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ARTICLE INFO ABSTRACT

Keywords: Antiviral culinary plants are potential bioresources for preventive nutraceuticals and/or antiviral drugs in
Food her_bs COVID-19. Structure-based virtual screening was undertaken to screen 173 compounds previously reported from
CorOI“Da‘;lms Vernonia amygdalina and Occinum gratissimum for direct interaction with the active site of the 3-Chymotrypsin-
COVID-19 . Like Protease (3CLP™) of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Based on docking
Phytochemicals . . s 1 X .

Terpenoids scores and comparison with reference inhibitors, a hit-list of 10 top phytocompounds was defined, which also

had strong interactions with the catalytic centre of 3CLP™ from three related strains of coronavirus (SARS-CoV,
MERS-CoV, HKU4). Among these, six compounds (neoandrographolide, vernolide, isorhamnetin, chicoric acid,
luteolin, and myricetin) exhibited the highest binding tendencies to the equilibrated conformers of SARS-CoV-2
3CLP™ in an in-depth docking analysis to 5 different representative conformations from the cluster analysis of the
molecular dynamics simulation (MDS) trajectories of the protein. In silico drug-likeness analyses revealed two
drug-like terpenoids viz: neoandrographolide and vernolide as promising inhibitors of SARS-CoV-2 3CLP™. These
structures were accommodated within the substrate-binding pocket; and interacted with the catalytic dyad
(Cys145 and His‘”), the oxyanion loop (residues 138-145), and the S1/S2 sub-sites of the enzyme active site
through the formation of an array of hydrogen bonds and hydrophobic interactions. Molecular dynamics
simulation and binding free energy calculation revealed that the terpenoid-enzyme complexes exhibit strong
interactions and structural stability. Therefore, these compounds may stabilize the conformation of the flexible
oxyanion loop; and thereby interfere with the tetrahedral oxyanion intermediate formation during the proteo-
Iytic activity of the enzyme.

Molecular docking
Molecular dynamics simulations

inapplicability of antibiotics [1]. SARS-CoV-2 was shown to share a close
genome sequence with previously reported strains such as SARS-CoV,

1. Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is responsible for the current global health crisis called coronavirus
disease 2019 (COVID-19). Coronavirus infections have been life-
threatening and difficult to treat due to their rapid outbreak, ease of
adaptation, emergence of new and resistant viral strains and the

MERS-CoV, and HKU4, mostly in the open reading frame a (ORFla)
[2]. Hence, SARS-CoV-2 has been clustered with beta-coronavirus
genera, including SARS and SARS-like coronaviruses. The genome of
SARS-CoV-2 contains a positive-sense, single-stranded RNA of about 30
kb size [3]. It is made up of a number of ORFs, with the first ORF being
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the largest, representing about 66 % of the genome [4]. During viral
infection of host cell, the genome of the virus is emptied into host cell.
This is followed by translation of the genomic content using the host’s
ribosomes to generate the viral structural and non-structural proteins
[5]. The first ORF results in about 16 non-structural proteins (nsps),
including the non-structural protein 5 (nsp5), also called 3-Chymotryp-
sin-like protease (3CLP™). The protease 3CLP™ consists of 306 amino
acid residues, ranging from amino acid 3264 to amino acid 3569 of the
polyprotein 1 ab.

The 3-Chymotrypsin-like protease (3CLP™) is a cysteine protease that
facilitates the proteolytic processing of the viral polyproteins to yield
functional proteins essential for the packaging of new virions [6]. It is
one of the most important components of viral replication as it cleaves
the replicase polyprotein after its translation at 11 different sites
releasing most of the functional protein components of the
replicase-transcriptase complex, hence it is also known as main protease
(MP™) of coronaviruses [7]. Amino acid sequence alignments of this
protease revealed that, SARS-CoV-2 3CLP™ had ~96 % sequence identity
with the previous SARS-CoV 3CLP™, and ~50 % sequence identity with
MERS-CoV 3CLP™ [8]. Its substrate specificity is primarily defined by the
residues at the P1, P1’ and P2 positions of the peptide substrate. These
positions are highly conserved in all coronaviruses in particular the
presence of glutamine at the P1 position (N-terminus of the scissile
bond) of the substrate is strictly required for 3CLP™ binding across all
coronaviruses [7]. Inhibition of 3CLP™ by compounds is not expected to
interfere with human proteases since the protease has no homologue in
human [6]. In addition, since 3CLP™, plays critical role in the survival,
replication and infectivity of SARS-CoV-2, it is an attractive drug target
[9]. Inhibitors of this protease such as lopinavir and ritonavir, used for
the treatment of HIV are reported for their potential use against
COVID-19 [10].

While drug repurposing towards targeting important proteins in
SARS-CoV-2 are still under development, considerable volume of sci-
entific evidence suggest that novel natural compounds with potential
antiviral activities can be deployed against SARS-CoV-2 [11-13].
Studies have revealed that such compounds from indigenous herbs and
medicinal plants may inhibit replication of coronaviruses, especially
SARS-CoV-2 [14-16]. African tea leaf (Vernonia amygdalina Del.), is a
small shrub growing predominantly in tropical Africa widely used for
culinary purposes [17,18]. This plant has been used earlier in Western
Africa against several viral diseases [19,20]. African basil (Occinum
gratissimum), a culinary herb with strong spicy flavour widely consumed
in West Africa, is known to exhibit a wide range of biological roles
including antiviral activities [21]. In vitro studies showed that its leaf
extract inhibited HIV-1 and HIV-2 replication with antiviral indices of
110 [22]. These culinary herbs alongside others with well documented
antiviral activities such as Aframomum melagueta and Piper guineense
have been suggested as potential bioresources for preventive nutra-
ceuticals and antiviral drugs against COVID-19 [23,24].

