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ABSTRACT

Recently, the emergence and dissemination of SARS-CoV-2 has caused high mortality and
enormous economic loss. In the fight against COVID-19, the rapid development of new drug
molecules is the need of hour. However, the conventional approaches of drug development is
time consuming and expensive in nature. In this study, we have adopted an alternative
approach to identify lead molecules from natural sources using high throughput virtual
screening approach. Ligands from natural compounds library from Selleck Inc (L1400) have
been screened to evaluate their ability to bind and inhibit the main protease (MP™ or 3CLP") of
SARS-CoV-2, which is a potential drug target. We found that Kaempferol, Quercetin, and
Rutin were able to bind at the substrate binding pocket of 3CLP™ with high affinity (10°-10°
M-1) and interact with the active site residues such as His41 and Cys145 through hydrogen
bonding and hydrophobic interactions. In fact, the binding affinity of Rutin was much higher
than Chloroquine (1000 times) and Hydroxychloroquine (100 times) and was comparable to
that of the reference drug Remdesivir, which is in clinical trials to treat COVID-19 patients.
The results suggest that natural compounds such as flavonoids have the potential to be
developed as novel inhibitors of SARS-CoV-2 with a comparable potency as that of
Remdesivir. However, their clinical usage on COVID-19 patients is a subject of further

investigations and clinical trials.
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1. INTRODUCTION

The world is facing a threatening public health crisis and economic burden due to the
emergence and spread of a novel coronavirus (nCoV). The first case of nCoV with
pneumonia-like symptoms was reported in the Huanan seafood market, Wuhan, Hubei, China
on Dec 12, 2019'3. The Chinese authorizes ruled out the possibility of influenza and other
coronaviruses on the basis of laboratory testing. However, later on Jan 7, 2020, Chinese
authorities have officially announced the isolation of a new type of coronavirus and published
its genome sequence®. On Jan 22, 2020, nCoV has been declared to be originated from wild
bats and belonged to Group 2 of beta-coronavirus that also contains Severe Acute Respiratory
Syndrome-Coronavirus (SARS-CoV). Although, nCoV and SARS-CoV belong to the same
beta coronavirus subgroup, the similarity at genome level is only 70%. Also, nCoV has been
found to show genetic differences from SARS-CoV®. The international Committee on
Taxonomy of Viruses renamed nCoV as SARS-CoV-2. According to World Health
Organization (WHOQO), SARS-CoV-2 spreads faster than its two ancestors SARS-CoV and
Middle East Respiratory Syndrome-Coronavirus (MERS-CoV), but has a lower fatality rate of
2-3%. On Mar 11, 2020, WHO declared SARS-CoV-2 as a pandemic infectious disease of
international concern. Till May 23, 2020, there have been 5,105,881 confirmed cases of
coronavirus disease 2019 (COVID-2019) with 333,446 confirmed deaths.

An analysis of the SARS-CoV-2 genome revealed that it is 29.9 kb long containing 11 open
reading frames (ORFs) (https://www.ncbi.nlm.nih.gov/genome/86693). Two-thirds of SARS-
CoV-2 genome encodes viral polymerase (RdRp), RNA synthesis materials, and two large
non-structural polypeptides (ORF1a-ORF1b). The remaining one-third of the genome encodes
four structural proteins namely spike (S), envelope (E), membrane (M), nucleocapsid (N), and
other accessory proteins®. ORFla encodes ppla polypeptide which contains among other
protein, two viral proteases namely papain-like protease (PLP™) and 3C-like protease (3CLP™),
also known as the main protease (MP™). These proteases further cleave polypeptides ppla and
pplab (encoded by ORF1b) into 16 functional non-structural proteins (nsps). These nsps play
essential roles in the activation of the viral replication process. Some of these nsps are single
stranded RNA binding protein (nsp9), growth factor-like protein (nspl0), viral RNA-
dependent RNA polymerase (nsp12), RNA helicase (nspl3), exo-ribonuclease (nsp14), endo-
ribonuclease (nspl5) and 2°-O-ribose methyl-transferase (nspl6). Previously, it has been
shown that the main protease (i.e. 3CLP™) of SARS-CoV is indispensible for the initiation of



