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ABSTRACT

The current outbreak of Coronavirus Disease 2019 (COVID-19) pandemic has reported thousands of deaths
worldwide due to the rapid transmission rate and the lack of antiviral drugs and vaccinations. There is
an urgent need to develop potential antiviral drug candidates for the prevention of COVID-19 infection.
In the present study, a series of potential inhibitors targeting SARS-CoV 3CL protease were rationally
designed by incorporating gamma lactam ring, and various fluoro substituted heterocyclic ring systems to
the flavonoid scaffold. The prediction of drug-likeness, oral bioavailability, toxicity, synthetic accessibility,
and ADMET properties was made by computational means. Quercetin was used as standard. The binding
affinity of the ligands towards the 3CL protease target was examined using docking simulations. The
designed ligands possess favourable pharmacokinetic and pharmacodynamic properties. Ligand L4, L8,
and L14 appeared to be the lead compounds in the series and can be considered for further in-vivo and
in-vitro validation.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has emerged as a global challenge and threatens millions of lives.
The World Health Organization (WHO), on 11 March 2020, de-
clared coronavirus disease-19 (COVID-19) a pandemic [1]. Globally,
as of 22 March, there are 122,822,505 active cases, and the num-
ber of deaths attributed to COVID-19 worldwide has already sur-
passed 2709,041 [2]. According to the World Health Organization
reports, human coronaviruses are spread by respiratory droplets
and communication pathways and cause mild upper respiratory
problems. Fever, cough, shortness of breath to pneumonia, kidney
failure, and even death are some of the symptoms of this dis-
ease [3]. A much higher human-to-human transmissibility together
with greater lethality relative to influenza is some of the charac-
teristics of the COVID-19 [4,5]. Due to the situation of a “public
health emergency”, Chloroquine, Hydroxychloroquine, Remdesivir,
Ribavirin, Lopinavir/Ritonavir, Favipiravir, Umifenovir, Oseltamivir
along with several other antiviral drugs have been tried recently
in the treatment of COVID-19 [6]. The strategy of repurposing the
drug does not offer a permanent solution, and further clinical tri-
als are required to test the effectiveness of these drugs to treat
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COVID-19. The approach of rational drug designing based on the
pathogenic mechanism of COVID-19 and target protein structure of
SARS-CoV-2 has been suggested to fight against COVID-19 [7,8].
The discovery of anti-SARS-CoV-2 drugs includes the de novo
development of new, specific drugs based upon the genomic and
biophysical understanding of this virus. SARS-CoV-2, belonging to
the coronaviridae family, has two viral proteases, papain-like pro-
tease (PLP™) and 3C-like protease (3CLP™) (also known as MP™)
[9]. A recent study has revealed that 3CLP™ of SARS-CoV-2 is a
crucial enzyme that is correlated to viral transcription and repli-
cation [10]. It is a three-domain (domains I to III) cysteine pro-
tease where domains I, II, and III spans across 8-101, 102-184, and
201-306 amino acid residues, respectively. The active site of bind-
ing is located at the cleft of domains I and II, which consists of
two catalytic residues, namely, HIS41 and CYS145. 3CLpro is in-
volved in most maturation cleavage events within the precursor
polyprotein [11]. Jin et al. in their study reported that 3CLP™® was
involved in the release of polypeptides which are functional exten-
sive proteolysis and cleavage of the enzyme itself from the sites of
the genome to stop the multiplication of virus within the cells in
the infected patients [12]. 3CLP™ is a homodimer in its active form
and releases viral polypeptides to the body and contribute to the
infection to occur. The maturation of viral particles and cleavage
of the viral capsid is the main function of 3CLP™ [13]. The coro-
naviral proteases, 3C-like protease (3CLpro), are attractive antiviral
drug targets because they are essential for coronaviral replication
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Fig. 1. Design strategy of SARS-CoV-2 3C-like protease (3CLP™) inhibitors.