Structure-based virtual screening (SBVS) has been widely employed
to search chemical compound libraries towards bioprospecting novel
bioactive molecules against viral drug targets in the on-going campaign
against coronavirus pandemic [25,26]. It is a fast, environmentally
sound, and cost effective approach used in early-stage of drug discovery
process [27]. In this technique, a dataset of compounds is docked into
the binding site of the three-dimensional (3D) structure of the biological
target obtained from X-ray, NMR, or computational modelling, in order
to select a subset of these compounds based on the predicted binding
scores for further biological evaluation. Rapid identification and docu-
mentation of antiviral structures from widely consumed African anti-
viral culinary herbs and spices such as Vernonia amygdalina and Occinum
gratissimum may help to support the current drive towards developing
safe, accessible and economically feasible antiviral preparations to be
used as home-grown preventive nutraceuticals, food supplements, and
antiviral drugs against the pandemic. Therefore, this study was carried
out to screen an in-house library of 173 compounds from Vernonia
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Table 1

Binding site coordinates of 3-Chymotrypsin-like protease of Coronaviruses.
Dimensions ~ SARS-CoV-2 (A)  SARS-CoV (A)  MERS-CoV (A)  HKU4 (A)
center_x 11.06 44.40 35.38 29.28
center_y 4.06 14.71 21.37 44.91
center_z 14.93 11.43 38.10 16.60
Size x 18.50 23.16 20.37 20.89
Size y 23.02 18.95 15.65 18.37
Size z 23.02 21.66 20.38 20.47

amygdalina and Occinum gratissimum for druggable phytochemicals with
direct interactions with the active site of SARS-CoV-2 3CLP™ in silico.

2. Materials and methods
2.1. Retrieval and preparation of protein structure for molecular docking

The recently published three-dimensional structure of 3CLP™ of
SARS-CoV-2 (PDB ID: 6Y84), and those of SARS-CoV (PDB ID: 2DUC),
MERS-CoV (PDB ID: 4YLU) and HKU4 (PDB ID: 2YNA), were retrieved
from the Protein Data Bank (http://www.rcsb.org). All the crystal
structures were prepared by removing existing ligands and water mol-
ecules, while missing hydrogen atoms were added using Autodock
version 4.2 programs (Scripps Research Institute, La Jolla, CA).

2.2. Ligand preparation for molecular docking

Structure Data Format of the 173 bioactive phytocompounds derived
from Vernonia amygdalina and Occinum gratissimum were retrieved from
the PubChem database (www.pubchem.ncbi.nlm.nih.gov) alongside the
reference inhibitors viz: Lopinavir, Ritonavir and N-{4-[(1H-benzo-
triazol-1-ylacetyl) (thiophen-3-ylmethyl)amino]phenyl}propanamide
(R30) of 3CLP™. They were converted to mol2 chemical format using
Open babel [28], while compounds that were not available on the
database were drawn with ChemDraw version 19, and converted to
mol2 chemical format. Polar hydrogen charges of the Gasteiger-type
were assigned to atoms, while the non-polar hydrogen molecules were
merged with the carbons. Ligand molecules were further converted to
the dockable PDBQT format using AutoDock Tools.

2.3. Molecular docking study

An active site targeted molecular docking of the 173 phytochemicals
and reference inhibitors against SARS-CoV-2 3CLP™ was initially per-
formed using AutoDock Vina in PyRx 0.8 [29]. Based on the docking
scores, binding poses and interaction in the catalytic site, a hit-list of 21
phytochemicals was defined. The top docked compounds were further
docked into the active sites of 3CLP™ of SARS-CoV, MERS-CoV and
HKU4. Before docking analyses, all ligands were imported and energy
minimization was performed with OpenBabel [28] incorporated into
PyRx 0.8. The Universal Force Field (UFF) was used as the energy
minimization parameter and conjugate gradient descent as the optimi-
zation algorithm. The grid boxes used for docking studies were obtained
by selecting the amino acid residues that define the active site of enzyme
and drawing the grid box to enclose them (Table 1). All the other pa-
rameters were kept as default. The molecular interactions were viewed
with Discovery Studio Visualizer version 16.

2.4. Molecular dynamics simulation

The structure of SARS-CoV-2 3CLP™ was downloaded from the Pro-
tein Data Bank with code 6Y84 [30,31]. The unliganded was subjected
to a 100 ns production run at the NVT ensemble (normal volume and
temperature with a constant number of atoms) molecular dynamics
simulation (MDS). Before the production run, the system was subjected
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Table 2
Structures of reference inhibitors and top docked phytochemicals with the active sites of 3CLP™ of Coronaviruses.

S/N Compounds Class of compounds Chemical Structure Source Plants

S1 Lopinavir C NH

NAO
(o]
NH
~OH

S2 Ritonavir O

S3 R30 /g

1 Vernolide Sesquiterpene lactones Vernonia amygdalina
2 Vernomygdin Sesquiterpene lactones Vernonia amygdalina
3 11, 13-dihydrovernodalin Sesquiterpene lactones Vernonia amygdalina
4 Chicoric acid Phenolic acids OH Occinum gratissimum
OH
H Ay
OH O” ~0O
o OH
o. 0 (0]
HO Ay
HO

OH

5 Rosmarinic acid Phenolic acids Occinum gratissimum

(continued on next page)
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Table 2 (continued)
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S/N Compounds Class of compounds Chemical Structure Source Plants
OH
OH
(0]
HO
00O
H o~ H
6 Luteolin Flavonoids Occinum gratissimum
7 Neoandrographolide Diterpenoid lactone Vernonia amygdalina
8 Vernomenin Sesquiterpene Vernonia amygdalina
9 myricetin Flavonoids OH O Occinum gratissimum
OH
HO ‘ 0 O
OH
OH
10 Isorhamnetin Flavonoids OH O Vernonia amygdalina

to minimization for 10,000 steps using a conjugate gradient algorithm.
CHARMM 36 force field was used in the MDS using the Nanoscale Mo-
lecular Dynamics (NAMD 2.13) software [32,33]. Visualizing Molecular
Dynamics (VMD 1.9.3) software was used to prepare the input files and
analyze the output trajectories [34]. A water box was added to the
protein system after adding the missing Hydrogen atoms and removing
any ligands. TIP3P water model was used to resemble the added water
box, with 10 A padding, for the periodic boundary condition to be
applied [35]. Nose-Hoover Langevin piston was used to control the
pressure at 1.01325 bar. In contrast, Langevin dynamics controlled the
system’s temperature at the physiological value. The temperature, pH,
and salt concentration were set at the physiological values (310 K, 7.0,
and 0.154 M NaCl, respectively) during the simulation period. The time
step was set at its default two fs with SHAKE approximation in action.
Subsequently, cluster analysis of the trajectories was performed using
the UCSF Chimera software using its default values [36]. A representa-
tive conformation from each cluster was used in the in-depth docking
experiment as discussed below.

