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Abstract

In the month of December 2019, the outbreak of COVID-19 disease in China marked the beginning
of a global health challenge and the urgent need to discover and design appropriate therapeutic
agents. The causative agent, SARS-CoV-2 has a high rate of infectivity and its Main protease enzyme
plays a major role in the replication mechanism of the virus. This study is aimed at prospecting for
natural compounds that have strong binding affinity and the ability to inhibit the SARS-CoV-2 Main
Protease. A library of 1,048 natural compounds (with zero violations for Lipinski and Veber rules)
obtained from edible African plants were used for this study. These compounds were molecularly
docked against the SARS-CoV-2 Main Protease and the results were screened with the docking score
obtained from N3 (-7.8 kcal/mol), which is a co-crystallized ligand of the target protein. Further
screening for molar refractivity, pharmacokinetic properties and bioactivity was done with
SWISSADME, pKCSM, and Molinspiration webservers respectively. The binding site analyses were
done using the PLIP and Fpocket webservers. Molecular dynamic studies and analyses of Apo and
Holo structures of target protein were done with the Galaxy webserver. The lead compounds,
Rhamnetin and Ellagic acid show better therapeutic prediction than the standard. Whilst Rhamnetin
binds at the active site, Ellagic acid binds at another cavity with a probable allosteric effect as
suggested by the molecular dynamic studies. Further tests are required to evaluate the SARS-CoV-2

Main protease inhibition properties of the lead compounds.

Keywords: Ellagic Acid, Covid-19, Sars-cov-2, Main Protease, Molecular Dynamic Studies,

Rhamnetin

INTRODUCTION

The first case of COVID-19 was reported in China in
November2019 and after a month it became an
epidemic in Wuhan city, Hubei province, China. By
the 30th of January 2020, the World Health
Organization declared COVID-19 a Public Health
Emergency of International Concern and a pandemic
on the 11th of March, 2020.Consequently, many
countries of the world have announced emergency
health and bio-security guidelines for the containment
of the disease (1, 2).

The incubation period for COVID-19 ranges between
2-14 days but 5 days on the average (3). The disease is
characterized by symptoms such as fever, dry cough,
shortness of breath, sore throat, sputum production,

joint pain, muscle pain, headache, fatigue, loss of
smell, loss of taste and pneumonia. Death occurs as a
result of multi-organ failure or specifically respiratory
failure due to progressing alveolar disease (4, 2) The
fatality rate is about 4% mainly causing death in the
elderly and the immunocompromised. In spite of the
high rate of infectivity, there are no approved vaccines
or antiviral drugs for Coronavirus infections (5).

COVID-19 is caused by a novel coronavirus, the
Severe Acute Respiratory Syndrome Corona Virus 2
(SARS-COV-2) which is a positive-sense, single-
stranded, enveloped RNA virus belonging to the beta-
corona sub group of viruses (6).The severe acute
respiratory syndrome (SARS) CoV (SARS-CoV) and
the Middle East respiratory syndrome (MERS) CoV
(MERS-CoV) also belong to this sub-group (7).
Generally, Corona viruses infect humans and animals
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and they have a size range of 60-80 nm and a genome
size of 27-32kb which codes for structural and non-
structural proteins (8).

Transmission of COVID-19 is mainly through droplets
from infected persons. However, the possibility of
blood and faecal-oral transmission has been
established. Bats have also been implicated in the
zoonotic transmission of SARS-COV-2 (9, 10, 11).

SARS-COV-2 attaches to the host cell through the
Spike protein. The S1 domain of the Spike protein
binds with the Angiotensin Converting Enzyme 2
(ACE2) which is most abundantly expressed on the
type II alveolar cells of the lungs. ACE2 is also
expressed in the cells of the gastrointestinal tract (12,
13). The virus invades the nucleus where its nucleic
acid alters the host cell genome through gene
recombination, deletion or insertion (14). About a third
of the modified genomic RNA encodes several
structural proteins such as M (membrane), E
(envelope), N (nucleocapsid) and S (spike). The other
two-thirds of the genome encode for two Replicase
polyproteins (ORF1a and ORF1b) which are involved
in the viral replication process. Two main proteases
namely papain-like protease (PLP) and 3C-like
protease (3CL or Nsp5) cleaves the two polypeptides
(15, 16).

