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Abstract

A novel coronavirus (SARS-CoV-2) has been the cause of a recent pandemic of respiratory illness
known as COVID-19. The lack of anti-viral drugs or vaccines to control the infection has resulted
in an enormous number of seriously ill patients requiring hospitalization. In the absence of an
effective vaccine, there is an urgent need for therapies which can fight COVID-19 infection.
Readily available compounds in foods and plants may be one source of anti-viral compounds.
Here, natural product chemicals from the Nuclei of Bioassays, Ecophysiology and Biosynthesis of
Natural Products Database (NuBBEpg) were screened against the main protease (Mpro) of SARS-
CoV-2. This protease was chosen as a target due to its importance in the replication of SARS-
CoV-2. Molecular docking was used to screen the natural products against Mpro to identify
potential candidates. The identified candidates were further filtered using molecular dynamics
simulation investigation. Nine natural compounds were identified for experimental validation,

with carlinoside and quercetin 3-o0-sophoroside being the top candidates.



Introduction

The coronavirus disease 2019 (COVID-19) presents as respiratory illness with symptoms
such as a cough, fever, and in more severe cases, difficulty breathing and death.[1, 2] On March
11, 2020, the World Health Organization (WHO) declared the COVID-19 outbreak a pandemic,
and it has infected over 2 million people worldwide as of April 15, 2020.[2] New antiviral drugs
or vaccines against the novel coronavirus (SARS-CoV-2) which causes COVID-19 will not be
available in the short term to treat or prevent COVID-19 as they require clinical trials and
regulatory agency approval. As a stopgap measure, we chose to search for effective antivirals
against SARS-CoV-2 that are natural products found in foods and plants, such that foods rich in
antivirals could be added to the diet or taken as nutritional supplements, if available and reasonably

safe to use.

The SARS-CoV-2 genome is composed of a long RNA strand that act as a messenger RNA
when it infects a host cell and directs the synthesis of polyproteins required for multiplication of
new viruses.[3] These proteins include a replication/transcription complex that synthesizes more
RNA, several structural proteins that construct new virions, and two proteases. The SARS-CoV-2
main protease (Mpro) and papain-like protease (PLpro) are responsible for processing the viral
proteins at a specific site into functional units for virus replication. Viral replication can be blocked
by inhibiting the Mpro enzyme and thus Mpro is a target for drug design.[4] Recently, X-ray
structures of the SARS-CoV-2 Mpro have been reported, showing that it is a dimer with two
identical subunits that together form two active sites. These structures have small molecule or
peptide-based inhibitors bound in the active site, showing the Mpro to be a suitable target for small
molecule inhibitors.[5, 6] Recently, Yang and coworkers utilized structure based virtual screening
combined with high throughput screening to identify new drug candidates such as ebselen,

carmofur, etc, that target this Mpro of SARS-CoV-2.[6] Computational modeling has been used



to screen chemical libraries against SARS-CoV-2 protein targets with clearly defined 3D structures
including Mpro.[4, 7-12] In this investigation, a natural product library from Nuclei of Bioassays,
Ecophysiology and Biosynthesis of Natural Products Database (NuBBEpg)[13] was screened
against the active site of Mpro using molecular docking, molecular dynamics simulations, and
MM-GBSA binding free energy calculations. From this data, several potential natural antiviral

compounds were identified.

2. MATERIALS AND METHODS

2.1. Computational Methods

2.1.1. Virtual Screening Using Molecular Docking

SMILES notation of natural product chemicals was obtained from NuBBEps
(https://nubbe.iq.unesp.br/portal/nubbedb.html)[13]. The dataset contains 2,526 natural products
which were then prepared for docking simulation using the LigPrep module[14] (LigPrep) in the
Maestro software suite (Schrodinger; New York, NY, 2018-4). Prepared chemicals were then
docked to Mpro (PDB ID: 6Y2G)[5] using the Glide docking program. Glide considers the protein
to be a rigid entity whereas ligands can move flexibly relative to the binding site of the receptor.
The structure of the Mpro ((PDB ID: 6Y2G)) was energy minimized using the protein preparation
wizard, applying the OPLS3E force field[15] with default parameters. The docking grid was
centered on the active site of the protease using default parameters for receptor grid generation.
Docking was performed using Glide's XP (Extra Precision)[16, 17]. The NuBBEps compounds
were docked in the active site of Mpro and visually inspected for interaction between the catalytic
residues and the ligands using the Pose Viewer module of Maestro. All compounds were ranked
based on their docking score values and those with a score <-10 and ligand having contact with

catalytic residues were taken forward for investigation by molecular dynamics simulation.



