural proteins needed to form a functionally com-
plete viral particle (Jin et al. 2020a; Jin, Zhou et al. 2020;
Wu et al. 2020a). More importantly, the SARS-CoV-2
RNA genome encodes two polyproteins (pp) termed as
ppla (~450 kDa) and pplab (~750 kDa), which
undergo proteolytic cleavage by main protease (MF™%
also known as 3 C-like protease) and a papain-like
protease to form functional polypeptides required for
viral replication (Hegyi and Ziebuhr 2002; Wu et al.
2020a). The MP"™ predominantly cleaves the polypro-
tein at 11 conserved sites, starting with the autolytic
digestion of this enzyme itself, from ppla and pplab
(Hegyi and Ziebuhr 2002; Jin et al. 2020a; Jin, Zhou
et al. 2020). The crucial functional properties of MP*®
make it a constructive target for the coronavirus drug
discovery and development.

The study of the “clock-infection biology” of viral
diseases is a relatively new emerging field. This field is
intended to decipher the complex relationships between
the circadian timing system, host immunity, host-virus
interactions, and development of therapeutic agents
(Mazzoccoli et al. 2020; Ray and Reddy 2020). This
emerging field holds great potential for unraveling the
complex pathogenesis of SARS-CoV-2 infection and may
help to contribute better therapeutic agents against this
novel pathogen (Ray and Reddy 2020). Currently, key
proteins of this novel coronavirus are extensively targeted
for the repurposing of the existing small molecules and
other drugs as therapeutic agents for COVID-19 (Jin
et al. 2020a; Jin, Zhou et al., 2020; Jo et al. 2020; Zhang
et al. 2020). MP™ has been proposed as a central ther-
apeutic target (Jin, Zhou et al. 2020; Pillaiyar 2016; Sisay
2020; Yang et al. 2003). In the present study, we
employed the structure-assisted drug designing protocols
to explore the pharmacological attributes of the existing
circadian clock-modulating small molecules against
SARS-CoV-2 MP™ for the development of therapeutics
for COVID-19. The rationale of this focus is that these
small molecules have shown significant inhibition or
activation of proteins and enzymes of the molecular
circadian clock in different clock-related chronic disease
models (for supporting references, refer Table 1). In
addition, many of these small molecules have been high-
lighted as therapeutic molecules in diseases or disorders
not related to the circadian timing system (Chowdhury
et al. 2020; Kim et al. 2018; Lahusen and Deng 2015;
Palliyaguru et al. 2020; Scuto et al. 2013; Ye et al. 2019).
Among the 24 small molecules, we found SRT2183

(binding affinity —9.2 kcal/mol) to be a potent inhibitor
of MP™ that may be implemented to block replication of
SARS-CoV-2. Findings are expected to pave the way for
the development of therapeutics for COVID-19.

Materials and methods
Receptor structure preparation

The newly formulated crystal structure of the target pro-
tein SARS-CoV-2 MP™ in a complex with carmofur (PDB
ID: 7BUY) retrieved from the RCSB PDB database was
taken as a template for molecular docking studies. This
protein-inhibitor complex provided a structure-assisted
drug designing model for recognition of effective inhibi-
tors of the main protease MP™ of SARS-CoV-2 (Jin et al.
2020b). A standard receptor preparation protocol was
followed for crystal structure refinement of the target
protein (Salmaso and Moro 2018). The structural coordi-
nates of the inhibitor were completely removed from the
protein inhibitor complex. Swiss-PDB Viewer was used
for energy minimization by moving atoms to release local
constraints for stability of the target protein. Different
potential problems, such as missing side chains, missing
atoms, missing bonds, molecule-chain breaks, added
water, more than one molecule, alternate locations, and
so on, were detected and fixed. Sufficient polar hydrogens
were added and Kollman United Atom Charges were
assigned to the target protein. Target protein was prepared
in .pdbqt format for use in molecular docking studies.