Virus-encoded proteases have emerged as strategic
targets in combating viral diseases. This is because
they play a crucial role in the cleaving of high
molecular weight poly proteins into functional units
necessary for assembly and morphogenesis of new
viral particles (17). Therefore, the inhibition of
proteases would provide a viable strategy against viral
replication. Specifically, cysteine proteases inhibitors
possess electrophilic moieties that covalently bind to
the cysteine residue of the active site of the target
protease. The electrophilic inhibitor fragment of these
ligands is incorporated into the substrate binding sites
of the protease thereby inhibiting its activity (18). A
non-competitive inhibition of the cysteine proteases
also occurs when an inhibitor binds to an allosteric
site and causes an inactive conformation of the active
site resulting in a displacement of the substrate from
the enzyme (19).

The Mpro remains a good therapeutic target for drug
design because of its strategic function and conserved
nature. As a carboxypeptidase and specifically a
cysteine protease, Mpro cleaves the C-terminus of
replicase polyprotein at 11 sites and transforms it into
mature non-structural proteins (20). Though the
protein fold is similar to serine proteases, Mpro

cleaves its substrate with the cysteine in its active site
and an adjacent histidine residue (21, 22).

In this study, the potential inhibitory activity of small
molecules obtained from natural products was
investigated. N3 which is a peptidomimetic inhibitor
of 6LU7 was used as a reference molecule (23).

RESULTS AND DISCUSSION

Structural analysis, validation and preparation of
Main protease (PDB ID: 6LU7): The crystal
structure of COVID-19 main protease in complex with
an inhibitor  N-[(5-Methylisoxazol-3-
Yl)Carbonyl]Alanyl-Lvalyl-N1-((1r,2z)-4-
(Benzyloxy)-4-Oxo-1-{[(3r)-2-Oxopyrrolidin-3-
Y1]Methyl} But-2-Enyl)-L-Leucinamide, (N3) (Figure
1 & 2). It has 306 amino acids with the following
constituent secondary structures: a helix 23 %; beta
sheets 31%; Coil 45%; and Turns 28%. Total
Accessible Solvent Area (ASA) is 14043.1(A)>. X ray
diffraction study revealed resolution is 2.16 A and unit
cell crystal dimensions are a =97.931A, b =79.477 A,
and ¢ = 51.803A for a (90°), p (114.55°) and y (90°)
angles respectively. The R-Value is 0.202 and R- free
value is 0.235.

Figure 1. The Crystal structure of MPro of SARS-CoV-2 (PDBID:
6LU7) a: Cartoon representation, b: Surface representations.
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Figure 2. Ramanchandran plot for MPro of SARS-CoV-2 (PDBID:
6LU7 Red: Core region; Yellow: Allowed region; Green: Generous
region; Grey: Disallowed region; Black squares: Allowed region;
Black triangles: Glycine residues; Black X: Disallowed
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Ramachandran analysis of the candidate structure
shows that 97% of residues are within the favoured
region, allowed region is 3% and 0.0% outliers (Figure
2). Rotamer analysis shows that 100% of rotamers are
within the favoured region and 0.0 % outliers. The
VDW repulsion energy of 6LU7 was minimized by
Chiron to 42.52 Kcal/mol with a clash ratio of 0.0095.

Figure 3. Active site of MPro of SARS-CoV-2 with co-crystallized
ligand, N3

Chemoinformatic profile of ligands: The oral
bioavailability of drugs depends on several properties
as described by Lipinski and Veber rules. A drug
should have a molecular weight of less than 500
daltons, a log P (octanol-water partition coefficient)
value of less than 5, less than 5 hydrogen bond donors
(—OH or —-NH groups) and less than 10 hydrogen bond
acceptors (O or N atoms in total) (40). In a similar
vein, drugs with good oral bioavailability should have
10 or less rotatable bonds and a topological polar
surface area of less than 140 A? (angstroms squared)
(41). Another property of drug-likeness is molar
refractivity. A range of between 40-130cm? is an
indication of good oral bioavailability (42).

Table 1. Chemo-informatic properties of standard and lead

compounds

N3 (Standard) Ellagic Acid Rhamnetin
Molecular Weight (g/mol) 684.835 302.19 316.26
XLogP3 2.1 1.1 1.9
Hydrogen Bond Donors 5 4 4
Hydrogen bond acceptors 10 8 7
# heavy atoms 6 16 23
# rotatable bonds 18 0 2
TPSA (Aa) 196.88 141.34 120.36
Molar Refractivity 191.34 75.31 82.50
GCPR ligand -0.28 -0.29 -0.11
Ton channel modulator -1.33 -0.27 -0.27
Kinase Inhibitor -1.21 -0.01 0.21
Nuclear Receptor Ligand -1.17 0.11 0.27
Protease Inhibitor 0.06 -0.18 -0.27
Enzyme Inhibitor -0.70 0.17 0.20

Ellagic acid and Rhamnetin have no violation of the
Lipinski, Veber and Ghose rules indicating potentially
good drug permeability (Figure 4, Table 1). However,
the standard has a molecular weight that is greater than
500g/mol thereby violating the Lipinski rule for orally
administered drugs. The standard also has the number
of rotatable bonds higher than 10 and the TPSA
greater than 140A. Molar refractivity of the standard is
higher than 130 cm?® making it violate the Ghose rule.
In terms of bioavailability, the lead compounds are
better than the standard.