[14]. 3CLP™ is a promising drug target in the discovery of specific
anti-SARS-CoV-2 drugs. Inhibition of the activity of the main pro-
tease is expected to block the viral replication as no human pro-
teases are known to have similar cleavage specificity [15].

Flavonoids are naturally occurring polyphenolic compounds
characterized by the flavan nucleus. Flavanoids are promising nat-
ural compounds against viral infection [16-19]. Quercetin (2-(3,4-
dihydroxy phenyl)—3,5,7-trihydroxychromen-4-one) is a widely
distributed polyphenolic flavonoid. Quercetin possesses enormous
antiviral potential in inhibiting proteases, reverse transcriptase,
polymerases, and anti-influenza A viruses [20-23]. Nguyen et al.
reported that quercetin inhibits the SARS-CoV main protease
(3CLP) with an ICsg (50% inhibitory concentration) in vitro of
73 pM [24]. Park and coworkers in their study found that both
of the SARS-CoV proteases (3CLP™® and PLP™) were markedly in-
hibited by quercetin derivatives [25]. A recent study suggests the
combined administration of quercetin and vitamin C for the early
treatment of SARS-CoV-2 related disease (COVID-19) [26].

Since no clinically effective vaccines or specific antiviral drugs
are currently available for the prevention and treatment of COVID-
19 infections, there is an urgent need for potential SARS-CoV-2
drugs. Zhai and his group reported that SARS-CoV 3CLP™ inhibitors
often have an (S)-y-lactam ring that occupies the S1 site of 3CLP™
[27]. Dai et al. designed and synthesized potential SARS-CoV-2
main protease inhibitors are possessing y-lactam and fluoro sub-
stituted ring systems [10]. In continuation of our work of design-
ing potential therapeutics by virtual screening [28,29], the present
investigation includes rational design and exploitation of the phar-
macological potential of flavonoid based therapeutics as anti-SARS-
CoV-2 for the treatment of COVID-19. A series of quercetin based
derivatives were rationally designed by incorporating gamma lac-
tam ring, and various fluoro substituted heterocyclic ring systems.
The pharmacological potential, toxicity, and drug-likeness of the
designed derivatives were tested employing computational tech-
niques.

2. Materials and methods

The 3C-like protease (3CLP™) inhibitors (L1-L15) were designed
with the help of ACD Labs ChemSketch 12.0 software (http://
www.acdlabs.com). The design strategy of these inhibitors has
been shown in Fig. 1. The IUPAC names, the molecular formu-
lae of newly designed derivatives are listed in Table 1. ChemSpi-
der (http://www.chemspider.com) and Zinc compounds database
(http://www.zinc.docking.org) were used to determine the origi-
nality of the designed derivatives.

2.1. Molecular properties, bioactivity score and toxicity potential

Molinspiration online tool (http://www.molinspiration.com)
was used to calculate various molecular properties such as parti-
tion coefficient (log P), Topological polar surface area (TPSA), hy-
drogen bond donors and acceptors, number of rotatable bonds,
number of atoms, and molecular weight. Lipinski’s rule [30] was
used to predict the oral bioavailability of the designed deriva-
tives. Bioactivity scores for drug targets including GPCR ligands,
ion channel modulators, kinase inhibitors, nuclear receptors lig-
ands, protease inhibitors, and enzyme inhibitors, were also deter-
mined. Pharmacokinetic parameters such as solubility and toxic
properties such as mutagenicity, tumorigenicity, irritant, and repro-
ductive effect were computed using OSIRIS DataWarrior programs
[31]. The theoretical prediction of synthetic accessibility (SA) of the
ligands was made using Ambit-SA (http://ambit.sourceforge.net/
reactor.html) software tool. The model for SA uses four weighted
molecular descriptors, which represent different structural and
topological features, combined within an additive scheme [32]. The
synthetic accessibility score of the ligands L1-L15 was found be-
tween the range 64 to 65, suggesting that the ligands are easily
synthesizable.