After a series of docking experiments, the backbone protein (3CLP™)
and the best two complexes (3CLP™-Neoandrographolide and 3CLP™-

vernolide complexes) were chosen for Molecular Dynamic Simulation
(MDS) using NAMD 2.13. The necessary MDS files were generated using
CHARMM-GUI [37-39] while setting the salt concentration and tem-
perature to 0.154 NaCl and 310 K, respectively, to mimic the physio-
logical conditions. Before running the production of 50 ns, the system
was minimized for 10,000 steps in a constant number of atoms, constant
volume, and constant temperature (NVT) ensemble using a conjugate
gradient algorithm, then equilibrated in a constant number of atoms,
constant pressure, and constant temperature (NPT) ensemble for one ns.
The pressure was controlled by the Nose-Hoover Langevin piston set to
atmospheric pressure (1.01325 bar), while the temperature was
controlled by Langevin dynamics. The force field used was the
CHARMMS36 force field.

Binding affinity was calculated using Molecular Mechanics Gener-
alized Born Surface Area (MM-GBSA) utilizing MMPBSA.py script
implemented in Amber tools 17 [40,41]. All frames (500 frames with
time interval of 100 ps between frames) were used in the calculation
with salt concentration set to 0.154 Mol, while the rest of the settings
were left as default.
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Table 3
Binding energies of top ten ranked phytochemicals docked in the active sites of
3-Chymotrypsin-like proteases of coronaviruses.

S/ Compounds Binding energies (Kcal/

N mol)
PubChem SARS- SARS- MERS-  HKU4
ID CoV-2 CoV CoV
S1 Lopinavir 92,727 -7.2 -8.3 -7.5
S2 Ritonavir 392,622 -7.2 -7.2 -7.1
S3  R30 -7.5
1 Vernolide 5,281,508 —8.0 -7.9 -7.7 -7.7
2 Vernomygdin - -7.9 -7.7 -7.6 -7.2
3 11, 13- 23,786,372  —7.8 -7.8 -7.4 -7.2
dihydrovernodalin
4 Chicoric acid 5,281,764 -7.7 -7.4 -8.3 —8.9
5 Rosmarinic acid 5,281,792 -7.7 -7.2 -8.0 -8.7
7 Neoandrographolide 9,848,024 -7.7 —8.3 -7.8 -8.1
6 Luteolin 5,280,445 -7.7 -7.7 -7.7 —8.3
8 Vernomenin 442,324 -7.7 —-6.9 —6.4 —6.7
9 Myricetin 5,281,672 7.7 -7.5 -7.9 -8.0
10  Isorhamnetin 5,281,654 -7.6 —8.0 -7.7 —8.4

2.4.1. Molecular docking to different clusters from molecular dynamics
trajectories

Five different coordinates of 3CLP™ after cluster analysis of the MDS
trajectories were used to dock the best ten compounds (vernolide, ver-
nomygdin, 11, 13-dihydrovernodalin, neoandrographolide, vernome-
nin, myricetin, chicoric acid, luteolin, rosmarinic acid, and
isorhamnetin) along with the reference inhibitors (ritonavir and lopi-
navir) using AutoDock Vina software [29,42]. The 3D structures of these
ten were generated using the Avogadro software [43], while the Uni-
versal Force Field (UFF) was employed to optimize it using the steepest
descent algorithm with energies (806, 1046, 2015, 1740, 394, 741, 428,
388, 272, 241, 213, and 875 kJ/mol, respectively) [43-45]. The
Protein-Ligand Interaction Profiler (PLIP) web server and PyMOL 2.4
software were utilized to analyze the docking complexes [46].

Table 4
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2.5. In silico physicochemical properties and ADMET study

The top ranked compounds based on their binding affinity and
docked poses with the 5 different representative structures were sub-
jected to various drug-likeness and ADMET filtering analysis. The drug-
likeness analysis which includes Lipinski, Veber, Ghose, Egan and
Muegge were performed on the SwissADME (http://www.swissadme.
ch/index.php) webserver. [47], while the predicted Absorption, Distri-
bution, Metabolism, Excretion and toxicity (ADME/tox) study was
analysed using the SuperPred webserver (http://Ilmmd.ecust.edu.cn
/admetsarl/predict/) [48]. The SDF file and canonical SMILES of the
compounds were downloaded from PubChem Database or copied from
ChemDraw to calculate ADMET properties using default parameters.

3. Results and discussion

3.1. Screening of phytochemicals against the active site of SARS-CoV-2
3crre

Structure-based virtual screening has been used widely to identify
potential inhibitors of SARS-CoV-2 replication [16,49]. Common tech-
niques such as molecular docking simulations use scoring functions to
estimate the force of non-covalent interactions between a ligand and
molecular target in order to predict the best mode of interaction between
two molecules to form a stable complex. The preliminary results of
molecular docking of the phytochemicals from Vernonia amygdalina and
Occinum gratissimum against the 3CLP™ of the novel SARS-CoV-2
alongside with the reference inhibitors (lopinavir and ritonavir) are
represented in Table S1 (supplementary material). From the results, a hit
list of 21 phytochemicals (Table S2) were selected based on their
orientation at the catalytic site, the interacting residues and binding
affinities comparable to those of reference inhibitors, lopinavir (AG =
—7.2 kcal/mol) and ritonavir (AG = —7.2 kcal/mol).

Further binding docking of the topmost 10 compounds (Table 2)
against the active regions of the target protein in SARS-CoV, MERS-CoV
and HKU4 (Table 1), revealed that, these chemical structures (Table 2)
had considerable docking scores (Table 3) and interactions with the

Interacting amino acid residues of the 3CLP™ of Coronaviruses with the top phytochemicals of Vernonia amygdalina and Occinum gratissimum.