Ligand preparation

Twenty-four circadian clock-modulating small mole-
cules were selected based on their reported significant
effect on the key components of the molecular circadian
clock (for supporting references, refer Table 1). The 3D
SDF files of all the small molecules were retrieved from
the PubChem database (Table 1). SDF stands for struc-
ture-data file and is part of the family of chemical-data
file format developed by MDL Information Systems,
especially for structural information. All the small mole-
cules were visualized in Discovery Studio Visualizer and
were converted to ligand.pdb format. AutoDock tools
accept files only in .pdb format. Therefore, the target and
ligand must be converted into .pdb format. The PyRx
tool (Dallakyan and Olson 2015) was used to prepare
ligand as .pdbqt format for molecular docking.

Molecular docking

AutoDock Vina and MGL tools were used for the mole-
cular docking studies (Trott and Olson 2010). Scaffolds
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Table 1. Circadian clock-modulating small molecules used for docking with target protein SARS-CoV-2 MP™,

S.No. Small molecules Description Structure
1. BRD1652 GSK-3a inhibitor (Miller and

PubChem CID: 121237853 Hirota 2020; Wagner et al.

Molecular formula: CyoH,4F3NsO 2016)

IUPAC: (4 R)-4,7,7-trimethyl-4-phenyl-3-(trifluoromethyl)-1,2,3,3a,6,8,9,9a-
octahydropyrazolo[3,4-b]quinolin-5-one.

2. CHIR99021 GSK-3a/B inhibitor (Ring et al.
PubChem CID: 9956119 2003)
Molecular formula: Cy;H,5CloNg
IUPAC: 6-[2-[[4-(2,4-dichlorophenyl)-5-(5-methyl-1 H-imidazol-2-yl)pyrimidin-
2-yllamino]ethylamino]pyridine-3-carbonitrile.

3. CX-4945 CK2 inhibitor (Miller and Hirota
PubChem CID: 24748573 2020; Siddiqui-Jain et al. ol
Molecular formula: C;oH1,CIN3O, 2010) R
IUPAC: 5-(3-chloroanilino)benzo[c][2,6]naphthyridine-8-carboxylic acid. J//‘;‘ ‘\ﬂ/“ o
NN *T/
L\\ ,J\\ =N
!
i
1
}/
Cl
4, DMAT CK2 inhibitor (Pagano et al.
PubChem CID: 5326976 2004)

Molecular formula: CoH;BrsN3
IUPAC: 4,5,6,7-tetrabromo-N,N-dimethyl-1 H-benzimidazol-2-amine.

5. EpiblastinA CKIS inhibitor (Ursu et al. 2016)
PubChem CID: 118987042
Molecular formula: C;,H;0CIN;
IUPAC: 6-(3-chlorophenyl)pteridine-2,4,7-triamine.

(Continued)
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Table 1. (Continued).

S.No. Small molecules Description Structure
6. GSK2945 REV-ERB agonist (Dierickx et al.
PubChem CID: 71682479 2019) 05
Molecular formula: CyoH15C1,N,0,5 °::N\
IUPAC:N-[(4-chloro-2-methylphenyl)methyl]-1-(4-chlorophenyl)- ;
N-[(5-nitrothiophen-2-yl)methyllmethanamine. / B B
el
i
Cl
7. GSK4112 REV-ERB agonist (Meng et al.
PubChem CID: 50905018 2008) G P
Molecular formula: C;gH51CIN>045 =l
IUPAC: tert-butyl 2-[(4-chlorophenyl)methyl-[(5-nitrothiophen-2-yl)methyl] >~
amino]acetate. iz
N \1 5
st Tl
~ o
[ )
Cl
8. KLO44 CRY activator (Lee et al. 2015)
PubChem CID: 91827381
Molecular formula: C,1H,4CIN;O A
IUPAC: 2-carbazol-9-yI-N-(2-chloro-6-cyanophenyl)acetamide. \]
9. Longdaysin CKla/8 inhibitor (Hirota et al.
PubChem CID: 49830252 2010; Miller and Hirota 2020) - F
Molecular formula: C;¢Hq¢F3Ns VS o
IUPAC: 9-propan-2-yl-N-[[3-(trifluoromethyl)phenyl]methyl]purin-6-amine. F ( ﬂ
b A |
10. NCC007 CKla/§ inhibitor (Lee et al. 2019)

PubChem CID:138403252

Molecular formula: Cy,H,gF3sN;

IUPAC: 9-(1-cyclopropylethyl)-2-N-[2-(dimethylamino)ethyl]-
6-N-[[3-(trifluoromethyl)phenyl] methyl]purine-2,6-diamine.