2.2. Prediction of ADMET properties

The pharmacokinetic properties such as absorption, distribu-
tion, metabolism, excretion, and toxicity (ADMET) of the designed
compounds L1-L15 were determined using the admetSAR predic-
tion tool (http://Immd.ecust.edu.cn:8000/). The ADMET profile of
the compounds was studied by estimation of properties like Hu-
man Intestinal Absorption, blood-brain-barrier (BBB) penetration,
Caco-2 permeability, CYP inhibitory promiscuity, AMES toxicity,
carcinogenicity, and rate acute toxicity LD50.

2.3. Molecular docking

Molecular docking is an important part of the drug design
and discovery to identify interactions between amino acid residues
of the receptor protein and the ligands. In the present study,
Autodock 4.2 software [33] was used to perform molecular docking
simulations to estimate the binding affinity of the ligand-receptor
complex. The SARS-CoV protease 3C-like protease (3CLP™) (Fig. 2)
(PDB ID: 6LU7) was used as the receptor. The X-ray crystallo-
graphic structure of 3CL protease with a resolution of 2.16 A was
retrieved from the protein data bank [34]. The 3CL Pro-is com-
posed of 306 amino acids, with a molecular weight of 34.51 kDa.
The N3 peptidomimetic inhibitor was selected and removed. Dock-
ing was performed on chain A containing 2 beta-sheets, 7 beta-
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Table 1

The IUPAC names of the designed 3CLP™ inhibitors (L1-L15).

Molecular Formula

IUPAC name

Compd No. R

SIL. No.

Singh

Cy2H16FN307
C2Hy5FN;Og
C2Hy5FN;07S
C21H;5FN407
C21H14FN30g
C21H14FN3 075
C,3H13FN307
C23H17FN;0g
Ca3Hq7FN;07S
C22H15FN407
Ca3H22FN307
Ca3H21FN; O3
Ca3H21FN;07S
C24H23FN, 07
C21H14FN507

1-(4-{3-((4-fluoro-1H-imidazol-1-yl)oxy)—>5,7-dihydroxy-4-oxo-4H-1-benzopyran-2-yl}-2-hydroxyphenyl)pyrrolidin-2-one
1-(4-{3-((2-fluoro-1,3-oxazol-5-yl)oxy)—5,7-dihydroxy-4-oxo-4H-1-benzopyran-2-yl}—2-hydroxyphenyl)pyrrolidin-2-one
1-(4-{3-((2-fluoro-1,3-thiazol-5-yl)oxy)—5,7-dihydroxy-4-oxo-4H-1-benzopyran-2-yl}—2-hydroxyphenyl)pyrrolidin-2-one

4-fluoro-1H-imidazol-1-yl
2-fluoro-1,3-oxazol-5-yl

L1
L2
L3

2-fluoro-1,3-thiazol-5-yl

1-(4-{3-((5-fluoro-2H-1,2,3-triazol-4-yl)oxy)—5,7-dihydroxy-4-oxo-4H-1-benzopyran-2-yl}—2-hydroxyphenyl)pyrrolidin-2-one
1-(4-{3-((5-fluoro-1,3,4-oxadiazol-2-yl)oxy)—5,7-dihydroxy-4-oxo-4H-1-benzopyran-2-yl}—2-hydroxyphenyl)pyrrolidin-2-one

5-fluoro-2H-1,2,3-triazol-4-yl
5-fluoro-1,3,4-oxadiazol-2-yl
5-fluoro-1,3,4-thiadiazol-2-yl

L4

L5

1-(4-{3-((5-fluoro-1,3,4-thiadiazol-2-yl)oxy)—5,7-dihydroxy-4-oxo-4H-1-benzopyran-2-yl}—2-hydroxyphenyl)pyrrolidin-2-one