viral life cycle, while the spike protein (S) interacts with the angiotensin converting enzyme 2
(ACEZ2) of the receptor cells to gain an entry into it [Luan et al., 2020]. The first X-ray crystal
structure of the main protease (i.e. 3CLP™) of SARS-CoV-2 was reported by Jin et al. (2020).
The structure was refined to a resolution of 2.16 A in complex with a peptide-like inhibitor
(N3). The 3CLP™ structure is composed of 306 amino acid residues which get folded into three
characteristics domains. Domain | (residues 8-101) and domain Il (residues 102-184) adopt an
antiparallel B-barrel structure. Domain Il (residues 201-300) is composed of five a-helices
and is connected to domain Il through a connecting loop (residues 185-200). The substrate
binding site is well conserved among the coronaviruses and is located in the cleft between
domains | and Il, and it harbours His41-Cys145 catalytic dyad. The structural features of
SARS-CoV-2 are similar to that reported for SARS-CoV®®. The peptide-like inhibitor N3
binds at the substrate binding pocket in an extended conformation in such a way that the
backbone of N3 formed an antiparallel sheet with residues 164-168 on one strand, and with
residues 189-191 of the loop joining domains Il and I1l. It formed a covalent bond with one of
the catalytic residues Cys145, while other residues involved in the interactions were Thr24,
Thr25, His4l, Met49, Tyr54, Phel40, Leuldl, Asnl42, Hisl63, Metl65, Glul66, Leul67,
Pro168, His172, Phel85, Asp187, GIn189, and GIn192 along with two water molecules’.

These residues constitute the substrate binding site of 3CLP™.

Despite the enormous efforts by scientists all over the world, a potential drug to treat COVID-
19 is yet to be announced. However, some promising leads have been identified such as
Remdesivir, lvermectin, Chroloquine, Hydroxychloroquine, Favipiravir, Azithromycin,
Tocilizumab, Lopinavir/Ritonavir + Ribavirin, etc [www.clinicaltrials.gov]. Thus, there is a
pressing need to identify and develop novel drugs against SARS-CoV-2. However,
conventional methods of drug development is time consuming and costly in nature. The
emergence of computational-aided drug discovery based on receptor structure has proved that
it can help to identify potential drug-like lead molecules in a short time, and thereby assist the

pharmaceutical companies to develop them into potential drug candidates.

In this study, we have screened the ability of natural compounds (L1400 library, available at
www.selleckchem.com) to bind and inhibit the main protein (MP™ or 3CLP") of SARS-CoV-2
using AutoDock4.2. The stability of protein-inhibitor complex was evaluated by performing
molecular dynamics simulation using Desmond (Schrodinger-2018, LLC, NY, USA). The
results were compared with some reference drugs having potential anti-SARS-CoV-2 activity.



2. RESULTS
2.1. Inhibition of 3CLP™ with the reference drugs

The relative binding positions of reference drugs such as Chloroquine, Hydroxychloroquine,
Remdesivir and Ivermectin on 3CLpro is represented in supplementary Figure S1. All of
them were found to bind at the substrate binding site of 3CLP™ and interact with several key

amino acid residues (supplementary Figure S2).

2.1.1. Chloroquine-3CLP™ interaction

The binding energy and binding affinity of Chloroquine towards 3CLP"™ were estimated to be -
5.2 kcal/mol and 6.5 x 10° M respectively (Table 1). It formed one hydrogen bond (Glu166)
and two hydrophobic interactions (His41l and Met165) with 3CLP™®. Some other residues
forming van der Waals interactions with Chloroquine were Tyr54, Cys145, His164, Pro168,
Aspl87, Argl88, GIn189, Thr190, and GIn192 (supplementary Figure 2A, Table 2).

2.1.2. Hydroxychloroquine-3CLP™ interaction

The binding energy and binding affinity of Hydroxychloroquine towards 3CLP™ were
estimated to be -5.7 kcal/mol and 1.5 x 10* M respectively (Table 1). It formed two
hydrogen bonds (Phe140 and Glul66) and two hydrophobic interactions (alkyl and Pi-alkyl)
with Met165 of 3CLP™®. Some other residues forming van der Waals interactions with
Hydroxychloroquine were His41, Leul41, Asnl142, Gly143, Serl44, Cys145, His163, His164,
Aspl87, Argl88, GIn189, Thrl90, and GIn192 (supplementary Figure 2B, Table 2).