(Continued)
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Table 1. (Continued).

S.No. Small molecules Description Structure

11. Neoruscogenin RORa agonist (Helleboid et al.
PubChem CID: 9910474 2014)
Molecular formula: C;7H4004
IUPAC: (1S,25,45,6 R,7S,8 R,95,125,13 R,14 R,16 R)-7,9,13-trimethyl-5 -
methylidenespiro[5-oxapentacyclo[10.8.0.02,9.04,8.013,18]icos-18-ene
-6,2 -oxane]-14,16-diol.

12. Nobiletin RORa/y agonist (He et al. 2016)
PubChem CID: 72344
Molecular formula: C5;H,,05
IUPAC: 2-(3,4-dimethoxyphenyl)-5,6,7,8-tetramethoxychromen-4-one.

13. PF670462 CKI&/¢ inhibitor (Badura et al.
PubChem CID: 51049607 2007)
Molecular formula: C;9H,,Cl,FN5
IUPAC: 4-[3-cyclohexyl-5-(4-fluorophenyl)imidazol-4-yl]pyrimidin-2-amine; &
dihydrochloride. Ty

14. PF4800567 CK1¢ inhibitor (Walton et al.
PubChem CID: 53472153 2009)
Molecular formula: C;7H,5CIN50O,
IUPAC: 3-[(3-chlorophenoxy)methyl]-1-(oxan-4-yl)pyrazolo[3,4-d]pyrimidin-
4-amine.

15. SR1078 ROR agonist (Wang et al. 2010)
PubChem CID: 17980288 F

3IF
Molecular formula: C;7H;0FgNO, Ea T
IUPAC: N-[4-(1,1,1,3,3,3-hexafluoro-2-hydroxypropan-2-yl)phenyl]- -5 =

4-(trifluoromethyl)benzamide. ‘1]

(Continued)
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Table 1. (Continued).

S.No. Small molecules Description Structure
16. SR1001 RORa/y inverse agonist
PubChem CID: 44241473 (Solt et al. 2011) s
Molecular formula: C;5H,3FgN30,4S, F—t" F
IUPAC: N-[5-[[4-(1,1,1,3,3,3-hexafluoro-2-hydroxypropan-2-yl)phenyl]
sulfamoyl]-4-methyl-1,3-thiazol-2-ylJacetamide.
AN,
H Sk
~~<(/ij\\‘?¢» '*‘; i
\
17. SR3335 RORa inverse agonist
PubChem CID: 2360837 (Kumar et al. 2011) P
Molecular formula: C;3HoFgNO3S, =iz
IUPAC: N-[4-(1,1,1,3,3,3-hexafluoro-2-hydroxypropan-2-yl)phenyl]thiophene- o E
2-sulfonamide. H E
- i}\\
[
e
. _N o
AN
i\\ Il o
N
18. SR9009 REV-ERB agonist (Solt et al.
PubChem CID: 57394020 2012) !
Molecular formula: C5oH,4CIN30,4S {
IUPAC: ethyl 3-[[(4-chlorophenyl)methyl-[(5-nitrothiophen-2-yl)methyllamino] 0
methyl]pyrrolidine-1-carboxylate. i
N
19. SR8278 REV-ERB antagonist (Kojetin
PubChem CID: 53393127 et al. 2011)
Molecular formula: C;gH;9NO3S,
IUPAC: ethyl 2-(5-methylsulfanylthiophene-2-carbonyl)-3,4-dihydro-1H- 0~
isoquinoline-3-carboxylate. il l
A S R
/:;t\“
/\:/
20. SR10067 REV-ERB agonist (Banerjee et al.

PubChem CID: 60168097

Molecular formula: C3;H3;NO;

IUPAC: [3-[[4-[(2-methylpropan-2-yl)oxy]lphenoxylmethyl]-3,4-dihydro-1H-
isoquinolin-2-yl]-naphthalen-1-ylmethanone.