Coronavirus Residues involved in hydrogen bonding (bond distance, ;\) Residues involved in Residues involved in
Compounds hydrophobic interactions others interactions
Lopinavir (S1) SARS-Cov-2  GLU'®® (2.97) ASN'*? (2.97) PRO'®® (2.97) SER'*4(2.97) MET*® HIS*! LEU% cys!*
Ritonavir (S2) SER*°(2.46) THR?°(3.24) MET*® MET'®5 GLU'®®
Vernolide GLY'*® (2.00) MET'®® (3.63) HIS*! (2.25) cys'#
Vernomygdin GLU'% (2.97) HIS'®® (2.97) ASN'*? (2.97) GLY'*3(2.97) MET¢> CYS'*> LEU% MET*
(2.97)
11, 13- CYS'S (2.74) ASN'*? (2.25) MET®® HIS*! LEU?
dihydrovernodalin
Lopinavir (S1) SARS-CoV CYS' (2.49) THR?® (2.74) GLU®° (2.10, 2.08) MET*° HIs*!
Ritonavir (S2) THR?*(2.31) HR? (2.47) THR?°(2.92) ASN'*? (3.12) CYs* cys'*> MET*
Neoandrographolide ASP*® (2.92) GLU®® (3.13, 3.37) GLUY (2.47) HIS* CYS'*® cys** MET!6® HIs!3
MET*°
Isorhamnetin HIS*! (2.47) CYS'* (2.47) MET'®® (2.47) THR*>(2.74) MET*° (2.47)  MET* GLUY
THR?*(2.74)
Vernolide ALA* (2.47) THR?®(2.74) GLY?® (2.74) HIs*! cys'*®
Lopinavir MERS-CoV GLN'%°(2.81) GLY'®” (2.66) HIS*! cys'*® cys* MET?®
LEU*® ALA%
R30 GLU'® (3.42) GLN'®” (3.09) CYS'*> MET'®® GLN'*2 LEU'7°
His*! LEU*®
Chicoric acid MET®® (2.88) HIS*! (3.40) LYS'! (2.45) LEU'7° (2.52) GLN'® (2.42)  CYS'*5 Cys!*®
HIS'®® (2.31) PHE'*3(2.41)
Rosmarinic acid GLN'%7 (2.16) GLU'® (2.20) GLN'*? (2.68) THR*® (2.97) His*! LEU*®
Myricetin PHE'*® (2.40) HIS'®® (2.82) GLU'®° (2.10, 2.14) Cys'*® LEU* HIS"
Ritonavir HKU4 CYS' (3.31) CYS'*® (3.67, 2.75) GLY'®” (2.92, 3.03) GLY'*? (2.06)  LEU*® ALA*® GLN'° HIs*!
ASN'?2 (2.34)
Chicoric acid CYS'5 (3.68) GLY'*° (2.36) HIS'®° (2.90, 1.98) SER'¥ (2.48) LEU'**  LEU%

Rosmarinic acid
Isorhamnetin

(2.32) THR'?® (1.92) LYS'®! (1.99) GLU'®° (2.70)
HIS* (3.04) LEU* (2.92) TRY>* (2.68) THR'*® (2.72)
GLU'®° (2.70) HIS*! (3.06) LEU'** (2.70)

GLY!?2 MET'8
METl 68 CYSl 45
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Fig. 1. Amino acid interactions of top binding phytochemicals in the active site of 3-Chymotrypsin-like protease of SARS-CoV-2 3CLP™. (S) Surface view (a-e)
interactive view. Ligands in stick representation are presented in different colours: (a) green: lopinavir (b) red: ritonavir (c) blue: vernolide (d) orange: vernomygdin
(e) purple: 11,13-dihydrovernodalin. Types of interactions are represented by: Green-dotted line-hydrogen bonding; light purple-dotted line-hydrophobic interaction (pi-alkyl,
alkyl and pi-stacking); purple-dotted line-pi-pi T-Shaped interaction; light purple-dotted line - pi-stacking interaction yellow-dotted line-pi-sulfur interaction and 3-letter
abbreviation of amino acids are in red colour.
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coronavirus strains. Early homology models of SARS-CoV-2 3CLP™
indicated close structural relation to those of other coronaviruses. Su-
perimposition of the X-ray crystal structures of the 3CLP™ of SARS-CoV-2
and other coronavirus strains indicates a considerable degree of struc-
tural similarity and conservation of the active site [8]. This is currently
exploited for the development of SARS-CoV-2 3CLP™ inhibitors that
were based on previous compounds targeting the 3CLP™ of these related
coronaviruses [8].

While the top three ranked phytochemicals SARS-CoV-2 3CLP™ were
found to be vernolide, vernomygdin and 11, 13-dihydrovernodalin
(—8.0, —7.9 and —7.8 kcal/mol respectively); neoandrographolide,
isorhamnetin and vernolide (—8.3, —8.0 and —7.8 kcal/mol respec-
tively) were topmost against SARS-CoV 3CLP™; chicoric acid, rosmarinic
acid and myricetin (—8.3, —8.0 and —7.9 kcal/mol respectively) against
MERS-CoV and chicoric acid, rosmarinic acid and isorhamnetin (—8.9,
—8.7 and —8.4 kcal/mol respectively) against HKU4 (Table 3). It was
observed that the top three ranked phytochemicals for SARS-CoV-2 and
SAR-CoV 3CLP™s were isolated from Vernonia amygdalina while those for
HKU4 3CLP™ were from Occinum gratissimum.