L6

1-(4-{3-((2-fluoro-4,5-dihydrpyrimidin-4-yl)oxy)—5,7-dihydroxy-4-oxo-4H-1-benzopyran-2-yl}—2-hydroxyphenyl)pyrrolidin-2-one
1-(4-{3-((2-fluoro-4H-1,3-o0xazin-4-yl)oxy)—5,7-dihydroxy-4-oxo-4H-1-benzopyran-2-yl}—-2-hydroxyphenyl)pyrrolidin-2-one

2-fluoro-4,5-dihydrpyrimidin-4-yl

2-fluoro-4H-1,3-oxazin-4-yl

L7

L8
L9

4-{3-((2-fluoro-2H-1,4-thiazin-3-yl)oxy)—5,7-dihydroxy-4-oxo-4H-1-benzopyran-2-yl}—-2-hydroxyphenyl)pyrrolidin-2-one
1-(4-{3-((3-fluoro-1,2,4-triazin-6-yl)oxy)—5,7-dihydroxy-4-oxo-4H-1-benzopyran-2-yl}—2-hydroxyphenyl)pyrrolidin-2-one

1~(

2-fluoro-2H-1,4-thiazin-3-yl)oxy

3-fluoro-1,2,4-triazin-6-yl
3-fluoropiperazin-2-yl

L10

10
11
12
13
14
15

1-(4-{3-((3-fluoropiperazin-2-yl)oxy)—5,7-dihydroxy-4-oxo-4H-1-benzopyran-2-yl}—2-hydroxyphenyl)pyrrolidin-2-one
1-(4-{3-((2-fluoromorpholin-3-yl)oxy)—5,7-dihydroxy-4-oxo-4H-1-benzopyran-2-yl}—2-hydroxyphenyl)pyrrolidin-2-one

L11

2-fluoromorpholin-3-yl

L12
L13

1-(4-{3-((2-fluorothiomorpholin-3-yl)oxy)—5,7-dihydroxy-4-oxo-4H-1-benzopyran-2-yl}—2-hydroxyphenyl)pyrrolidin-2-one
1-(4-{3-((3-fluoropiperidin-4-yl)oxy)—5,7-dihydroxy-4-oxo-4H-1-benzopyran-2-yl}—2-hydroxyphenyl)pyrrolidin-2-one

2-fluorothiomorpholin-3-yl
3-fluoropiperidin-4-yl

L14

1-(4-{3-((6-fluoro-1,2,4,5-tetrazin-3-yl)oxy)—>5,7-dihydroxy-4-oxo-4H-1-benzopyran-2-yl}—2-hydroxyphenyl)pyrrolidin-2-one

6-fluoro-1,2,4,5-tetrazin-3-yl

L15
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Fig. 2. The structure of 3 CL protease (6LU7).

hairpin, 10 helices, and 16 beta turns in its secondary structure.
To identify the most probable binding pose, the receptor was kept
rigid, and the designed ligands (L1-L15) were set flexible. The re-
sults were evaluated based on the binding compatibility, i.e. bind-
ing energy (kcal/mol) and inhibition constant (uM).

The Lamarckian genetic algorithm (LGA) was employed to
model the interactions between the designed ligands (L1-L15) and
the receptor with the following settings: a maximum number of
2500,000 energy evaluations, an initial population of 150 randomly
placed individuals, a maximum number of 27,000 generations, a
maximum mutation rate of 0.02 and crossing over rates of 0.08.
The grid box size was set to 120 x 120 x 120 points in x, y, and
z directions, and —23.276, 11.233, 54.639 grid centre was set for 3
CL protease receptors. The box was centred based on the cognate
ligand with a spacing of 0.375 A. Cluster analysis was done on the
docked results using an RMSD (Root Mean Square Deviation) tol-
erance of 2 A. Ten best poses were generated for each ligand and
scored using AutoDock 4.2 scoring functions. The schematic two-
dimensional representations of the interaction between best dock-
ing pose for the selected ligand, and protease receptor 6LU7 were
generated using Ligplot+ [35], a computer program.