2014)

(Continued)
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S.No. Small molecules

Description Structure

21. SRT1720
PubChem CID: 25232708
Molecular formula: C;5H,4CIN,0S

IUPAC: N-[2-[3-(piperazin-1-ylmethyl)imidazo[2,1-b][1,3]thiazol-6-yl]phenyl]

quinoxaline-2-carboxamide;hydrochloride.

22. SRT2183
PubChem CID: 24180126
Molecular formula: C;7H,4N4055

IUPAC: N-[2-[3-[[(3 R)-3-hydroxypyrrolidin-1-yllmethyllimidazo[2,1-b][1,3]

thiazol-6-yllphenyllnaphthalene-2-carboxamide.

23. T0901317
PubChem CID: 447912
Molecular formula: C;7H;,FgNOsS
IUPAC: N-[4-(1,1,1,3,3,3-hexafluoro-2-hydroxypropan-2-yl)phenyl]-
N-(2,2,2-trifluoroethyl)benzenesulfonamide.

24, TBB
PubChem CID: 1694
Molecular formula: CgHBr4N3
IUPAC: 4,5,6,7-tetrabromo-2H-benzotriazole.

SIRT1 agonist (Bellet et al. 2013;
Sultan 2019)

SIRT1 agonist
(Bellet et al. 2013)

LXR agonist,RORa/y inverse
agonist (Kumar et al. 2010) et

CK2 inhibitor (Pagano et al.
2004)

of circadian clock-modulating small molecules were
blindly docked with the active sites of SARS-CoV-2
MP™. The grid size for X, Y, and Z coordinates was 56,
70, and 66 A, centralized at —26.60, 13.62, and 60.54,
respectively. The grid spacing was 1.00 A with the
exhaustiveness of 8. Bound conformations, bonding
interactions, and amino acid residues of the target

protein binding to five proposed candidate small mole-
cules were visualized and determined by PyMOL and
Discovery Studio Visualizer. Polar interactions were
mapped and labeled between the complexes. The
charged potential was created on the target protein sur-
face to decipher the binding of inhibitors in the deep
groove of the target protein.
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Inhibition constant (Ki; nM) calculation

Inhibition constant (Ki; nM) is an indicator of inhibiting
potency; lower Ki value reflects higher potency of inhi-
bitor. Ki was calculated from the AG (affinity describing
the receptor-ligand interaction strength) using the
formula:

Ki = EXP ((AG * 1000) / (R * T))

where AG = docking energy; R = 1.98719 cal K" mol 5"
298.15°%k

Ki = EXP ((A = 1000) / (198719  29815)).

Molecular dynamics (MD) simulation studies of
SARS-CoV-2 MP"™ and SARS-CoV-2 MP" -SRT2183
complex

All-atom MD simulations were performed on SARS-
CoV-2MP™ alone and in complex with ligand
“SRT2183” (best ligand sorted on the basis of binding
free energy and ligand-protein interactions) to deter-
mine conformational dynamics in the aqueous envir-
onment. The trajectories of the SARS-CoV-2 MP*® and
SARS-CoV-2 MP™-SRT2183 complex were studied
through 50 ns of MD simulations at 300 K using
GROMOS96 force-field in GROMACS 5.1.2. The
topology files of the SRT2183 were computed using
PRODRG server (an external web plate form).
Topology files of SRT2183 were merged with the pro-
tein topology to generate the SARS-CoV-2 MP™-
SRT2183 complex system. Both systems were solvated
in a cubic box with the Simple Point Charge (spc216)
water model to simulate aqueous surroundings (Goel
et al. 2011; Lagunin et al. 2000). Both systems were
subjected to energy minimization using 1500 steps of
the steepest descent method for 100 ps to remove their
possible steric clashes. The temperature of both systems
was subsequently increased from 0 to 300 K during the
equilibration period of 100 ps at a constant volume
under periodic boundary conditions with a stable
environment of 1-bar pressure. Various geometrical
properties of the systems, such as root-mean-square
deviation (RMSD), root-mean-square fluctuation
(RMSF), radius of gyration (Rg), and solvent accessible
surface area (SASA), were determined using g _rmsd,
g rmsf, g_gyrate, and g_sas programs. All the graphs
were plotted using Xmgrace tool.