3.2. Molecular interactions between the top docking phytochemicals and
the active sites of 3CLP™ of coronaviruses
A monomer of 3CLP™ is made up of three domains: domain I (resi-
dues 8-101), domain II (residues 102-184), and domain III (residues
201-303) and a long loop (residues 185-200) connects domains II and
III. Domains I and II comprise six-stranded antiparallel p-barrels with the
substrate binding site at the intersection of the two domains. The
enzymatic activity of 3CLpro resides in the catalytic dyad of Cys'*® and
His*' [50]. The substrate-binding pocket lies in the cleft between do-
mains I and II, and features the catalytic dyad residues Cys'*® and His*'.
The substrate-binding pocket is divided into a series of subsites
(including S1, S2, S4 and S1°), each accommodating a single but
consecutive amino acid residue in the substrate. Ser! in each one
monomer interacts with Phe!*® and Glu'®® of the other monomer to
stabilize the S1 subsite, a structural feature that is essential for catalysis
[51]. The current study revealed that, the reference drugs and the
top-docking phytocompounds form complexes with SARS-CoV-2 3CLP™
that are stabilized by numerous non-covalent interactions in the active
regions of the target protein of the coronaviruses as shown in Table 4.
Lopinavir and ritonavir the antiretroviral protease inhibitors which
were originally developed for use against HIV and later recommended
for the treatment of SARS and MERS infections [52], were used as
reference drugs. The interactions of lopinavir were majorly through
hydrogen bonds and hydrophobic interactions, with few electrostatic
interactions. While the 4-hydroxyl and acetyl group of lopinavir inter-
acted via hydrogen bond with GLU*® and SER'** of the domains I and IT
of 3CLP™ of SARS-CoV-2, its 3-methyl and 1-phenyl moieties interacted
via a hydrogen bonds. The 1-phenyl and the methyl moieties of the 2,
6-dimethylphenoxy interacted via hydrophobic interactions with the
catalytic dyad (Cys'*® and His*') residues of 3CLP™ of SARS-CoV-2
(Fig. 1). For 3CLP™ of SARS-CoV, the 1-amino group of 2-oxo-1,3-diazi-
nan-1-yl, 4-hydroxyl and acetyl groups of lopinavir interacted via
H-bond with GLU'®, THR?® and CYS!*® in the same domain as
SARS-CoV-2 while the 3-methyl and 1-phenyl groups formed an alkyl
and pi-sulfur interaction with MET* and CYS'* respectively
(Figure S1). In the case of HKU4, two hydrogen bonds were observed
between GLU'®® and GLN'® and the carbonyl group and amino group of
the butanamide moiety of lopinavir respectively (Figure S2), while hy-
drophobic interactions were formed by the phenyl rings. In the same
vein, ritonavir having the same binding affinities as lopinavir interacted
in a different manner with 3CLP™ of the coronaviruses. The 15-hydroxy,
7-oxatetracyclo moiety and the carbonyl group of methylprop-2-enoate
of vernolide interacted via H-bond with HIS41, GLY'® and MET'®® of
3CLP™ of SARS-CoV-2, while the heptadec-9-en-3-yl ring formed an
alkyl interaction with CYS!*® (Table 4). The hydrogen bonds observed
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between vernomygdin and HIS'®3, GLU®, and GLY'*® of 3CLP™ of
SARS-CoV-2 were contributed by dihydrofuran-2 (3H)-one and the
carbonyl group of methylpropanoate. The heptadec-9-en-3-yl ring and
the alkyl group of methylpropanoate moiety were responsible for the
alkyl interactions with amino acids of 3CLP™ of SARS-CoV-2. The hy-
droxyl group of hydroxymethyl-prop-2-enoate of 11, 13-dihydroverno-
dalin contributed the only hydrogen bonds with CYS!*® of 3CLP™ of
SARS-CoV-2. Several alkyl and pi-alkyl interactions were formed by the
rings and methyl group of the furan ring of 11, 13-dihydrovernodalin
and 3CLP™ of SARS-CoV-2.

Vernolide, vernomygdin and 11, 13-dihydrovernodalin, the best
docked phytochemicals in the SARS-CoV-2 3CLP™ were observed to
interact with the S1 subsite residues such as HIS*, ASN'*2, GLY'*3,
SER'** and the GLU'®® of p11. Interactions with the S1 and p11 residues
have been reported for some other inhibitors of SARS-CoV-2 replication
[6,51], suggesting that these three phytochemicals may effectively
inhibit the proliferation of the virus. Interactions of the compounds at
the S2 subsite were predominantly hydrophobic except for vernomygdin
that formed a hydrogen bond with HIS'6® and important residue in the
hydrophobic pack that have been implicated in its catalytic activity [6]
(Table 4). The binding of the top three ranked compounds docked in
3CLP™ of the coronaviruses revealed that isorhamnetin and all the
phytochemicals of V. amygdalina interacted with both amino acids of the
catalytic dyad, indicating that they may be more effective inhibitors of
the enzyme. The stability of the complexes formed stemmed from the
vast number of interactions with some important active site residues
HIS*!, MET*’, MET'®®, THR?®, LEU%, ASP*%, LEU®’, LEU'¥, CYS'*,
HIS'®, LEU'7, PRO'%8, AEP'®7, and ALA'®! which have been reported
to be significant for the binding of the inhibitors with 3CLP™ [53].
SARS-CoV 3CLP™ had the highest binding affinity for neo-
andrographolide, a diterpene lactone obtained from V. amygdalina. The
2H-Furan-5-one ring formed two hydrogen bonds to ASP*® and GLU*’.
An alkyl interaction was formed by the methyl group at the
oxan-2-yl-oxymethyl junction with CYS!*> while the several pi-alkyl
interactions were majorly formed by the 1H-naphthalen-1-yl and
2H-Furan-5-one ring (Figure S1). Isorhamnetin, an O-methylated
flavonol obtained from Vernonia amygdalina interacted via conventional
H-bonds with GLU'®®, GLY'*® and THR*. A carbon hydrogen interac-
tion was observed with CYS'*® and THR?*, while pi-cation, pi-sulfur and
pi-alkyl were observed between the rings and HIS**, MET* and CYS#®
respectively. The carbonyl group of methylprop-2-enoate moiety and
15-hydroxyl group of vernolide formed a conventional hydrogen bond
with GLY'*® and THR®® of SARS-CoV 3CLP™. Pi-alkyl and alkyl in-
teractions of the heptadec-9-en-3-yl with HIS*! and CYS'*® were also
observed. Phytocompounds from the plants had comparable interactions
with MERS-CoV as the co-crystalized compound N-{4-[(1H-benzo-
triazol-1-ylacetyl) (thiophen-3-ylmethyl)amino]phenyl}propanamide
(Tables 3 and 4). Chicoric acid and rosmarinic acid, from Occinum gra-
tissimum, were the top docked phytochemicals to MERS-CoV and HKU4
3CLP™. The 3,4-hydroxyl group on the two phenyl moiety of chicoric
acid were major donors of hydrogen atoms for the H-bonds, while the
first phenyl ring made Pi-sulfur and Pi-alkyl contacts to the active site
cysteine (CYS!*® and CYS!'*®) of MERS-CoV. The hydroxyl and the
carbonyl group of the prop-2-enoyl moiety of rosmarinic acid formed
hydrogen bonds to GLN'®” and GLU®° respectively. The phenyl ring
linked to the prop-2-enoyl group formed Pi-Pi T-shaped and Pi-Alkyl
contact to HIS*! and LEU*® of MERS-CoV respectively (Figure S2). The
3 hydroxyl unit attached to ring B of myricetin formed 2 hydrogen bonds
with PHE'*® and GLU'®°, while the 4-hydroxyl formed a hydrogen bond
with HIS'®5, The A and C rings of myricetin made Pi-Pi-stacked contacts
with HIS*, while the B ring made Pi-Alkyl and Pi-sulfur contacts with
LEU* and cys!#® (Figure S2). In the case of HKU4, the hydroxyl and
carbonyl groups on prop-2-enoyl [oxy]butanedioic moiety of chicoric
acid interacted via several H-bonds with the residues at the active site.
The hydroxyl and carbonyl groups on prop-2-enoyl [oxy]propanoic
moiety of rosmarinic acid contributed the 3 hydrogen bonds to TYR>*,
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Fig. 2. The average binding energy values of the reference compounds (Ritonavir and Lopinavir) and the best ten natural compounds calculated with AutoDock