5w X 2

Figure 4. The 3D chemical structures (stick model) of standard and
lead compounds a: N3, b: Ellagic acid, c: Rhamnetin

Beyond binding to its target, a potential drug should
show bioactivity as predicted by the Molinspiration
webserver (Table 1). Ellagic acid and Rhamnetin show
moderate activity with respect to protease inhibition
while N3 shows good activity. On the contrary, the
lead compounds show good activity as enzyme
inhibitors as compared with N3 which has moderate
activity (43).

Pharmacokinetic properties of ligands:
Pharmacokinetics plays a critical role in drug
discovery and development. Beyond efficacy, a high-
quality drug candidate should have good absorption,
distribution, metabolism, excretion, and toxicity
(ADMET) properties at a therapeutic dose (44). In
ADMET studies, critical factors such as
bioavailability; rate, mechanism and metabolites of
metabolism; rate and mechanism of excretion; and
toxic effect of drug candidate are considered.

From Table 2, except for CYP1A2 inhibition, Ellagic
acid and Rhamnetin are within the pharmacological
range for all the predicted ADMET properties (45).
Inhibition of an isoform of cytochrome P450 could
cause cellular toxicity of its substrates. Caution must
be taken not to administer the lead compounds with
CYP1A2 substrates as this would increase the
bioavailability of the substrates. Expressed in the
intestinal epithelium, the P-glycoprotein 1 is a cell
membrane transporter protein that removes drugs and
toxic metabolites out of the cells reducing their
absorption. Ellagic acid and Rhamnetin are predicted
to be substrates of P-glycoprotein which implies that
they should be administered with a P-glycoprotein
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inhibitor to facilitate their cellular absorption (46).

Table 2. Pharmacokinetic properties of standard and lead
compounds

N3 Ellagic .
(Standard) Acid Rhamnetin
Water solubility (log mol/L) -4.112 -3.181  -3.212
Caco2 permeability (log Papp
in 10-6 cm/s) 0.37 0.335  -0.361
Human Intestinal absorption
(% Absorbed) 62.162 86.684 80.214
Skin Permeability (log Kp)  -2.73 -2.735  -2.735
P-glycoprotein substrate
(Yes/No) Yes Yes Yes
P-glycoprotein I inhibitor
(Yes/No) Yes No No
P-glycoprotein II inhibitor
(Yes/No) Yes No No
VDss (human) (log L/kg) -0.793 0.375 0.419
Fraction unbound (human) 0.167 0083  0.073
(Fu) . . .
BBB permeability (log BB)  -1.671 -1.272 -1.345
CNS permeability (log PS)  -3.812 -3.533  -3.235

CYP2D6 substrate (Yes/No) No No No

CYP3A4 substrate (Yes/No)  Yes No No
CYPI1A2 inhibitor (Yes/No) No Yes Yes
CYP2C19 inhibitor (Yes/No) No No No
CYP2C9 inhibitor (Yes/No) No No No
CYP2D6 inhibitor (Yes/No) No No No
CYP3A4 inhibitor (Yes/No) No No No
Total Clearance (log

mUmin/kg) 0.843 0.537  0.473
Renal OCT2 substrate

(Yes/No) No No No
AMES toxicity (Yes/No) No No No
Max. Tolerated dose (human)

(log mg/kg/day) -0.341 0.476  0.56
hERG I inhibitor (Yes/No) No No No
hERG Il inhibitor (Yes/No)  Yes No No
Oral Rat Acute Toxicity

(LD50) (mol/kg) 4.355 2399 2453
Oral Rat Chronic Toxicity

(log mg/kg_bw/day) 3.391 2.698  2.679
Hepatotoxicity (Yes/No) Yes No No
Skin Sensitization (Yes/No)  No No No
T.Pyriformis toxicity (log 0285 0.295 0331
ug/L)

Minnow toxicity (logmM)  4.91 2.11 1.885

Both lead compounds are better than the standard
which is predicted to be an inhibitor of P-glycoprotein
I & II and hERG II. A positive hERG prediction
implies that potassium ion channel of myocardium can

Put together the lead compounds are safer and better
drug candidates than the standard.