MM-PBSA calculation

Molecular mechanics Poisson—Boltzmann surface area
(MM-PBSA) is a method to estimate interaction free

energies (Kumari et al. 2014). It has been increasingly
used in the study of biomolecular interactions. The MM-
PBSA calculations were performed using MD scripts
(Bhardwaj et al. 2020). The MM-PBSA binding free
energies were calculated using g mmpbsa script of
GROMACS (Kumari et al. 2014). The following equation
was implemented for the calculation of binding energy:

A(;binding = Gcomplex - (Greceptor + Gligand)

where AGyinging represents the total binding energy of
the protein-ligand complex, Gyecepror represents the
binding energy of free receptor, and Gjjgana represents
the binding energy of the unbounded ligand.

Result and discussion

Global health emergency is warranting the development
of targeted therapy for the treatment and control of the
newly emerged coronavirus disease COVID-19.
Identification and development of targeted therapeutic
agents are vigorously being pursued against different
target molecules, particularly SARS-CoV-2 MP™. Using
a structure-assisted drug designing approach, many
inhibitor molecules of MP™ have been proposed for the
therapeutic management of COVID-19 (Jin et al. 2020a,
2020b; McKee et al. 2020; Wang et al. 2020; Zhang et al.
2001). Only few have shown inhibition potency in bioas-
says. These findings warrant identifying and developing
more compelling inhibitors against SARS-CoV-2 MP™
for the therapeutic management of COVID-19.

In the present study, 24 circadian clock-modulating
small molecules (presented in Table 1) were blindly
docked against the target molecule “SARS-CoV-2 MP™.”
These molecules were ranked according to their binding
energy values (presented in Table 2). Based on the high
binding affinity values (more than —8.0 Kcal/Mol), we
present five molecules; SRT2183, Neoruscogenin,
SR10067, SRT1720, and CX-4945 as potent inhibitors of
SARS-CoV-2 MP™ (Table 2). The higher binding affinity
values of these five molecules reflect their likelihood for
the inhibition of SARS-CoV-2 MP™ to block replication
and spread. These five small molecules were subjected to
further analysis to explore the best docking pose on the
target protein surface. Protein-inhibitor complexes
reflected that all the five inhibitor molecules bind in the
deep grove and occupied substrate-binding sites on the
target protein.

Previous studies have shown that MP forms
a homodimer with three domains (domain I (residues
10-99), II (residues 100-184), and III (residues
201-303)) in each monomer (Jin et al. 2020a, 2020b;
Lu et al. 2006; Wu et al. 2020a). In addition, amino



Table 2. Binding affinities and inhibition constant (Ki) of circa-
dian clock-modulating small molecules with target protein SARS-
CoV-2 MP™

Binding affi-  Inhibition con-
Small nity stant,

S.No. molecules Target protein  (Kcal/Mol) Ki (nM)

1 BRD1652 SARS-CoV-2 -7.8 1.91655E-06
2 CHIR99021 Mmpre -7.0 7.39482E-06
3. CX-4945 -83 8.24165E-07
4. DMAT -5.1 0.000182662
5 Epiblastin A =71 6.24635E-06
6 GSK4112 —6.6 1.45255E-05
7 GSK2945 -7.1 6.24635E-06
8. KLO44 -7.6 2.6861E-06
9. Longdaysin -7.0 7.39482E-06
10. NCCo07 -7.2 5.27625E-06
1. Neoruscogenin -85 5.88047E-07
12. Nobiletin -6.4 2.03579E-05
13. PF670462 -7.0 7.39482E-06
14. PF4800567 -7.2 5.27625E-06
15. SR1078 -7.9 1.61889E-06
16. SR1001 -7.8 1.91655E-06
17. SR3335 -7.0 7.39482E-06
18. SR9009 -7.0 7.39482E-06
19. SR8278 -7.2 5.27625E-06
20. SR10067 -84 6.96166E-07
21. SRT1720 -84 6.96166E-07
22. SRT2183 -9.2 1.80428E-07
23. T0901317 -74 3.76464E-06
24, BB -6.0 3.99888E-05