3. Result and discussion

3.1. Lipinski’s rule of five, bioactivity score, drug-likeness, solubility
and toxicity

The molecular properties of the designed 3 CL protease in-
hibitors L1-L15 were calculated using molinspiration cheminfor-
matics software and are presented in Table 2.

Lipinski’s rule states that an orally active drug has no more than
one violation of the following criteria: (i)An octanol-water parti-
tion coefficient log P not greater than 5 (ii) A molecular mass less
than 500 daltons (iii) Not more than 5 hydrogen bond donors (ni-
trogen or oxygen atoms with one or more hydrogen atoms) (iv)
Not more than 10 hydrogen bond acceptors (nitrogen or oxygen
atoms). The test ligands conformed Lipinski’s rule of five; however,
one violation was observed for ligand L4, L5, L10, and L15. The
molecular hydrophobicity or lipophilicity of a molecule was de-
termined by calculating LogP (octanol/water partition coefficient).
The LogP value of the designed ligands was found to be well un-
der 5. The positive value of Log P suggested that the designed
ligands are lipophilic and permeable through the cell membrane.
The topological polar surface area (TPSA) of the designed deriva-
tives was found in the range of 131.35-172.01 A. A higher TPSA
value above the limit of 160 A was observed for the Ligand L4
and Ligand L15. The number of hydrogen bond acceptors (O and
N atoms) was found between 9 and 12, and insignificant violations
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Table 2

Prediction of molecular properties descriptors of the title compounds L1-L15.
SLNo.  Compd No. LogP  TPSA natom MW nON nOHN nVio nRot Volume
1 L1 1.94 13826 33 45326 10 3 0 4 361.92
2 L2 2.40 14647 33 45437 10 3 0 4 358.12
3 L3 3.04 13333 33 47043 9 3 0 4 367.26
4 L4 1.96 162.01 33 45437 11 4 1 4 357.38
5 L5 2.06 159.36 33 45535 11 3 1 4 353.96
6 L6 2.70 14622 33 47142 10 3 0 4 363.10
7 L7 2.18 14517 34 467.41 10 3 0 4 378.60
8 L8 2.21 142.04 34 468.39 10 3 0 4 374.94
9 L9 242 13280 34 48446 9 3 0 4 384.09
10 L10 2.06 159.11 34 46638 11 3 1 4 368.24
11 L11 1.68 14449 34 47144 10 5 0 4 390.52
12 L12 1.88 14170 34 47243 10 4 0 4 387.10
13 L13 242 13247 34 48849 9 4 0 4 396.24
14 L14 1.47 13247 34 47045 9 4 0 4 394.92
15 L15 1.73 172.01 34 467.37 12 3 1 4 364.08
16 Standard 1.68 13135 22 30224 7 5 0 1 240.08

LogP, the logarithm of compound partition coefficient between n-octanol and water; TPSA, topological polar sur-
face area; natom, number of atoms; MW, molecular weight; nON, number of hydrogen bond acceptors; nOHN,
number of hydrogen bond donors; nVio, number of violations; Nrotb, number of rotatable bonds.