Vina software.

Table 5

The interactions of the top 10 ranked phytochemicals of Vernonia amygdalina and Occinum gratissimum and positive control (Ritonavir and Lopinavir) for the best

representative conformation from the cluster analysis of SARS-CoV-2 3CLP™

molecular dynamics simulation (MDS) trajectories.

Compound Binding energies (kcal/mol) H-bonding Hydrophobic interactions

Number  Residues from SARS-CoV-2 3CLP™ Number  Residues from SARS-CoV-2 3CLP™
Ritonavir —6.4 6 ASN'*2(2), GLY'*3, SER'**, CYS'*°, and GLU'®® 1 MET!®%
Lopinavir —6.3 5 ASN'#2, GLY!*3, ASP'78(2), and GLN'®° 1 THR?®
Vernolide -7.5 3 GLY'*3, SER'**, and CYS'*° 1 MET!®%
Vernomygdin —-6.9 5 ASN'2, GLY'3, SER', CYS'*%, and GLN'®° 2 MET'®5, and GLU%®
11, 13-dihydrovernodalin ~ —6.6 6 ASNZ8(2), GLY'*3, SER'**, CYS'#°, and GLU'®® 3 LEU? (2), and MET'%°
Neoandrographolide -7.7 7 THR*, SER*, LEU®?, ASN'#2, GLY'*3, SER'#4, and CYS'*®* 1 THR?®
Vernomenin -6.4 3 GLY'*3, SER!**, and CYS'*® 2 THR?®, and LEU%
Myricetin 7.1 7 LEU', ASN'2, GLY'*3, SER'** (3), and GLU'%® 0
Chicoric acid -7.3 6 LEU', ASN'#2, GLY!*3, SER'*4 (2), and CYS'*® 1 GLN'®
Luteolin 7.2 4 SER'*4, GLU'%®(2), and GLN'®° 0
Rosmarinic acid —6.8 7 THR?® (2), PHE', LEU'*!, GLY'*3, SER'*4, and CYS'*® 0
Isorhamnetin 7.4 6 ASN'#2, GLY!*3, SER'** (3), and CYS'*® 0

Residues in bold represent the most reported residues that interacted with the compounds.

LEU*® and HIS"! (Figure $3), while the first 3,4-dihydroxyphenyl moiety
formed the hydrophobic interactions. HIS* formed both hydrogen bond
and pi-pi T-shaped interaction with the carbonyl group on the
chromen-4-one moiety of isorhamnetin. The 4-hydroxy-3-methoxy-
phenyl moiety of isorhamnetin formed carbon hydrogen and pi-alkyl
interactions with CYS'#° (Figure S3).

3.3. Optimization of docking interactions of phytocompounds with SARS-
CoV-2 3CLF™ conformations

An in-depth docking simulation of the phytocompounds and refer-
ence inhibitors was performed to optimize the docking experiment and
interactions with the target protein using previously reported protocols
[54,55]. Fig. 2 shows the average binding affinities of the best ten
phytocompounds along with the reference inhibitors (positive controls)
against the five different representative conformations gotten from the
clustering analysis of the SARS-CoV-2 3CLP"® MDS trajectories (see
Figure S3). The means and the standard errors of the mean of the 5
binding energies for each representative conformation of SARS-CoV-2
3CLP™ were calculated for each phytochemicals and reference in-
hibitors. As reflected from the binding energy values, the ten phyto-
chemicals are able to bind effectively to the SARS-CoV-2 3CLP™ different
conformations, just like the positive controls. The binding energy values

ranged from —6.1 Kal/mol (rosmarinic acid) down to —8.1 kcal/mol
(neoandrographolide and chicoric acid). As reflected from Fig. 2, ver-
nolide, neoandrographolide, myricetin, chicoric acid, luteolin, and Iso-
rhamnetin (green columns) are the compounds with best the binding
affinities to SARS-CoV-2 3CLP™. The interactions of the best docked
phytocompounds with SARS-CoV-2 3CLP™ were further analysed using
the PLIP webserver.