acid residues 185-200 form a long loop that connects
domains IT and III together (Jin et al. 2020a, 2020b). It
has been reported that catalytic dyad residues are pre-
sent in the region between domains I and II (Wu et al.
2020a). Here, we present docked protein-inhibitor
complexes for all the five selected small molecules
(Figures 1la, 2a, 3a, 4a, and 5a). Analysis of these com-
plexes revealed that these proposed inhibitor molecules
bind in a region mapped between domains I and II of the
monomer. Surface representation of the complexes
reflected a strong binding pattern of each inhibitor in
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the main groove of the target protein (Figures 1b, 2b, 3b,
4b, and 5b). These results indicate that blocking the
catalytic site may highly affect the MP™ activity leading
to cessation of viral replication (Lu et al. 2006).

Next, protein-inhibitor complexes were analyzed to
uncover the residual interaction and bonding of MP™
with selected inhibitor molecules. Results showed that
SRT2183 formed major interactions with PHE294,
GLN110, VAL202, PRO293, VAL297, PRO252, and
ILE249 (Figure 1lc and d), Neoruscogenin with
LEU286, LEU287 and LYS137 (Figure 2c and d),
SR10067 with ASP153, PHE294, ASN151, PRO293,
ILE249, and VAL104 (Figure 3c and d), SRT1720 with
ILE249, PRO293, VAL202, GLN110, and PHE294
(Figure 4c and d), and CX-4945 with ASP295, PHE294,
PRO293, ILE249, and THR111 (Figure 5¢ and d) amino
acid residues of the target protein. In addition to these
major interactions, sub-interactions were also formed by
these molecules with amino acid residues of MP™.
These amino acid residues are presented in Table 3
and Figures 1c, 2¢, 3¢, 4c, and 5c. The majority of
these amino acid residues have been reported to provide
plinth for the binding of potent inhibitors of MP" aimed
to be developed as therapeutic agents for the manage-
ment and control of contagious coronavirus diseases
(Jin et al. 2020a, 2020b; Zhang et al. 2020). Moreover,
the results showed that protein-inhibitor complexes
involved the formation of different types of bonds
(Figures 1c, 2¢, 3¢, 4c, and 5¢). Many common type of
bonding interactions were formed by these molecules
with the MP™. These bonding interactions are likely to
contribute to sturdy binding of inhibitors with the target
protein MP™ (Jo et al. 2020; Zhang et al. 2020).

Among these top five candidate small molecules, the
best ligand “SRT2183” was sorted on the basis of

Acceptor 50

Figure 1. The crystal structure of SARS-CoV-2 MP in complex with SRT2183. (a) A cartoon presentation of MP™-inhibitor complex. (b)
Surface presentation of MP™, SRT2183 is presented in green color sticks. (c) A zoomed view of substrate-binding pocket representing
the key amino acid residues forming interactions with inhibitor molecule. (d) Surface presentation of conserved substrate-binding

pocket of SARS-CoV-2 MP™,



10 A. SULTAN ET AL.

GLU
A:288

THR ASP

’ A:289
= m - @ A199
A272 a2y A239 514 ARG

A131

g H-Bonds
= @ Donor
LEU .
s L
-
[ v cer s [] catontyrpmtond
= " = Acceptor
a b c d

Figure 2. The crystal structure of SARS-CoV-2 MP™ in complex with Neoruscogenin. (a) A cartoon presentation of MP™-inhibitor
complex. (b) Surface presentation of MP". Neoruscogenin is presented in green color sticks. (c) A zoomed view of substrate-binding
pocket representing the key amino acid residues forming interactions with inhibitor molecule. (d) Surface presentation of conserved

substrate-binding pocket of SARS-CoV-2 MP™,
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Figure 3. The crystal structure of SARS-CoV-2 MP™ in complex with SR10067. (a) A cartoon presentation of MP™-inhibitor complex. (b)
Surface presentation of MP™. SR10067 is presented in green color sticks. (c) A zoomed view of substrate-binding pocket representing
the key amino acid residues forming interactions with inhibitor molecule. (d) Surface presentation of conserved substrate-binding