2.1.3. Remdesivir-3CLP™ interaction

The binding energy and binding affinity of Remdesivir towards 3CLP™ were estimated to be -
7.5 kcal/mol and 3.2 x 10° M respectively (Table 1). It formed six hydrogen bonds (two with
Gly143, and one each with Thr24, His164, Glul66 and GIn189) and two hydrophobic
interactions (His41 and Met49) with 3CLP™. Some other residues forming van der Waals
interactions with Remdesivir were Thr25, Thr26, Cys44, Thr4d5, Ser46, Tyr54, Phel40,
Asnl42, Serl44, Cys145, Metl165, Aspl87, and Argl88 (supplementary Figure 2C, Table
2).

2.1.4. Ivermectin-3CLP™ interaction

The binding energy and binding affinity of lvermectin towards 3CLP"™ were estimated to be -
9.3 kcal/mol and 6.6 x 10° M respectively (Table 1). It formed two hydrogen bonds (Tyr239
and Leu287) and three hydrophobic interactions (Vall71, Alal94 and Leu272) with 3CLP™.



Some other residues forming van der Waals interactions with Ivermectin were Aspl27,
Asnl133, Lys137, Thrl69, Gly195, Thrl199, Lys236, Tyr237, Asn238, and Leu286
(supplementary Figure 2D, Table 2).

Table 1: Molecular docking of reference drugs with the main protease of SARS-nCoV-2

(3CLPr)
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PubCh
S. No. Drugs UbICI:D em Structure of drug molecule energy
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Table 2: The interaction and molecular forces between reference drugs and the main

protease of SARS-CoV-2 (3CLP™)

Donor -atom Acceptor-atom | Distance (A) Type of interaction
Chloroquine
UNK:H GLU166:0 2.2278 Conventional Hydrogen
HIS41 UNK 5.6833 Hydrophobic (Pi-Pi T-shaped)
UNK MET165 4.6266 Hydrophaobic (Pi-Alkyl
Hydroxychloroquine
UNK:H PHE140:0 2.3534 Conventional Hydrogen Bond
UNK:H GLU166:0E2 2.2705 Conventional Hydrogen Bond
UNK:CI MET165 4.4506 Hydrophobic (Alkyl)
UNK MET165 4.4597 Hydrophaobic (Pi-Alkyl)
Remdesivir
GLY143:HN UNK:N 2.5027 Conventional Hydrogen Bond
GLY143:HN UNK:O 1.8477 Conventional Hydrogen Bond
GLU166:HN UNK:O 2.5248 Conventional Hydrogen Bond
UNK:HN THR24:0 2.5595 Conventional Hydrogen Bond
UNK:P HIS164:0 3.5894 Conventional Hydrogen Bond
UNK:H GLN189:0E1 2.2841 Conventional Hydrogen Bond
MET49:SD UNK 4.8529 Pi-Sulfur bond
HIS41 UNK 3.8607 Hydrophobic (Pi-Pi Stacked)
MET49 UNK 5.4812 Hydrophobic (Alkyl)
Ivermectin
TYR239:HH UNK:O 2.0622 Conventional Hydrogen Bond
LEU287:HN UNK:O 2.0446 Conventional Hydrogen Bond
ALA194 UNK:C 4.1552 Hydrophobic (Alkyl)
UNK:C LEU272 5.1807 Hydrophobic (Alkyl)
UNK:C VAL171 3.9125 Hydrophobic (Alkyl)

2.2. Inhibition of 3CLP™ with natural compounds

Virtual screening of natural compounds revealed that their docking energies varied in -9.4 to -
2.0 kcal/mol range. The high affinity compounds having a docking score of < -7.5 kcal/mol
were shortlisted for further analysis by binding pose examination (Table 3). We found that
only Kaempferol, Quercetin and Rutin were able to bind at the substrate binding site of 3CLP™
with high affinity. However, the binding sites of other high affinity compounds such as
Bicornin, Biflorin, Ellagic acid, Maslinic acid and Oleanolic acid has been located distinct to
the substrate binding site (supplementary Figure S1). Hence, the interaction of Bicornin,
Biflorin, Ellagic acid, Maslinic acid and Oleanolic acid with 3CLP™ has been discussed in the

supplementary data (supplementary Figure S3, Table S1).