From the docking results, five complexes for each phytochemical
were generated. The best representative complex for each phytochem-
ical was selected based on the binding affinity for further analysis using
the PLIP webserver. The details of the interactions established upon
docking of the reference inhibitors and the best ten phytochemicals
against SARS-CoV-2 3CLP™ are presented in Table 5. The most reported
types of interactions are hydrogen bonding and few hydrophobic con-
tacts in some complexes. At least three hydrogen bond, and up to seven
were reported in the docking complexes between the compounds and
SARS-CoV-2 3CLP™. The most-reported residues from the 3CLP™ that
interacted with the ligands (represented in bold in Table 5) are ASN'42,
GLY143, SER144, CYS“S, and GLU166, and these formed 6, 9, 14, 7, and 5
interactions with the ligands, respectively. CYS'*® is one of the 3CLP™
active site dyads (HIS41 and CYSl45), and it was reported in all the li-
gands except myricetin and luteolin. So far, two terpenoid structures viz:
vernolide and neoandrographolide with strong interactions with the
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Vernolide
-7.5 keal/mol

Luteolin
-7.2 keal/mol
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Neoandrographolide
-7.7 kecal/mol

Myricetin
-7.1 kecal/mol

Chicoric acid
-7.3 kcal/mol

Isohamnetin
-7.4 kcal/mol

Fig. 3. The interaction pattern of the best six phytochemical structures with the active site of the best representative conformation from the cluster analysis of SARS-
CoV-2 3CLP™ MDS trajectories. The residues of the 3CLP™ are shown in blue sticks labelled by its one-letter code. The ligands are represented in yellow sticks with
cyan aromatic rings. H-bonds are shown in blue lines while hydrophobic contacts in dashed-gray lines.

active region of SARS-CoV-2 3CLP™ have been identified (Fig. 2, Table 5
and Fig. 3). The surface views of these structures in the substrate binding
pocket of SARS-CoV-2 3CL"™ are shown in Fig. 4.

Binding interactions of neoandrographolide at the enzyme catalytic
site is stabilized by several H bonds between its 2H-Furan-5-one ring and
key residues (ASN'#2, GLY'*3, SER', CYS!*%) of catalytic pocket of the
enzyme, which led this ring to be sandwiched between CYS!*> and
ASN'*2 (Fig. 3). Furthermore, neoandrographolide structure inserts into
the bulky hydrophobic S1/S2 subsites (composed of the side chains of
HIS", MET*, HIS*!, ASN'*2, GLY'*3, SER'**, and MET®%) (Figs. 3 and
4b). Consequently, neoandrographolide was accommodated in the
substrate-binding pocket and interacted with the catalytic residues, the
oxyanion loop (residues 138-145), and the S1/S2 subsites, which are the
key elements for the recognition of substrates. Interactions with the S1
have been reported for some other inhibitors of SARS-CoV-2 replication

[6,51] suggesting that this structure may effectively inhibit the prolif-
eration of the virus. With the aid of an array of direct and indirect
hydrogen bonds with  ASN'*2/GLY'#3/SER!**/CYS!*,  neo-
andrographolide may fix the conformation of the flexible oxyanion loop,
which served to stabilize the tetrahedral transition state of the proteo-
lytic reaction. This binding mode of neoandrographolide is similar in
many respect to that of baicalein, the first natural noncovalent, non-
peptidomimetic inhibitor of SARS-CoV-2 3CLP™ derived from Shuan-
ghuanglian [56]. Vernolide, another terpenoid structure (sesquiterpene
lactone) isolated from Vernonia amygdalina is a potential non-covalent
inhibitor of SARS-CoV-2 3CLP™ inhibitor. Its interactions with the
active site of this enzyme mimic the non-covalent interactions of car-
mofur, a potent covalent inhibitor of this enzyme which also establishes
non-covalent interactions with its target [57]. The carbonyl group of
methylprop-2-enoate moiety of vernolide occupies the oxyanion hole
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(ai)

Fig. 4. Surface representation of (a) vernolide and (b) neoandrographolide in the substrate-binding pocket of SAR-CoV-2 3CLP™.

and forms hydrogen bonds with the backbone amides of Gly'*?, and
Cys145 (Figs. 3 and 4a), mimicking the tetrahedral oxyanion interme-
diate formed during protease cleavage. A side chain of vernolide inserts
into the bulky hydrophobic S2 subsite (composed of the side chains of
HIS* and MET!%%) (Figs. 3 and 4a). Therefore, these terpenoid struc-
tures alongside other phytocompounds from the source plants may be
suggested as inhibitors of SARS-CoV-2 3CLP™.

3.4. Insilico drug-likeness and pharmacokinetic properties of topmost
phytocompounds

The top 6 phytocompounds (Neoandrographolide, vernolide, iso-
rhamnetin, chicoric acid, luteolin, and Myricetin) from the docking
analysis to the representative conformation gotten from the clustered
MDS trajectories were subjected to the predictive pharmacokinetics
drug-likeness and ADMET (Absorption, Distribution, Metabolism,
Excretion, and Toxicity) filtering analyses. The result of the analyses for
the six-top phytocompounds is represented in Table 6. Several phar-
macokinetic and ADMET molecular descriptors were used for the
assessment (Table 6). From these six, four phytocompounds (vernolide,
neoandrographolide, isorhamnetin and luteolin), fulfilled the require-
ment for at least four from the five physicochemical analyses (Lipinski,
Veber, Ghose, Egan and Muegge). Five of the compounds except chicoric
acid having 2 violations of greater than 5 H-bond donors and 10 H-bond
acceptors atoms from Lipinski filter and a higher number of rotatable
bonds above 10 and TPSA greater than 140 for the Veber filter. The five
compounds are predicted to have good absorption or permeation from
Lipinski filters [58] and good oral bioavailability from Veber filters [59].
The Ghose’s filter that is based on computed physicochemical property
profiles such as log P, molar refractivity, molecular weight, number of
atoms as well of functional groups [60] screened out neo-
andrographolide and myricetin with two and one violations respec-
tively. The Egan’s and Muegge’s filters screened out chicoric acid and
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myricetin. The Egan’s filter is based on the physical processes involved
in membrane permeability [61] while the Muegge’s filter is based on the
underfunctionalized properties of nondrug compounds [59]. Vernolide,
neoandrographolide, isorhamnetin and luteolin also presented good
Abbot Bioavailability Score [62] that is based on their predominant
charges at biological pH. The molecular properties of the four phyto-
chemicals based on the severally computed partition coefficient (log P)
showed that the drugs had relatively good lipophilicity with logP values
were less than 5 [63].