pocket of SARS-CoV-2 MP™,
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Figure 4. The crystal structure of SARS-CoV-2 MP in complex with SRT1720. (a) A cartoon presentation of MP"-inhibitor complex. (b)
Surface presentation of MP™, SRT1720 is presented in green color sticks. (c) A zoomed view of substrate-binding pocket representing
the key amino acid residues forming interactions with inhibitor molecule. (d) Surface presentation of conserved substrate-binding

pocket of SARS-CoV-2 MP™,
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Figure 5. The crystal structure of SARS-CoV-2 MP™ in complex with CX-4945. (a) A cartoon presentation of MP"-inhibitor complex. (b)
Surface presentation of MP™, CX-4945 is presented in green color sticks. (c) A zoomed view of substrate-binding pocket representing
the key amino acid residues forming interactions with inhibitor molecule. (d) Surface presentation of conserved substrate-binding
pocket of SARS-CoV-2 MP™,

Table 3. Interacting amino acid residues of target protein SARS-CoV-2 MP™ with five proposed circadian clock-modulating small
molecules as its potent inhibitors.

S.

No. Small molecules Target protein Integrating amino acid residues

1. SRT2183 SARS-CoV-2 MP™  GLN110, PRO252, ILE249, VAL297, PRO293, VAL202, PHE294, LEU253, THR292, ASN151, PHE8, THR111,
ASN203, HIS246.

2. Neoruscogenin LEU287, LYS137, LEU272, LEU286, GLY275, LEU271, TYR239, GLU288, THR199, ASP289, ARG131.

3. SR10067 ASN151, GLN110, PHE294, ASP153, VAL104, ILE249, PRO293, ILE152, PHES8, TYR154, SER158, LYS102,
THR292, THR111.

4. SRT1720 GLN110, VAL202, PRO293, ILE249, PHE294, PRO252, HIS246, ASN203, THR292, GLY109, PHE8, ASN151, ASP295,
THR111, VAL297.

5. CX-4945 THR111, ASN151, ASP295, PHE294, PRO293, ILE249, THR292, PHE112, PHES, ILE152, ASP153, TYR154,

GLN110.

highest-binding affinity (-9.2 Kcal/mol). Thereafter, all- ~ -2M""® and SARS-CoV-2 MP"*-SRT2183 complex were
atom MD simulations (50 ns) were performed on the  found 0.323616 and 0.325814 nm, respectively (Table 4).
target protein “SARS-CoV-2 MP™” alone and in com-  Initially, RMSD plots of SARS-CoV-2 MP" and SARS-
plex with ligand “SRT2183” to determine conforma-  CoV-2 MP™-SRT2183 complex reflected distinct fashion
tional dynamics in an aqueous environment. Average  of deviation until 05 ns due to their initial orientation.
values of RMSD, RMSF, radius of gyration (Rg), and  Despite the initial structural arrangements of the docked
solvent accessible surface area (SASA) along with kinetic ~ complex, the average RMSD of the trajectories for
energy, enthalpy, volume, potential energy, and density bound protein backbone atoms showed equilibration
of the systems are presented in Table 4. It is well known  and stabilization throughout the 50 ns MD simulations,
that binding of any ligand induces conformational  reflecting no large conformational change in the native
changes in the native structure of the target protein  conformation of SARS-CoV-2 MP™ and confirming the
(Seo et al. 2014). Degrees of conformational changes  stability of the SARS-CoV-2 MP-SRT2183 complex
are quantified by calculating the RMSD with time from  (Bello et al. 2020). Local protein mobility was analyzed
the MD simulation generated data (Kuzmanic and by measuring the time-averaged RMSF value of SARS-
Zagrovic 2010). RMSD plots of the SARS-CoV-2 MP™  CoV-2 MP"™ and SARS-CoV-2 MP™-SRT2183 complex
and SARS-CoV-2 MP™-SRT2183 complex are presented  against residue numbers based on trajectory data
as Figure 6a. Average RMSD values for SARS-CoV ~ (Kuzmanic and Zagrovic 2010; Yadav et al. 2018).

Table 4. Parameters calculated for both the systems obtained after 50 ns MD simulations.