Molecular Dynamics (MD) Simulation

MD simulations were performed using Desmond 3.2[18, 19] for the Mpro-ligand
complexes shortlisted from the docking simulation, incorporating the OPLS3e force field for 100
nanosecond (nsec) simulation time. Each complex was set up for simulation using a TIP3P[20]
water model as solvent in an orthorhombic box (sized for a 10 A x 10 A x 10 A buffer distance
around the complex) with periodic boundary conditions. Total charge of the system was

neutralized by adding ions at a salt concentration of 0.15 M NaCl.

After building the solvated system, we performed minimization and relaxation of the
protease-ligand complex using a default protocol of Desmond. This includes a total of 8 stages as
follows: Stage 1 — Minimization; Stage 2 - Simulate, Brownian Dynamics NVT, T = 10 K, small
timesteps, and restraints on solute heavy atoms, 100 picosecond (psec); Stage 3 - Simulate, NVT,
T =10 K, small timesteps, and restraints on solute heavy atoms, 12psec; Stage 4 - Simulate, NPT,
T = 10 K, and restraints on solute heavy atoms, 12psec; Stage 5 — Solvate pocket; Stage 6 -
Simulate, NPT and restraints on solute heavy atoms, 12psec; Stage 7 - Simulate, NPT and no
restraints, 24psec; and, Stage 8 — Production run for 100nsec. The production run was performed
for 100nsec using a 2 femtosecond (fsec) time step for integration of the equation of motion in the
NPT ensemble at 300 K and at 1 atmospheric pressure, which were controlled by Nose-Hoover
thermostat algorithm[21] and Martyna-Tobias-Klein Barostat algorithm[22]. The trajectories were

saved every 50ps for a total of 2000 frames for each simulation.
Binding Free Energy Calculation

The Molecular Mechanics Generalized Born Surface Area (MM-GBSA)[23] method in the

Prime module was used to calculate the binding free energy (AGuing) using equation 1



AGbind = EComplex - ELigand - EReceptor (1)

where Ecomplex, ELigand, Ereceptor are the energies calculated from the complex, free ligand and free
receptor, respectively. These energies were calculated using the OPLS3E force field and VSGB
solvation model.[23] 50 frames were extracted at from the last 25nsec MD trajectories to calculate
average AGying. The ligands with average AGuing values of < -45 kcal/mol were further analyzed

for critical interactions.

Results and Discussion

Virtual Screening

The main objective of the present study was to screen for natural product chemicals which
potentially binds to Mpro. Virtual screening of 2,526 compounds from NuBBEpg was performed
using molecular docking and MD simulation. In 2020, two X-ray crystal structures of Mpro-ligand
complexes were reported.[5, 6] The RCSB PDB codes were 6LU7 and 6Y2G. 6LU7 and 6Y2G
was reported with  N-[(5-methylisoxazol-3-yl)carbonyl]alanyl-1-valyl-n~1~-((1R,2Z)-4-
(benzyloxy)-4-ox0-1-{[(3R)-2-oxopyrrolidin-3-ylJmethyl} but-2-enyl)-1- leucinamide and
~{tert}-butyl ~{N}-[1-[(2~{S})-3-cyclopropyl-1-oxidanylidene-1-[[(2~{S},3~{R})-3-oxidanyl-
4-oxidanylidene-1-[(3~{S})-2-oxidanylidenepyrrolidin-3-yl]-4-[ (phenylmethyl)amino]butan-2-

yllamino]propan-2-yl]-2-oxidanylidene-pyridin-3-yl]carbamate ligands.[5, 6] The interaction of
both ligands with the Mpro catalytic residues, including His4, Cys145 and GIn166, was confirmed
in molecular docking. We then carried forward only those NuBBEpg ligands which had
interactions with these key residues and had a docking score < -9.5. From this first stage of the
calculations, 18 compounds were identified as initial hits based on the docking score and type of
interactions with active site residues. Figure 1 summarizes the shortlisted ligand structures, their

docking scores, and the Mpro active site amino acid residues with which these chemicals interact.