Molecular docking score and binding site
analyses: Molecular docking facilitates non-covalent
binding between protein and ligand. It also predicts
mode of interaction and binding site of both
molecules. A ligand with the lowest binding energy
suggests the greatest binding affinity making it a
possible drug candidate (48). Results from the
molecular docking were screened with the binding
affinity of the N3 (standard) with Mpro (-7.8
kcal/mol). Ellagic acid and Rhamnetin have stronger
binding affinities with scores of -8.3 kcal/mol and -7.9
kcal/mol respectively (Figure 5).

Figure 5. Active site of MPro of SARS-CoV-2 interacting with lead
compounds a: Ellagic acid, b: Rhamnetin

Table 3. Hydrogen bond analysis of Mpro with standard and lead
compounds

Compound Exhaust- Residues Distance Distance Bond

iveness (H-A) (D-A) angle

N3 GLY143A 2.0 2.87 145.90
(Standard)

PHE140A 3.62 4.03 108.21

SER144A 3.65 3.99 104.01

HIS164A 1.85 2.80 161.75

GLU166A 2.60 3.48 144.50

Ellagic acid 8 LYS102A 3.31 3.85 115.08

GLNI110A 2.15 3.13 177.90

THRI111A 1.88 2.80 155.30

THRIIIA 2.31 2.99 126.48

ASNISIA 3.54 3.90 105.26

ASP153A 2.49 3.01 115.05

ASP153A 2.23 3.01 137.37

SERIS8A 2.20 3.16 168.22

Rhamnetin = 6 PHE140A 3.23 4.10 151.12

ASN142A 2.82 3.24 107.19

GLY143A 2.58 3.06 110.13

SER144A 2.11 2.80 125.70

CYS145A 2.44 3.12 125.26

GLU166A 3.06 4.00 159.34

be blocked resulting in disrupted electrical activity of Rhamnetin exhibited (-7.9 Kcal/mol) binding affinity

the heart and probably death (47).

with Mpro and formed hydrogen bonds at PHE140,
ASN142, GLY 143, SER144, CYS145 and GLU166.
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This shares the same binding pocket with the standard
(PHE140, GLY 143, SER144, HIS 164A and GLU166)
(Table 3, Figure 6).

Benzyl alcohol
-g*l
(5-Methylisoxazole-3-
carboxylic acid)

g

b 3

S

Figure 6. Protein-Ligand interactions of MPro of SARS-CoV-2 with
standard and lead compounds a: N3, b: Ellagic acid c: Rhamnetin

From the results obtained from Fpocket (Tables 4 & 5,
Figure 7), this binding cavity is Pocket 2 and it is the
active site of Mpro. This is because Pocket 2 is the
largest binding pocket as it has the highest druggability
score, total SASA, and pocket volume (49). Pocket 2 is
also the only binding pocket that contains Cysteine and
Histidine residues which are part of the catalytic
subunit of the active site (50). Specifically, Rhamnetin
binds with CYS145 which is part of the catalytic
subunit of the active site and would hinder the
catalytic activity of the enzyme.

Figure 7. Crystal structure of MPro of SARS-CoV-2 showing the
binding pockets (white balls) a: Whole protein, b: Active site
(Pocket 2), c: Pocket 8 (binding site for Ellagic acid)

Ellagic acid exhibited (-8.3 Kcal/mol) binding affinity
with 6LU7 and formed hydrogen bonds at LYS102,
GLN110, THR111, ASN151, ASP153, and SER158
within Pocket 8 which is not the Mpro active site
(Table 4 & 5, Figure 7; Table 1S is provided as the
supporting information). In drug development, the
other adjoining pockets to the binding site may also be
recruited for ligand design (51). Some natural
compounds which have been identified as potential
inhibitors of Mpro also interact through Pocket 8
suggesting that they are allosteric inhibitors. The

compounds include Rein, Withanolide D, Withaferin
A and Enoxacin (16).