Average Average  Average Rg Average Kinetic Energy ~ Enthalpy ~ Volume Potential Density

RMSD (nm)  RMSF (nm) (nm) SASA (nm?) kJ/mol kJ/mol (hm®)  energy ki/mol  (kg/m®)

SARS-CoV-2 MP® 0.323616 0.168463 2.14602 134.6 229233 —118960 927.87 —1418890 1015.91
SARS-CoV-2 MP™- 0.325814 0.189153 2.15737 136.1 159964 —722497  664.01 —882501 1003.13

SRT2183 complex
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Figure 6. (a) Root-mean-square deviation (RMSD) for saquinavir in complex with SARS-CoV-2 MP™; (b) Root-mean-square fluctuations
(RMSF) for saquinavir in complex with SARS-CoV-2 MP"™; (c) Time evolution of the radius of gyration (Rg) for saquinavir in complex with
SARS-CoV-2 MP™; (d) Solvent accessible surface area (SASA) for saquinavir in complex with SARS-CoV-2 MP™,

RMSF plot is presented as Figure 6b. Average RMSF
measured for SARS-CoV-2 MP™ and SARS-CoV-2
MP™®-SRT2183 complex were 0.168463 nm and
0.189153 nm, respectively, reflecting the relative stability
of the complex in its favorable conformations for inhibi-
tion. Next, we determined the Rg values for SARS-CoV
2 MP™ alone and in complex with SRT2183. The Rg
provides information about the overall dimension and
the shape of the protein (Yadav et al. 2018). The Rg
values for SARS-CoV-2 MP™ and SARS-CoV-2 MP™-
SRT2183 complex were 2.14602 nm and 2.15737 nm,
respectively. These Rg values indicate that the overall
shape of the protein is stable upon binding of the ligand
(Yadav et al. 2018). Further, we computed the SASA of
SARS-CoV-2MP™ and SARS-CoV-2 MPF™-SRT2183
complex to investigate their conformational behavior
during the simulation. SASA calculations provide
insight regarding the interface between a protein and

its surrounding solvent due to its electrostatic and sur-
face properties, reflecting their conformational behavior
during the simulation (Rodier et al. 2005). The values of
average SASA for SARS-CoV-2 MP" and SARS-CoV-2
MP™_SRT2183 complex were found 134.6 nm> and
136.1 nm?, respectively. A small increment in SASA
was observed in the complex, possibly due to the
increased surface area of SARS-CoV-2 MP™ in the pre-
sence of SRT2183, where some inner residues might be
exposed to the surface (Figure 6d). The SASA attained
stable equilibrium without switching throughout the
simulation, thus suggesting the structural stability of
SARS-CoV-2 Mpro in the presence of compound
SRT2183.

We also computed the binding free energy for SARS-
CoV-2 MP™-SRT2183 complex by implementing MM-
PBSA calculations. The energy liberated during the process
of bond formation, or alternatively, the interaction between
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Table 5. MM-PBSA calculations of binding free energy for SARS-CoV-2 MP™-SRT2183 complex.

Complex ABpinding (kj/mol)

SASA (kJ/mol)

AEpolar solvation (kj/mol) AEEIectrostatic (kj/mol) AEVan der Waal (kj/mol)

SARS-CoV-2 MP™- SRT2183 complex —210.517 £ 16.215

—22.775 + 1.759

139.657 + 17.275 —51.868 + 13.417 —269.316 + 18.612

aligand and protein is shown in the form of binding energy
(Bhardwaj et al. 2020). Lesser binding energy reflects better
binding between ligand and protein. The final binding
energy is the cumulative sum of electrostatic, polar solva-
tion, van der Wall, and SASA energy (Bhardwaj et al.
2020). The values of average free binding energy and its
standard deviations are presented in Table 5. The results
reflect that all forms of energy contributed constructively to
the interaction between SARS-CoV-2 MP™ and SRT2183.

In conclusion, the present study reported circadian
clock-modulating small molecule “SRT2183” as potent
inhibitor of MP*°. To validate these preliminary findings,
binding studies and bioassays are warranted using this
potent inhibitor against purified MP" protein. Targeting
and inhibiting the activity of this enzyme may lead to the
discovery of a potent therapeutic agent for the treatment
and control of COVID-19 pandemic.
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