Table 3: Molecular docking of the most potent natural compounds (< -7.5 kcal/mol)
towards the main protease of SARS-nCoV-2 (3CLP™)

Docking
S. No. | Compounds PubChem ID Structure of compound energy
(kcal/mol)
1. | Bicomnin 71308161 ALY 9.2
?
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2.2.1. Kaempferol-3CLP™ interaction

The binding energy and binding affinity of Kaempferol towards 3CLP™ were estimated to be -
7.8 kcal/mol and 5.2 x 10° M respectively (Table 3). It formed two hydrogen bonds (Leu141
and GIn189), one Pi-donor hydrogen bond with Glul66, three Pi-sulfur bonds (two with
Cys145 and one with Met165) and two hydrophobic interactions (Met49 and His41) with
3CLP™. Some other residues forming van der Waals interactions with Kaempferol were Tyr54,
Phel40, Asn142, Serl44, His163, His164, Asp187 and Arg188 (Figure 1, Table 4).

Figure 1: Molecular docking of Kaempferol with 3CLP™ of SARS-CoV-2. Binding of
Kaempferol to 3CLP™ catalytic site, represented in (A) Two-dimension, and (B) Three-
dimension. (C) Interaction of Kaempferol with key amino acid residues of 3CLP™.




2.2.2. Quercetin-3CLP™ interaction

The binding energy and binding affinity of Quercetin towards 3CLP"™ were estimated to be -7.5
kcal/mol and 3.2 x 10° M respectively (Table 3). It formed three hydrogen bonds (Ser144,
His163 and GIn189), one Pi-donor hydrogen bond with Glul66, and two hydrophobic
interactions (Met49 and Met165) with 3CLP™. Some other residues forming van der Waals
interactions with Quercetin were His41, Tyr54, Phel40, Leul41, His164, Asp187 and Arg188
(Figure 2, Table 4).

Ser144

LeHdfdo

Figure 2: Molecular docking of Quercetin with 3CLP™ of SARS-CoV-2. Binding of
Quercetin to 3CLP catalytic site, represented in (A) Two-dimension, and (B) Three-
dimension. (C) Interaction of Quercetin with key amino acid residues of 3CLP™,

2.2.3. Rutin-3CLP" interaction

The binding energy and binding affinity of Rutin towards 3CLP™ were estimated to be -9.4
kcal/mol and 7.8 x 10% M respectively (Table 3). It formed eight hydrogen bonds (two each
with Thr26, Gly143, His163, and one each with Asnl142 and Ser144), one Pi-sulfur bond with
Cys145, and two hydrophobic interactions with Met49 of 3CLP™. Some other residues forming
van der Waals interactions with Rutin were Leu27, His41, Tyr54, Phel40, Leul4l, Hisl164,
Met165, Glu166, Asp187, Argl88 and GIn189 (Figure 3, Table 4).



Figure 3: Molecular docking of Rutin with 3CLP™ of SARS-CoV-2. Binding of Rutin to
3CLPr® catalytic site, represented in (A) Two-dimension, and (B) Three-dimension. (C)
Interaction of Rutin with key amino acid residues of 3CLP™,

Table 4: The interaction and molecular forces between the natural compounds and the

main protease of SARS-CoV-2 (3CLP)