Table 4. Parameters of binding pockets of the crystal structure of
Mpro

Binding pockets

Pocket parameters 1 2 34 s 6 7 8 9 10 11 12 13
Pocket Score 012 011 009 006 006 003 002 001 -001 -002 -0.06 -0.09 -0.13
Druggability Score 001 0.19 000 000 001 001 002 000 000 000 000 000 000
Number of AIPha ) 5, 10400 21.00 20.00 1500 25.00 29.00 21.00 1600 1500 1600 23.00 1600
Spheres

Total SASA 89.90 27031 63.99 4882 7450 64.60 109.66 80.28 57.49 4649 94.04 11448 99.60
Polar SASA 2469 12058 33.64 2587 2257 2596 42.03 47.68 24.89 3562 4332 7100 47.68
Apolar SASA 6521 14973 3035 2295 5193 3864 67.63 3261 32.61 1087 50.72 4348 51.93
Pocket Volume  401.32 1134.13 276.00 213.29 308.49 246.51 427.76 234.59 223.85 169.60 226.25 376.09 279.28
Mean local

hydrophobic 700 3LI1 200 7.00 800 1600 1463 900 500 200 000 7.00 1.00
density

Meanalphasphere ) 403 397 397 407 404 408 381 418 404 385 386 401

radius
Mean alp. sph.

076 050 057 060 060 063 049 051 0.66 063 051 043 055
solvent access
Apolar alpha
sphere 040 037 014 040 060 068 055 048 038 020 006 035 013
proportion

Hydrophobicity
score

Amino Acidbased ) oo 1o 333 550 467 385 375 389 460 386 300 358 471
Volume score

Polarity score 300 1200 500 500 200 400 500 600 600 500 500 600 4.00
Charge score -1.00  2.00 1.00 1.00 100 3.00 000 -1.00 0.00 -1.00 0.00 -1.00 2.00

Proportion of polar
atoms

31,56 19.60  20.56 40.13 32.17 550 22.50 2522 26.50 -18.43 8.67 4.67 32.71

4091 39.66 S8.82 38.89 3333 3333 3333 47.62 4444 5385 5625 4000 S57.14
Alpha sphere
density

Cent. of mass -
Alpha Sphere max  9.60 17.30 629 521 850 5.14 1009 692 459 281 788 690 6.64
dist.

Flexibility 057 047 075 054 053 049 066 056 076 0.80 045 041 065

458  6.29 310 226 363 235 390 3.01 210 156 3.11 326 2.65

Table 5. Analysis of residues of binding pockets of the crystal

structure of Mpro
Binding pockets
12 3 4 56 78 9 10 no2oB3
THR HIS CYS PHE VAL GLU TRP ASN  GLN
224 41 22 PHE 3 35 14 PHE 8 218 ASP 48 133 107 ASN 63
VAL MET GLY PRO GLY GLY GLN PHE ASN THR PRO
247 49 23 ARG 4 9 79 15 110 219 51 135 108 HIS 64
GLY TYR THR GLY HIS MET ASN PRO LYS GLY
251 54 24 LYS 5 11 80 17 THR 111 221 52 137 109 PHE 66
SER PHE THR TRP LYS TRP ASN PHE THR GLN
254 140 25 207 12 SER 81 31 151 223 ASN'53 169 110 GLN74
ALA LEU ILE ILE ALA ILE GLU VAL ILE
255 141 43 LEU 282 152 LYS 88 70 152 270 ASP 36 171 200 LEUTS
ALA ASN CYS SER TYR LYS GLY LEU LEU ALA VAL
260 142 44 284 154 90 71 ASP 153 271 57 193 202 ARG 76
VAL GLY THR GLU VAL ASN ARG ALA  ASN
261 143 45 288 73 SER 158 274 60 194 203 VAL 77
LEU SER LYS PHE LEU THR 292 GLY GLY GLU
262 144 61 291 75 275 195 240
ASP CYS ASN THR ASN ASP  ASP
263 145 65 93 THE2%4 197 245

HIS ASN ARG HIS

163 95 279 246

HIS PRO ILE

164 96 249

MET LYS PRO

165 97 293

GLU

166

LEU

167

PRO

168

ASP

187

ARG

188

GLN

189

THR

190

GLN

192

Mpro contains three domains namely Domains I
(residues 8-101), and Domain II (residues 102-184)
and Domain IIT (185-306) (51). While Rhamnetin and
N3 bind at the active site in Domain II, Ellagic acid
binds at another pocket (pocket 8 which might be an
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allosteric site) in the same domain (Tables 4 & 5,
Figure 7).Since cysteine proteases are allosteric
enzymes, Pocket 8 or any other binding pocket apart
from the active site could exhibit cooperativity (52).