Table 3

Prediction of bioactivity score of the title compounds L1-L15.
SL.No. Compd No. GPCR ICM KI NRL PI El
1 L1 0.02 —0.20 0.13 —0.04 —0.08 0.11
2 L2 —0.02 —0.24 0.10 0.05 -0.10 0.14
3 L3 —0.02 —0.36 0.23 —0.06 —0.09 0.11
4 L4 0.08 -0.13 0.18 —0.02 —0.06 0.13
5 L5 0.01 —0.21 0.13 —0.06 —0.01 0.14
6 L6 —0.08 —0.29 0.02 —0.05 —0.07 0.19
7 L7 -0.12 -0.30 —0.08 -0.18 -0.14 0.01
8 L8 —0.03 —0.25 —0.06 —0.06 —0.06 0.05
9 L9 -0.10 —0.40 -0.24 -0.10 -0.17 —0.02
10 L10 0.05 -022 0.3 0.14 -0.13  0.18
11 L11 —0.06 -0.33 —0.03 -0.15 —-0.12 0.03
12 L12 —0.04 —0.34 -0.01 —0.013 -0.10 0.03
13 L13 —0.06 -0.37 —0.07 —0.18 -0.10 0.04
14 L14 0.21 -0.17 0.14 0.04 0.10 0.23
15 L15 —0.00 —0.38 0.04 0.05 —0.18 0.16
16 Standard —0.06 -0.19 0.28 0.36 —0.25 0.28

GPCR, GPCR ligand; ICM, Ion channel modulator, KI, Kinase inhibitor; NRL, Nuclear
receptor ligand; PI, Protease inhibitor, EI, Enzyme inhibitor.

were seen for ligand L4, L5, L10, and L15. The number of hydro-
gen bond donors (NH and OH) and rotatable bonds (nRB) in the

ligands were per the Lipinski’s rule of five, i.e. less than 5 and 10
respectively.

The results of the bioactivity scores of the designed ligands for
the drug targets were calculated by molinspiration and are illus-
trated in Table 3. A bioactivity score value of more than 0.00 sug-
gests considerable biological activity, while values between —0.50
to 0.00 suggest moderate activity of the compound. The com-
pounds showing a bioactivity score value of less than —0.50 are
expected to be inactive. The results indicated considerable to mod-
erate interaction of the ligands with all the drug targets.

Solubility and toxicity assessment of the designed 3CL P™ in-
hibitors was done using Osiris property explorer, and the results
are presented in Table 4.

Drug solubility is an important parameter that significantly
affects its absorption and distribution characteristics. The lower
value of ClogS indicates higher solubility and better absorption.
The designed ligands showed good solubility in comparison to the
quercetin standard. The toxicity risk assessment is indicative of a
toxicity risk within one of the four major toxicity classes. The re-
sults suggested that the tested ligands had a high risk of being tu-
morigenic but did not possess mutagenic, reproductive, and irritant
toxicity.

Table 4

Prediction of solubility and toxicity of the title compounds L1-L15.
SI.No.  Compd No. ClogS Mutagenic ~ Tumorigenic  Reproductive Irritant
1 L1 -6.721 None High None None
2 L2 -5.507 None High None None
3 L3 —5.145  None High None None
4 L4 —4.874  None High None None
5 L5 —5.388 None High None None
6 L6 —5.172  None High None None
7 L7 -5.227 None High None None
8 L8 -5.308 None High None None
9 L9 -5.021 None High None None
10 L10 —4.603  None High None None
11 L11 -3.752 None High None None
12 L12 —3.888 None High None None
13 L13 —4.391 None High None None
14 L14 -4.351 None High None None
15 L15 —4.484  None High None None
16 Standard —2.491 High High None None




S. Bhati, V. Kaushik and J. Singh

Table 5

Prediction of ADMET profile of the title compounds L1-L15.

CYP Inhibitory Promiscuity =~ AMES toxicity =~ Carcinogenicity Rat Acute ToxicityLD50 mol/kg

Caco-2 Permeability

Human Intestinal Absorption (HIA)

Blood-Brain Barrier (BBB)

Compd No.

SL.No.