Donor -atom Acceptor-atom | Distance (A) Type of interaction
Kaempherol
UNK:H GLN189:0E1 2.1235 Conventional Hydrogen Bond
UNK:H LEU141:0 2.0703 Conventional Hydrogen Bond
GLU166:HN UNK 3.0410 Pi-Donor Hydrogen Bond
CYS145:5G UNK 5.6364 Pi-Sulfur Bond
CYS145:5G UNK 5.0215 Pi-Sulfur Bond
MET165:SD UNK 5.3727 Pi-Sulfur Bond
HIS41 UNK 4.8458 Hydrophaobic (Pi-Pi Stacked)
UNK MET49 4.7871 Hydrophobic (Pi-Alkyl)
Quercetin
SER144:HG UNK:O 2.2136 Conventional Hydrogen Bond
UNKI1:H GLN189:0E1 2.0500 Conventional Hydrogen Bond
UNK1:H HIS163:NE2 2.1245 Conventional Hydrogen Bond
GLU166:HN UNK 2.8827 Pi-Donor Hydrogen Bond
UNK MET49 5.1959 Hydrophobic (Pi-Alkyl)
UNK MET165 5.0533 Hydrophobic (Pi-Alkyl)
Rutin
GLY143:HN UNK:O 2.4035 Conventional Hydrogen Bond
SER144:HG UNK:O 2.1205 Conventional Hydrogen Bond




UNK:H THR26:0 2.5633 Conventional Hydrogen Bond
UNK:H THR26:0 1.9755 Conventional Hydrogen Bond
UNK:H ASN142:0D1 2.5782 Conventional Hydrogen Bond
UNK:H HIS163:NE2 2.3939 Conventional Hydrogen Bond
UNK:H HIS163:NE2 2.2541 Conventional Hydrogen Bond
GLY143:CA UNK:O 3.4214 Carbon Hydrogen Bond
CYS145:5G UNK 5.1309 Pi-Sulfur Bond

UNK MET49 4.7295 Hydrophobic (Pi-Alkyl)
UNK META49 4.2636 Hydrophobic (Pi-Alkyl)

2.3.  Molecular dynamics simulation of 3CLP™ with natural compounds

2.3.1. Root mean square deviations (RMSDs) estimation

As compared to the initial frame, root mean square deviations (RMSDs) in the backbone of
3CLP™ alone or in complex with different ligands as a function of simulation time are
presented in Figure 4A. It was noticed that for the first 400-600 ps, large fluctuation in RMSD
values (up to 3.1 A) of protein alone were observed due to the equilibration of initial protein
structure. Consequently, a steady-state dynamics was then maintained throughout the
simulation time and the RMSD values varied with in the acceptable limit of 2 A. Similarly, the
RMSD values of 3CLP" with bound ligand (Kaempferol, Quercetin and Rutin) were within the
upper limit of 2 A, after an initial fluctuation for 500-600 ns. A small variation in RMSD
values during the start of simulation was due to the entry of a large ligand into the binding site
cavity. Subsequently, establishment of complementary contacts between protein and ligands
led to the formation of a stable protein-ligand complex, as indicated by steadied RMSD

values.

2.3.2. Root mean square fluctuations (RMSFs) determination

Moreover, the root mean square fluctuations (RMSFs) along the 3CLP™ side chains were
measured to monitor any conformational changes associated with the binding of Kaempferol,
Quercetin and Rutin (Figure 4B). A large RMSF values were observed at the N- and C-
terminal ends of the protein, as they tend to fluctuate more due to their unbound positions. For
the middle part of the protein, it was observed that all the fluctuations in 3CLpro side chain
overlaps with the B-factor which was measured experimentally during X-ray crystallography.
The results of RMSDs and RMSFs confirmed the formation of a stable protein-ligand

complex.
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Figure 4: Molecular dynamics simulation of 3CLP™ in the presence of different ligands.
Variations in (A) Root mean square deviation (RMSD), and (B) Root mean square
fluctuation (RMSF) values as a function of simulation time.

2.3.3. Interaction pattern and secondary structure prediction

During the course of simulation, ligands (Kaempferol, Quercetin and Rutin) made several
interactions with 3CLP™ (Figures 5-7). Kaempferol formed hydrogen bonds, hydrophobic
interactions and water bridges with some crucial amino acid residues of 3CLP™ such as His41
and GIn189 throughout the simulation time (Figure 5A,C). Some other residues of the
substrate binding site were also involved in 3CLP"-Kaempferol complex formation such as
Thr25, Thr26, Cys44, Thr45, Serd6, Metd9, Tyr54, Asnll9, Asnl42, Cysl45, Hisl64,
Met165, Glul66, Val186, Asp187, Argl88, Thr190, Alal91 and GIn192. The total numbers of
contacts formed between Kampferol and 3CLP™ during simulation were in the range of 2-10
(Figure 5C). Similarly, Quercetin formed hydrogen bonds, hydrophobic interactions and
water bridges with some crucial amino acid residues of 3CLP™ such as His41, Met49, Glu166,
Aspl87, Thrl90 and GIn192 throughout the simulation time (Figure 6A,C). Some other