The average donor to acceptor distance and bond
angles for all the residues in the Mpro-Rhamnetin
complex is shorter and smaller than in the Mpro-N3
complex. This data suggests that Mpro-Rhamnetin
complex has stronger hydrogen bonding than the
Mpro-N3 complex (Table 3).

Molecular Dynamic Simulation Analyses

The conformations induced by Ellagic acid and
Rhamnetin closely resemble each other and show
greater distortion from the Apo structure than the
conformation induced by the standard (Figure 8).

Figure 8. Structure of Apo and Holo proteins obtained after
molecular dynamic simulation of a: Mpro , b: Mpro- N3 complex,
c: Mpro-Ellagic acid complex & d: Mpro-Rhamnetin complex

Principal components Analysis: The statistical
correlation between conformations obtained during the
trajectory are determined with the Principal
Component Analysis (PCA) (53). During the
trajectory, the motions of all the Apo and Holo
structures identifies the differences in their
conformations. Data for these differences was obtained
from the global (total and average) and the regional
(total and average) motions of the principal
components. For this study, the regional data was
obtained from the 20 residues domiciled in the Mpro
active site (Pocket 2).

Averagely, the Mpo-Rhamnetin (PC1, PC2 and PC3)
shows the greatest motion of its global structure as
compared with the other complexes. Specifically, as
compared with the Apo structure, PC1 of the Mpro-
Rhamnetin complex shows the greatest distortion. The
Mpro-N3 complex shows greater distortion than the
Mpro-Ellagic acid complex when compared to the

reference Apo structure (Table 1S). On the contrary,
the regional (total and average) motions for the Mpro-
N3 and Mpro-Ellagic acid complexes are greater than
those of the Mpro- Rhamnetin complex. This suggests
that N3 and Ellagic acid show slightly greater
distortion of the Mpro active site than Rhamnetin
(Table 1S).

The five ensembles (PC 1-5) for Mpro, Mpro-N3
complex, Mpro-Ellagic acid complex and Mpro-
Rhamnetin complex have a total proportion of
variance of 78.4%, 72.6% 75.8%, and 78.4%
respectively (Figure 9). The ensemble distribution of
the Mpro-Rhamnetin complex most closely resembles
that of the Apo structure and has the highest
proportion of variance.

Figure 9. PCA cluster plot of Apo and Holo proteins a: Main
protease, b: Main protease- N3 complex, c: Main protease-Ellagic
acid complex & d: MPro- Rhamnetin

Root Mean Square Deviation of Atomic Positions
(RMSD): The RMSD measures the differences in
coordinates between a target structure when it is
superimposed with a reference structure. A value of
zero shows a perfect overlap (54).

The simulated Apo protein as compared with the
crystal structure suggests there is a gradual increase in
RMSD until it peaks (2.07A) around 700ps when it
then commences a gentle decline throughout the
simulation period. The RMSD values of the simulated
Mpro-N3 complex peaks (1.44A) around 2,000ps and
shows a gentle increase throughout the trajectory.
While, the RMSD value of the simulated Mpro-
Rhamnetin complex generally rises throughout the
trajectory, it attains its peak (1.98A) at about 1,100ps.

Adekunle Babajide Rowaiye

25/30



J Ong Chem Res, 2020, 5(1): 20-31, Document ID: 2020JOCR42, doi:10.5281/zenodo.3767102

The simulated Mpro-Ellagic acid complex maintains a
relative stability (at about 1.2 A.) in RMSD values
throughout the trajectory but peaks (1.48A) at 600ps
(Table 6, Figure 10).

Table 6. RMSD values for Apo and Holo structures for 20 Frames

(2 ns)

Time Mpro Mpro-N3 Mpro-Ellagic acid Mpro-Rhamnetin

frame

1 0.00 0.00 0.00 0.00

2 1.30 1.25 1.16 0.91

3 1.49 1.18 1.24 1.20

4 1.84 1.12 1.23 1.16

5 1.70 1.06 1.31 1.41

6 1.82 1.30 1.48 1.40

7 2.07 135 1.43 1.38

8 2.05 132 1.27 1.34

9 1.90 1.07 1.19 1.40

10 1.60 1.03 1.35 1.87

11 1.48 1.11 1.30 1.98

12 1.33 135 1.23 1.47

13 1.38 1.18 1.19 1.41

14 1.42 1.20 1.22 1.48

15 1.33 1.06 1.20 1.47

16 1.54 1.32 1.27 1.61

17 1.57 1.26 1.26 1.86

18 1.70 1.23 1.23 1.51

19 149 1.29 1.25 1.58

20 1.30 1.44 1.20 1.81

21 1.34 1.36 1.24 1.85

Total 31.64 24.49 25.24 30.09

Range 0-2.070-1.44  0-1.48 0-1.98

Average 1.51 1.17 1.20 1.43

Each time frame is equivalent to 100 ps
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Figure 10. RMSD of Apo and Holo proteins a: Main protease, b:
Mpro- N3 complex, c: Mpro-Ellagic acid complex & d: Mpro-