Stability of complexes — MD simulation Analysis

To explore the stability of shortlisted ligands in the catalytic site of the protease, the
100nsec MD trajectories was analyzed using the root mean standard deviation (RMSD). RMSD
was calculated for all backbone atoms of the protein and for all heavy atoms of the ligand. The
protein-ligand complex was first aligned to the protein backbone of the reference (first MD frame)
and then both the backbone RMSD and the RMSD of the ligand heavy atoms were measured as a
function of time. Ifthe ligand RMSD values fluctuated significantly, then the ligand diffused away
from the binding pocket. The calculated RMSD for all Mpro-ligand complexes is given in
supporting information Figure S1. Visual inspection of the trajectory and the RMSD plots reveal
that NuBBE 286, NuBBE 282, NUBBE 271 fluctuated significantly from their initial docked
conformation, which suggested that these ligands diffuse away from the Mpro binding pocket.
Stable binding was observed for all other ligands. Hence, NuBBE 286, NuBBE 282, NuBBE 271
were ignored for further analysis. We then calculated the mean binding free energy for the
remaining 15 ligands using MM-GBSA (Table 1). We identified 11 chemicals with average AGpind
values of < -45 kcal/mol. NuBBE 278, NuBBE 273, NuBBE 420, and NuBBE 1178 with AGpind
values of > -45 consistent with their instability inside the binding pocket of Mpro. Hence, we

omitted these four chemicals for further analysis.

Protein-Ligand Interaction — A Contact Analysis

The interactions between ligand and residues of Mpro were calculated as a function of time using
MD stimulations (Figure 2). For example, analysis of contacts revealed that all ligands remained
bound to Mpro by predominantly interacting with Glul166, Thr190, GIn192 and/or GIn189 (Figure

2). NuBBE 204 lacked an important contact with the catalytic residues His41 and Cys145 whereas



remining ten ligands had constant contact with these residues. The nature of the predicted
interaction between ligand and active site residue was analyzed according the prevalence of four
types of ligand protein interactions: hydrogen-bonding, hydrophobic, ionic bonds and water
bridges (Figure 3). Hydrogen bonding interactions are important because of their strong influence
on drug specificity, metabolization and adsorption. Hence, we further ignored the ligand, NuBBE
1182 (Figure 3(j)), which lacked stable hydrogen bonds with catalytic residues during the MD
simulations. Indeed, this approach revealed that nine other ligands form a hydrogen bond with
His41, Cys145, and GInl166 (Figure 3(a-i)). In addition to these key interactions, ligands also
establish contacts with the protease via water mediated hydrogen bonds, hydrophobic and other
stabilizing interactions. After evaluating these interactions, nine chemicals (NuBBE 1245, NuBBE
142, NuBBE 360, NuBBE 46, NuBBE 1170, NuBBE 602 and NuBBE 283, NuBBE 125, and
NuBBE 361) were shown to be promising ligands for Mpro and were identified for experimental
validation, with carlinoside (NuBBE 1245) and quercetin 3-O-sophoroside (NUBBE 142) being
the best potential ligands of Mpro on the basis of docking, MM-GBSA scores, and binding
stability. Both carlinoside and quercetin 3-O-sophoroside are readily absorbed[24, 25] and are
good antiviral candidates[26, 27] with several available natural sources including unfermented
Rooibos tea[28]. The results of this investigation should not be taken as medical advice or
encouragement for people to take supplements of these compounds as excessive intake of
flavonoids may cause adverse effects on human health, including the inhibition of thyroid hormone
synthesis[29]. However, elevating dietary intake of flavonoids by eating plant materials rich in
these substances, such as bell peppers, brassica plants like broccoli, pigeon pea leaves and drinking
rooibos tea is unlikely to be harmful and may be helpful. More research is needed to confirm the
anti-viral effects of the candidate compounds in biological systems and to determine the safe doses

of these flavonoids.



Conclusion

There is an urgent need to discover methods for treating the early stages of COVID-19 caused by
SARS-CoV-2. Mpro is one of the potential targets for antiviral treatment against SARS-CoV-2.
Therefore, we used molecular docking and molecular dynamics simulation techniques to screen
chemicals from a large natural product database to identify novel inhibitors. Molecular docking
and MD simulation showed 9 natural compounds having strong predicted binding affinities for the
catalytically important residues of Mpro, with carlinoside and quercetin 3-O-sophoroside being

the strongest.
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Table 1. Calculated Binding free energy AGuina (kcal/mol)

Common Name NuBBEps ID  AGpind (kcal/mol)
Carlinoside NuBBE 1245  -74.32+4.77
Quercetin 3-O-sophoroside NuBBE 142 -72.03+7.51
Kaempferol 3-O-o-L-rhamnopyranosyl (1—6)-O-[f -D- NuBBE 360  -69.28+10.02
glucopyranosyl  (1—3)-O-a-L-rhamnopyranosyl-(1—2)]-