residues of the substrate binding site were also involved in 3CLP™-Quercetin complex
formation such as Thr25, Cys44, Thr45, Ser46, Asp48, Tyrb4, Asnl42, Cysl45, Hisl64,
Met165, Leul67, Prol68, Thrl69, Vall86, Argl88, and GIn189. The total numbers of
contacts formed between Quercetin and 3CLP™ during simulation were in the range of 2-12
(Figure 6C). Furthermore, Rutin formed hydrogen bonds, hydrophobic interactions and water
bridges with crucial amino acid residues of 3CLP™ such as Thr26, Gly143, Serl44, Cys145
Met165, Pro168, GIn189, Thr190 and GIn192 throughout the simulation time (Figure 7A,C).
Some other residues of the substrate binding site were also involved in 3CLP"-Rutin complex
formation such as Thr24,Thr25, His41, Cys44, Thr45, Ser46, Glu47, Met49, Asn119, Phel40,
Leuldl, Asnl42, His163, His164, Glul66, Leul67, Thrl69, Val186, Asp187, Alal91 Phe305
and GIn306. The total numbers of contacts formed between Kampferol and 3CLP™ during

simulation were in the range of 7-17 (Figure 7C).
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The variation in the secondary structure of 3CLP™ upon ligand binding during the course of

simulation was also monitored (Figures 5-7). The contribution of individual amino acid

residues in maintaining the structure of 3CLpro upon binding of Kaempferol, Quercetin and



Rutin is presented in Figures 5B, 6B and 7B respectively. During the course of simulation
time, variations in the percentage secondary structural element (SSE) and contribution of each
amino acid residues in preserving the structure of 3CLP™ due to Kaempferol, Quercetin and
Rutin binding is represented in Figures 5D, 6D and 7D respectively. From the analysis of
above results, it is evident that the secondary structure of 3CLP™ remains stable as a result of

ligand binding.

2.3.4. Determination radius of gyration (rGyr) and surface areas

The rGyr of Kaempferol, Quercetin and Rutin was also determined as a function of simulation
time (Figure 8A). The rGyr values for Kaempferol, Quercetin and Rutin were observed to
vary within limits around 3.63 A, 3.73 A and 3.82 A respectively. Further, molecular surface
area (MolSA), solvent accessible surface area (SASA) and polar surface area (PSA) of
Kaempferol, Quercetin and Rutin were determined during the course of simulation (Figures
8B-D). The values of MolISA, SASA and PSA of Kaempferol were estimated to be around
247.2 A, 120.1 A and 242.6 A respectively. Similarly, MoISA, SASA and PSA of Quercetin
were found to vary within limits around 257.4 A, 102.5 A and 279.3 A repectively, while the
values of MolSA, SASA and PSA of Rutin were within limits around 259.8 A, 154.5 A and
307.4 A respectively. It is clear from the results of rGyr, MoISA, SASA and PSA that the
values were varied within the acceptable limits throughout the simulation time, suggesting a

stable conformation.
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Figure 8. Dependence of (A) Radius of gyration (rGyr), (B) Molecular surface area
(MolSA), (C) Solvent accessible surface area (SASA), and (D) Polar surface area (PSA)
as a function of simulation time.