Rhamnetin

During the trajectory, the total, average and range of
RMSD values of the Mpro-Rhamnetin complex is the
highest. The Mpro-Ellagic acid complex also shows
greater value than the Mpro-N3 complex (Table 5).
Furthermore, the distribution of the peaks in the
RMSD histogram (Figure 11) suggests that the Mpro-
N3 complex has its peaks between 1.0-1.5 A; the
Mpro-Ellagic acid complex lies between 1.2-1.5A; and
the Mpro-Rhamnetin complex has its peaks between
1.0- 2.0A.

RMSD Histogram RMSD Histogram

c d

Figure 11. RMSD histogram of Apo and Holo proteins a: Mpro, b:
Mpro- N3 complex, c¢: Mpro- Ellagic acid complex & d: Mpro-
Rhamnetin complex

Put together, predictably, Rhamnetin induces the
greatest distortion of the global structure of Mpro. This
is because during the trajectory, the RMSD of Mpro-
Rhamnetin complex shows steep ascendancy (as
compared with gentle ascendancy of the Mpro-N3
complex). Mpro-Rhamnetin complex also shows the
highest instability as revealed in the total, average and
range of RMSD values. The highest instability is also
seen in Mpro-Rhamnetin complex as revealed in the
range of RMSD values seen in the histogram (Figure
11).

Root Mean Square Fluctuations (RMSF): Under
different physiological, pathological and
pharmacological conditions proteins undergo
fluctuations over a range of time scales. The RMSF
measures the fluctuations of the carbon alpha atom of
residues around their equilibrium conformations (55).

The Mpro-Rhamnetin complex showed the greatest
fluctuations in its global structure. The Mpro-Ellagic
acid complex also showed greater fluctuations in its
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global structure than the Mpro-N3 complex. On the
contrary, the regional fluctuations of the Mpro active
site reveals that the greatest fluctuation was induced by
N3. Ellagic acid also induced a slightly more
fluctuation than Rhamnetin at the Mpro active site
(Table 2S, Figure 12).
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Figure 12. Per-residue RMSF of Apo and Holo proteins a: Main
protease, b: Main protease- N3 complex, c: Main protease-Ellagic
acid, d: Main protease-Rhamnetin

EXPERIMENTAL

Data source: In this study, a library of 1,048 Lipinski
and Veber rule-compliant bioactive compounds was
used. The compounds were obtained from edible
African plants which are fruits, vegetables and spices.
The 3D SDF structures of the natural compounds were
downloaded from Pubchem (24).

Preparation and structural analysis of target
protein structure: The 3D conformer of the crystal
structure of COVID-19 Main Protease in complex with
an inhibitor N3 (PDB ID: 6LU7) was downloaded
from the RCSB Protein Data Bank (23, 25). The co-
crystallized ligand and water molecules attached to the
protein was removed by a visualization tool, Pymol
(26). To reduce the steric clashes of the protein
structure, Chiron, an online server was used for the
energy minimization (27). The Ramanchandran plot of
the target protein was obtained using VADAR
(Volume, Area, Dihedral Angle Reporter) online
server (28).

Molecular docking Molecular docking: All the
ligands were loaded on the Python prescription
software (PyRx 0.8 version) and converted from SDF

to pdbqt format in the preparation for molecular
docking (29). The Universal Force Field (UFF) was

used as the energy minimization parameter and
conjugate gradient descent as the optimization
algorithm. The target protein was docked against
ligands using the following grid parameters, Centre:
X=-26.284, Y= 12.596, Z= 58.9679 and Dimensions
(Angstrom): X= 51.3732, Y=66.9737, Z-59,6071.
Screening: Ligands with the maximum binding
affinity were selected using the docking results (-7.4
kcal/mol) of the reference compound, N3 as cut-off.
Ligands were further screened for molar refractivity
using the SWISSADME server (30). Prediction for
pharmacokinetic properties and bioactivity were done
using the pkCSM and Molinspiration respectively (31,
32). An online SMILES generator, the CACTUS web
server was used to generate the SMILES for N3 (33).