2.5621
2.5129
2.4147
2.4668
2.4885
2.4385
2.4664
2.4984
2.4742
2.4338
2.5478
2.4537
2.4557
2.5856
2.4544
3.0200

C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

Non- Carc
Non- Carci
Non- Carc
Non- Carc
Non- Carc
Non- Carci
Non- Carc

Toxic

High
Low

Caco2-

Non-Toxic
Non- Toxic

Toxic

Caco2-

High
High
Low

Caco2-

Caco2-

Non- Toxic
Non- Toxic
Non- Toxic
Non- Toxic
Non- Toxic
Non- Toxic
Non- Toxic
Non- Toxic
Non- Toxic
Non- Toxic
Non-Toxic
Non- Toxic

Caco2-

High
Low

Caco2-

Caco2-

Low

Caco2-

Non- Carci
Non- Carc

High
Low

Caco2-

Caco2-

Low

Caco2-

High
High
High
Low

Caco2-

Non- Carc
Non- Carc

Caco2-

Caco2-

Caco2-

Non- Carc

High

Caco2+

BBB+
BBB+
BBB+
BBB-

L1

L2
L3
L4

BBB-+
BBB+
BBB-+
BBB-+
BBB+
BBB+
BBB-+
BBB+
BBB+
BBB-+
BBB+
BBB-

L5

L6
L7

L8

L9

L10

10
11

L11

L12
L13

12
13
14
15
16

L14

L15

Standard
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Table 6
Prediction of Binding energy and Inhibition constant of ligands L1-L15.

SLNo.  Compd No. Binding Energy (kcal/mol)  Inhibition Constant (M)

1 L1 —6.60 14.58
2 L2 -7.54 297
3 L3 -8.43 0.659
4 L4 -8.84 0.330
5 L5 -8.35 0.753
6 L6 -8.41 0.686
7 L7 -8.41 0.681
8 L8 -8.65 0.456
9 L9 -8.14 1.08
10 L10 -8.29 0.837
11 L11 -7.13 5.97
12 L12 —7.54 2.95
13 L13 -7.93 1.53
14 L14 -8.60 0.50
15 L15 -8.07 1.22
16 Standard -6.95 8.11

3.2. ADMET properties

The results of the ADMET profile prediction of the designed
3CL-protease inhibitors (L1-L15) are presented in Table 5. The re-
sults of various absorption models revealed that the tested ligands
had absorption through the blood-brain barrier (except ligand L4),
human intestinal absorption but did not show Caco-2 cell perme-
ability. The results strongly support the ability of compounds to
act as a drug. The CYP Inhibitory Promiscuity refers to the capacity
for a drug or chemical to bind to and decrease or diminish the ac-
tivity of multiple different CYP450 isoform enzymes [36]. The CYP
Inhibitory Promiscuity of the tested ligands was found to be high
for most of the ligands in the series except ligands L2, L5, L7, L8,
L10, L11, and ligand L15. AMES toxicity test is employed to know
whether a compound is mutagenic or not. Similar to the standard,
the test ligands displayed non-toxicity (except ligand L1 and L4)
which means that the ligands are nonmutagenic. The carcinogenic
profile revealed that the designed ligands are non-carcinogenic.
The computed LD50 dose of the tested ligands was found between
2.41-2.58 mol/kg. Ligand L3 had the lowest LD50 of 2.41 mol/Kg
and was most toxic amongst the test ligands.

3.3. Docking and Ligplot analysis

The molecular docking simulations were performed to validate
the anti-SARS-CoV-2 efficacy of the designed derivatives L1-L15 by
investigating binding modes and orientation of ligands in the re-
ceptor pocket of 3CL P target. The results of docking in terms of
binding energy and inhibition constants are reported in Table 6.

Most of the ligands showed interactions with residues Ser144,
Gly143, Leul4l, Tyr54, Asp187, Cys145, GIn189, Thr190, Pro168,
GIn192, Met165, His41, Arg188, Phe140, Glu166, GIn189, and Leu27.
The lower value of binding energy indicates stronger interac-
tions between ligand and the receptor. All the designed ligands
had lower binding energy values than the quercetin standard,
which confirmed their excellent affinity against the selected tar-
get. The binding energy value for the standard was found to be
—6.95 kcal/mol whereas for the tested ligands it was ranged from
—8.84 kcal/mol to —6.6 kcal/mol. In the series, the lowest binding
energy was observed for ligand L4 (—8.84 kcal/mol). The constant
inhibition values were found between 0.330 uM to 14.58 uM.
Binding modes of Ligand L4, L8, and L14 with receptor 3CL pro-
tease were visualized using Pymol software (http://www.pymol.
org/pymol) and are depicted in Fig. 3(a)-(c).