3. DISCUSSION

In the last two decade, the emergence of infectious agents such as SARS-CoV, MERS-CoV
and SARS-CoV-2 have caused epidemics with high mortality and enormous economic loss. In
the fight against such infectious agents, the rapid development of new drug molecules is
needed. However, the conventional approaches of drug development is time consuming and
costly in nature. In this study, we explored the use of computational approach in screening a
library of natural compounds (L1400 from Selleck Inc containing 2230 compounds) for their
affinity towards the main protease of SARS-CoV-2 (3CLP™®). Some reports suggest the
potential of a few drugs such as Chloroquine, Hydroxychloroguine, Remdesivir, lvermectin
etc in treating COVID-19 patients. However, the mechanisms of action of these drugs are still
unknown. We have included these molecules as reference drugs to delineate their mechanisms
of action and for the comparative analysis of interaction between natural compounds and
3CLP™,

An analysis of the binding between reference drugs and 3CLP™ revealed that Chloroquine,
Hydroxychloroquine and Remdesivir were bound at the substrate binding site and interact
with the key residues of 3CLP™ (supplementary Figure 1A). However, the binding site of
Ivermectin was located in domain Il and the interconnecting loop (supplementary Figure
1A). The above results clearly indicate that both Remdesivir and Ivermectin were good binder
of SARS-CoV-2 main protease (3CLP™). Our results are in agreement with earlier report that
Remdesivir binds at the substrate binding pocket of SARS-CoV-2'°. Although, the binding
affinity of Ivermectin was 10-folds higher than that of Remdesivir, it does not fit into the
substrate binding site of 3CLP™. Hence, Remdesivir appears to be a better drug for the
treatment of COVID-19 as it binds the substrate site of 3CLP" with high affinity.

The virtual screening of natural compounds towards 3CLP™ has shown that the binding energy
was in the range of -2.0 to -9.4 kcal/mol. The natural compounds having a binding energy of <
-7.5 kcal/mol were considered as a potential inhibitor of 3CLP™ and hence further analysed
(Table 3). Molecular docking analysis revealed that the shortlisted natural compounds bind at
three different sites at 3CLP™ (supplementary Figure 1B). Rutin, Quercetin and Kaempferol
were found to bind at the substrate binding site of 3CLP™, similar to cognate N3 ligand (the
peptide-like inhibitor of 3CLP™), located at the interface of domains | and Il. They were found
to be the most potential natural compounds that may inhibit the activity of 3CLP™, as they
interact with both the catalytic residues (His41 and Cys145). Flavonoids are a significant



group of plant-derived natural products having a polyphenolic structure. They are best known
for their anti-oxidant, anti-inflammatory, anti-carcinogenic properties and have been widely
used in the treatment of cancer, Alzheimer’s, atherosclerosis, etc!’. The dietary sources of
Kaempferol include Apples, grapes, tomatoes, green tea, potatoes, onions, broccoli, Brussels
sprouts, squash, cucumbers, lettuce, green beans, peaches, blackberries, raspberries, spinach,
etc'®20, Similarly, the dietary sources of Quercetin are vegetables, fruits and beverages,
spices, soups, fruit juices?’24; and Rutin are Green tea, grape seeds, red pepper, apple, citrus

fruits, berries, peaches, etc>>?'.

Although, some other natural compounds like Bicornin, Biflorin, Ellagic acid, Maslinic acid
and Oleanolic acid have high binding affinities, they do not interact with 3CLP™ at the
substrate binding site. They were found to bind 3CLP™ at the interface of domain Il and a
loop connecting domain 11l to domain Il (supplementary Figure 1B). This binding site is
similar to the binding site of Ivermectin. Further, Ellagic acid was found to bind at the back of

the substrate binding site (supplementary Figure 1B).

Molecular dynamics simulation is a widely used computational technique to evaluate the
stability and dynamics of a protein-ligand complex. The initial structures of 3CLP"-ligand
(Kaempferol, Quercetin and Rutin) complexes were subjected to molecular dynamics
simulation for 30 ns. The analysis of RMSD, RMSF, rGyr, and solvent accessibility results
revealed the formation of a stable protein-ligand complex. Further, the overall secondary
structure of 3CLP™ remained conserved throughout the simulation time, indicating a stable

protein-ligand complex.
4. CONCLUSION

The global challenge in the form of COVID-19 outbreak has motivated us to discover, design
and repurpose the already known and well-characterized natural compounds as potential
inhibitors of SARS-CoV-2. Here, we have screened a natural compound library (L1400) to
identify potential inhibitors of the main protease of SARS-CoV-2 i.e. 3CLP™ using molecular
docking and molecular dynamics simulation. We found that Kaempferol, Quercetin, and Rutin
were bound at the substrate binding site of 3CLP™ with high affinity. In fact, the binding
affinity of Rutin was much higher than Chloroquine and Hydroxychloroquine and was
comparable to that of the reference drug Remdesivir. Further, we have shown that Remdesivir

which is in clinical trial acts by binding and inhibiting the main protease i.e. 3CLP" of SARS-