Binding site analyses: Protein-Ligand Interaction
Profiler webserver was used to reveal the binding site
of Mpro and all ligand interactions. The analyses
include the exhaustiveness, name and number of
residues, bond distance and bond angle (34). The
Fpocket webserver was also used to analyze all the
binding pockets of the target protein (35).

Molecular Dynamics Simulations: The Galaxy
(versions 2019.1 and 2019.1.4) supercomputing server
which uses the Groningen Machine for Chemical
Simulations (GROMACS) software was used for the
molecular dynamics simulation of the Apo and Holo
protein structures (36, 37). For Ligand
parameterization, LigParGen was used to generate
GROMACS-compatible topology files for the small
molecules. OPLS-AA/1.14*CM1A was the force field
parameter used (38). For the set-up of the initial
simulation, the parameters used include: OPLS/AA
force field, SPC/E water model, rectangular box type
with all equal sides measuring 1.5nm each and
Hydrogen was ignored. The SPC water model was
used for solvation and the addition of ions. For energy
minimization, the steepest descent algorithm was used
for 50,000 steps. 1.0 was used for all the Distance cut-
offs (include for short range van der Waals, Coulomb,
and the short-range neighbor). Fast smooth Particle-
Mesh Ewald electrostatics and EM tolerance of 1000
were used as other energy minimization parameters.

NVT and NPT equilibration was performed with the
following parameters: 0.002 ps step length, 5,000 steps
between saving data points, 300k temperature, leap-
frog integrator, and constrained Bonds with H-atoms.
Finally, a 2ns molecular dynamics simulation of the
Apo and Holo structures was performed using
1,000,000 steps. Analyses of trajectories were done
using the BIO 3D tool on the Galaxy super-computing
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platform (39). These include the Principal Component
Analysis (PCA), Root Mean Square Fluctuation
(RMSF) of protein backbone, and Root Mean Square
Deviation of atomic positions (RMSD) (37).

CONCLUSION

The Mpro is an essential enzyme for the proteolytic
maturation of the coronavirus. Hence it has become
therapeutic target in combating COVID-19. After
docking 1,048 natural compounds against Mpro and
screening for good pharmacokinetic properties and
bioactivity, two lead compounds namely Ellagic acid
and Rhamnetin were identified. Overall, the lead
compounds proved to be better drug candidates than
the standard in terms of bioavailability and
pharmacokinetic properties.

Rhamnetin interacted directly on the active site
suggesting a competitive inhibition of Mpro while
Ellagic acid interacted at a suspected allosteric site (in
the same domain) just like some other natural
compounds, Rein, Withanolide D, Withaferin A and
Enoxacin (16). Though the standard is predicted to
have a better protease inhibition activity, the lead
compounds excel in terms of general enzyme
inhibition. The molecular dynamics calculations
confirm that Rhamnetin induces the greatest instability
of the Mpro global conformation suggesting the
greatest inhibitory effect. However, at the active site,
Ellagic acid induces slightly greater motions than
Rhamnetin as revealed by the PCA and RMSF values.
This suggests that though Ellagic acid does not bind at
the Mpro active site, it probably has an allosteric effect
on it.

Ellagic acid is a polyphenol found in several fruits
such as walnut, grapes and strawberries (56). It inhibits
the replication of Human rhinoviruses HRV-2, and
HRV-3) which are also single-stranded positive-sense
RNA viruses that are also a major cause of common
cold (57). As part of the extract of Rhodiolarosea,
Ellagic acid displayed specific and potent inhibition
against the cell entry of both Ebola and Marburg
viruses. (58). The antiviral activity of Ellagic acid has
also been demonstrated against high-risk Human
Papilloma Virus (59).

The antiviral activity of Rhamnetin which is an O-
methylated flavonol found in cloves has also been
established. Rhamnetin is an inhibitor of
Neuroinvasive West Nile virus replication and another
derivative, isorhamnetin has potent effect against the
influenza virus (60, 61). A combination of eugenol and

rhamnetin both isolated from cloves exhibited
inhibitory activity against Influenza HIN11, Hepatitis-
B/C, Zika, Dengue, CMV, HIV-1, SFV, Sindbis,
respiratory syncytial, and Ebola viruses (62).

It is recommended that the inhibitory effect of
Rhamnetin on the active site should be further
investigated. The possible allosteric effect of Pocket 8,
where Ellagic binds on the structure and function of
the Mpro active site should also be determined. While
Rhamnetin has to go through the rigorous process of
drug development, Ellagic acid is readily available as
commercial food supplements making clinical trials
easier.
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