The relative contribution of hydrogen bonds and hydrophobic
interactions of the docked ligands L4, L8, and L14 and functional
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Fig. 3. (a)-(c) Binding modes of ligands L4, L8, and L14 respectively with 3CL protease 6LU7 visualized using Pymol software.

residues in the binding pocket of protease receptor 6LU7 are il-
lustrated in Fig. 4(a)-(c) respectively. Ligand L4 demonstrated five
hydrogen bond interactions with active site amino acid residues
Ser144, Gly143, Leul4l, Tyr54 and Asp187 at a distance of 3.00,
3.53, 3.93, 3.09, and 3.05 A respectively, and the hydrophobic in-
teractions with Cys145, GIn189, Thr190, Pro168, GIn192, Met165,
and His41. Ligand L8 had only one hydrogen bond interaction with
residue Glu166 at a distance of 2.66 A but showed hydrophobic in-
teractions with Pro168, Leu141, Met165, His163, Asp187, His41, and
GIn189. Moreover, Ligand L14 found to possess several hydrogen
bond interactions with Thr 190 (2.73 and 3.03 A), Arg188 (2.46 A),
GIn192 (2.85 A), Phe140 (3.06 A), Glu166 (2.93 A), and Gly143
(2.84 A). The hydrophobic interactions of ligand L14 were observed
with residues Met165, GIn189, Cys145, His41, and Leu27. On the
other hand, the quercetin standard displayed five hydrogen bond
interactions with Tyr54 (2.76 A), Glu166 (2.81 and 2.97 A), GIn192
(3.06 A), and Thr190 (2.63 A), but got hydrophobic interactions
with Asp187, His41, Met165, Leul67, Argl188, GIn189, and Pro168.
The results obtained here suggested that the hydrogen bonding
and hydrophobic interactions played an important role in stabiliz-
ing the ligands in the binding pocket of the target receptor and
increased their binding affinity.

4. Conclusion

The world is facing unforeseen challenges in the field of health
services and the global economy in the COVID-19 pandemic. Till
today there is no report of any clinically approved antiviral drugs
or vaccines that are effectual against COVID-19. The design and
discovery of novel drugs is the demand of the time to combat
this pandemic. Rational drug design using computational tools pro-
vide unnumberable benefits such as cost-effectiveness, efficiency,
resources, and time- saving. The present investigation proposes
flavonoid based 3CL protease inhibitors designed rationally. The
designed ligands demonstrated a better binding affinity towards
3 CL protease compared to the quercetin standard. The newly de-
signed ligands confirmed to Lipinski’'s rule of five and had good
bioavailability. Ligands L4, ligand L8 and ligand L14 possessing flu-
oro substituted triazole, oxazine and piperidine moieties respec-
tively emerged as the lead compounds in the in-silico analysis.
The compounds displayed significant pharmacokinetic and phar-
macodynamic properties. The ADMET profile of the designed lig-
ands was also found satisfactory compared to the standard. The
key finding of the present research strengthens the relevance
of newly designed flavonoid based 3 CL protease inhibitors as
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Fig. 4. (a)-(c) Ligplot*results showing the interaction of ligands L4, L8, and L14 respectively with 3CL protease 6LU7.

promising drug candidates for the treatment of COVID-19. Fur- Supplementary materials

ther in vivo and in vitro evaluation study for the designed 3CL

protease inhibitors is suggested to validate the computational Supplementary material associated with this article can be

findings. found, in the online version, at doi:10.1016/j.molstruc.2021.130380.
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