CoV-2. The findings of this study may be useful to develop more potent and specific
inhibitors of SARS-CoV-2. However, the compounds mentioned in this study need further

experimental validation for their safe usage in COVID-19 patients.
5. MATERIAL AND METHODS

5.1. Retrieval and preparation of ligands/reference drugs

The natural compounds library of Selleck Inc. (Catalog No. L1400) were retrieved from

www.selleckchem.com. It contains 2230 compounds in sdf format, curated from natural

sources. This library represents a collection of structurally diverse, bioactive and cell
permeable compounds, suitable for high throughput screening. On the basis of literature, some
reference drugs such as Chloroquine, Hydroxychloroquine, Remdesivir and lvermectin were
also included in the study for the comparative analysis of binding. The two-dimensional
structural information in sdf format of all the reference drugs was downloaded from PubChem

database (https://pubchem.ncbi.nlm.nih.gov/). Prior to molecular docking, all the ligands were

prepared by adding hydrogen atoms and merging them with non-polar hydrogen atoms.
Gasteiger partial charges were added, rotatable bonds were defined, and the energies were
minimized using MMFF94 forcefield?®2°,

5.2. Retrieval and preparation of protein target

The three-dimensional coordinates of the main protease (MP™), also known as 3C-like protein
(3CLP®), was downloaded from the protein  databank  available at
https://www.rcsh.org/structure/6LU7. The structure was solved to a resolution of 2.16 A and is

bound with a peptide-like inhibitor (N3). The structure of target was prepared for molecular
docking by adding hydrogen atoms, Kollman united atom type charges and solvation
parameters using AutoDock Tool (ADT)*. The whole protein molecule was considered as a
potential binding site for the ligands and hence an affinity grid map of 51x67x59 A
dimensions placed at -26x12x59 A with 0.375 A spacing was generated using AutoGrid.
Other AutoDock parameters were set to their default values and distance-depended dielectric

functions were employed to calculate van der Waals and electrostatic parameters3.:32,

5.3. Molecular docking and simulation

The molecular docking between target protein and ligands was performed in Autodock4.2

using Lamarack genetic algorithm (LGA), and Solis and Wets local search methods, as


http://www.selleckchem.c/
https://pubchem.ncbi.nlm.nih.gov/
https://www.rcsb.org/structure/6LU7

described previously®®®. The initial position, torsion and orientation of ligands were set
randomly, and all the torsions were relaxed during docking. A total of 10 docking runs were
performed and each was run was set to terminate after 2,500,000 energy calculations. The
population size, translational step, and quaternion and torsion steps were set to their default
values of 150, 0.2 A and 5 respectively. The best pose of the ligand bound to target protein

was selected for further analysis using Discovery Studio2.5 (Accelrys).

The molecular dynamics simulation was performed to evaluate the stability of protein-ligand
complex. Desmond (Schrodinger-2018, LLC, NY, USA) was employed to perform a
simulation of 30 ns under NPT (298 K and 1.013 bars) conditions, as described previously>*
%, Briefly, the protein-ligand complex was placed in an orthorhombic simulation box, and
solvated with TIP3P explicit water molecules. The boundaries of the system were at least 10 A
away from the surface of protein-ligand complex. The system was neutralized by adding
proper number of counterions (Na* or CI), and the physiological osmotic conditions were
maintained by providing 150 mM NaCl. Before subjecting to molecular dynamics simulation,
the energy of the system was minimized with 2000 iteration with 1 kcal/mol/A convergence
criteria. Temperature and pressure were maintained using Nose-Hoover Chain thermostat and
Martyna-Tobias-Klein barostat respectively*”*8, During simulation, a time step of 2 fs was
fixed and the energies and structures were recorded every 10 ps. Post simulation analysis was
performed Simulation Interaction Diagram module (Schrodinger-2018, LLC, NY, USA) and
the graphs were plotted with the help of Sigma Plot 10.
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