O-pB -D-glucopyranosyl

Rutin NuBBE 46 -59.36+7.08
Isocarlinoside NuBBE 1170 -58.35+7.48
6-Hydroxy-rutin NuBBE 283  -55.124+8.71
Nitensoside B; Pedalitin 6-O-a-rhamnopyranosyl(1"—6")- NuBBE 125  -54.28+8.07
B-glucopyranoside

N/A NuBBE 602 -52.25+5.95
Quercetin  3-O-a-L-rhamnopyranosyl (1—6)-O-[3 -D- NuBBE 361  -49.98+6.36
glucopyranosyl  (1—3)-O-a-L-rhamnopyranosyl-(1—2)]-

O-pB -D-glucopyranosyl

3.,4,5-Trimethoxyphenyl-1-O-f-D-(5-O-syringoyl)- NuBBE 204  -49.41+5.46
apiofuranosyl-(1—6)-p-D-glucopyranoside

Ellagic acid 4-O-0-L-4"-O-acetylthamnopyranoside NuBBE 1182 -45.42+6.46
1-O-(E)-caffeoyl-B-D-glucopyranoside NuBBE 273 -42.32+6.26
Alboside IV NuBBE 420  -38.95+8.65
Casuarinin NuBBE 1178  -37.59+16.65
Chimarrhoside NuBBE 278  -29.104+23.98

N/A Not Available



o

¥
@:g-s;

NuBBE_, ID: NuBBE 360 NuBBE,, ID: NuBBE 278 NuBBE_, ID: NuBBE 1245 NuBBE, ID: NuBBE 361
Docking Score: -14.10 Docking Score: -12.48 Docking Score: -12.10 Docking Score: -11.91

U a8
o1

1o 9
THR . TR
k4
2 o

/& *Q(\ P s
Tegt, B = \o/ Q/
. ¢ "
NuBBE_, ID: NuBBE 1170 NuBBE_; ID: NuBBE 204 NuBBE_, ID: NuBBE 286 NuBBE, ID: NuBBE 602
Docking Score: -11.79 Docking Score: -11.72 Docking Score: -11.57 Docking Score: -11.26
THR = TN
/44 \N 25

E@y ., Bme @
1 ASN 141, 2
& Y
#
NuBBE,, ID: NuBBE 142 NuBBE,, ID: NuBBE 283 NuBBE,, ID: NuBBE 282 TI‘)IHBSED% IDri NUE)EEz 271
Docking Score: -11.07 Docking Score: -10.99 Docking Score: -10.92 ocking Score: -10.
& b @ m)
i‘.” 29 A D "o
> /“ 5 SN
& \/ 5 | - )i 1 )3
e ’ “Q o gr @
ﬁ — it - 9 —on) (SRS ey s . =
AT 5 I @
/] @ w1 o 3
¥ e S
e
NuBBE,, ID: NuBBE 1178 NuBBE_, ID: NuBBE 273 NUBBEDB ID: NuBBE 46 NuBBEDB ID: NuBBE 125
Docking Score: -10.43 Docking Score: -10.14 Docking Score: -10.04 Docking Score: -10.01
s )
e
5 om T °
el Yl ® w0 \x;: x Charged (negati Polar Dista
= YQ N & 0/ & Chaed oy © Ungeciiedresidve = Hoond
0 o o @ ‘ﬁf Nd Glycine Water ~ Halogen bond
N @ ( e X Hydraton ste (dspiaced) oo PP Siacang.
i ags” RO, 2 N Ho: ) e I oo Pi-Pi
> figs ,aw a - D N\ \m‘ﬂ) 9
e & e GO oet
191 f;;’ 165 164
—e Pi-cation
NuBBE_, ID: NuBBE 1182 . — Salt bridge
Spp 1D 1 NuBBE,), ID: NuBBE 420 Salent sosure
Docking Score: -9.96

Docking Score: -10.00
Figure 1: Ligand interaction diagram of initial shortlisted chemicals from NuBBEpg using
molecular docking calculations against COVID-19 Mpro
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Figure 2. Contacts between residues of protein and ligand a) NuBBE1245, b) NuBBE1182, ¢)
NuBBE1170, d) NuBBE602 ¢) NuBBE361, f) NuBBE360, g) NuBBE283, h) NuBBE204 1)
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