The Caco-2 permeability and intestinal absorption (HIA) descriptors
determine the ultimate bioavailability of the drug. Compounds with low
Caco-2 permeability potential (<8 x 107® em/s) could be absorbed
through the human intestinal wall [64]. The permeability glycoprotein
(P-gp) is expressed in the intestinal epithelium, kidney cells liver cells,
blood-brain barrier and blood-testis barrier capillary endothelial cells,
where it functions by pumping xenobiotics back into the intestinal
lumen, urine-conducting ducts bile ducts, and capillaries [65]. Verno-
lide and luteolin, expressed positive and high probability of human in-
testinal absorption and non-substrate to the permeability-glycoprotein
(P-gp), while the all the six phytochemicals presented positive Caco-2
permeability. It is thereby suggested that vernolide will be absorbed
into the blood stream subverting the capability of P-gp to pumps them
back into the intestinal lumen, bile ducts, urine-conducting ducts and
capillaries [65]. Blood brain barrier (BBB) penetration, predicts the
blood brain barrier penetration of a molecule. Vernolide displayed
properties that indicated their ability to cross the BBB. SARS-CoV-2 has
been reported to infect the brain, thus indicating its ability to cross the
blood brain barrier (BBB) [66], compounds that can cross the BBB will
be beneficail in the overal all viral clearance. compounds that can cross
the BBB will be beneficail in the overall viral clearance. The estimated
half-life time (less than 2 h) and clearance ratefall within the moderate
range. Vernolide, neoandrographolide, isorhamnetin presented a toler-
able LDso between (51-500 mg/kg), Among the descriptors for the in
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Table 6
In silico Physicochemical and ADMET" parameters of the top-binding phytochemicals of Vernonia amygdalina and Occinum gratissimum with 3CLP™ of SARS-CoV-2.
a) Physicochemical Vernolide Neoandrographolide Isorhamnetin Chicoric acid Luteolin Myricetin
properties
Molecular weight (g/ 362.37 480.59 316.26 474.37 286.23 318.24
mol)
Num. heavy atoms 26 34 23 34 21 23
Num. arom. Heavy 0 0 16 12 16 16
atoms
Num. rotatable bonds 3 7 2 11 1 1
Num. H-bond 7 8 7 12 6 8
acceptors
Hydrogen bond donor 1 4 4 6 4 6
iLogP 2.45 3.27 2.35 1.00 1.86 1.08
XLogP 0.93 2.63 1,87 2.01 2.53 1.18
WLogP 1.17 1.83 2.29 1.01 2.28 1.69
MLogP 1.18 1.26 —0.31 0.14 —0.03 —1.08
Molar Refractivity 89.51 125.27 82.50 114.00 76.01 80.06
TPSA (A?) 94.59 125.68 120.36 208.12 111.13 151.59
Drug-likeness
Lipinski Yes Yes Yes No (2 violations: Yes Yes
NorO>10, NHorOH>5)
Veber Yes Yes Yes No (2 violations: Yes Yes
Rotors>10, TPSA>140)
Ghose Yes No (2 violations: MW>480, Yes Yes Yes No (1 violation:
No. of atoms>70) TPSA>140)
Egan Yes Yes Yes No(1 violation: Yes No (1 violation:
TPSA>131.6) TPSA>131.6)
Muegge Yes Yes Yes No (3 violations: Yes No (2 violations:
TPSA>150, H-acc>10, H- TPSA>150, H-don>5)
don>5)
Bioavailability Score 0.55 0.55 0.55 0.11 0.55 0.55
Absorption (Probability)
(b) Admet SAR
HIA HIA+ (0.58) HIA- (0.127) HIA- (0.498) HIA+ (0.883) HIA+ (0.9650) HIA- (0.437)

Caco-2 Permeability
Cm/s

P-glycoprotein
Substrate

P-glycoprotein
Inhibitor

Caco2+ (—5.096)
Neg. (0.484)

Neg. (0.027)

Distribution (Probability)

Blood-Brain Barrier
PPB %
VD L/kg

BBB+ (0.4.39)
65.501
—-0.147

Metabolism (Probability)

CYP450 1A2 Inhibitor

CYP450 1A2 Substrate

CYP450 3A4 Inhibitor

CYP450 3A4 Substrate

CYP4502C9 Inhibitor

CYP450 2C9 Substrate

CYP4502C19
Inhibitor

CYP450 2C19
Substrate

CYP4502D6 Inhibitor

CYP450 2D6 Substrate

Elimination

T 1,2 (Half Life Time)

CL (Clearance Rate)
mL/min/kg

Toxicity

hERG Blockers

H-HT

AMES

SkinSen

LDs (LDsg of acute
toxicity)

DILI

Pharmacokinetics

GI absorption

Log K, (skin
permeation) cm/s

Neg. (0.069)
Neg. (0.33)

Neg. (0.149)
Neg. (0.562)
Neg. (0.116)
Neg. (0.313)
Neg. (0.093)

Neg. (0.474)

Neg. (0.296)
Neg. (0.267)

0.883 h
1.914

Ng. (0.256)

Neg. (0.444)

Neg. (0.411)

Neg (0.340

3.211 -log mol/kg
(222.927 mg/kg)
Neg. 0.424

High
—7.85

Caco2+ (—5.84)
Pos. (0.778)

Neg. (0.007)

BBB- (0.476)
72.039
—0.452

Neg. (0.028)
Neg. (0.258)
Neg. (0.262)
Neg. (0.523)
Neg. (0.144)
Neg. (0.408)
Neg. (0.103)

Neg. (0.462)

Neg. (0.329)
Neg. (0.274)

1.53h
1.032

Neg. (0.474)

Pos. (0.584)

Neg. (0.224)

Neg (0.256)

3.448-log mol/kg (171.31
mg/kg)

Neg. (0.196)

High
—7.36

Caco2+ (—5.217)
Neg. (0.015)

Pos. (0.538)

BBB- (0.34)
90.707
—0.932

Pos. (0.941)
Neg. (0.456)
Pos. (0.768)
Neg. (0.428)
Neg. (0.183)
Pos. (0.772)
Neg. (0.24)

Pos. (0.54)

Neg. (0.468)
Neg. (0.41)

0.658 h
1.951

Neg. (0.301)
Pos. (0.654)
Neg. (0.044)
Neg (0.186)
2.71-logmol/kg
(604.02mg/kg)
Pos. 0.904

High
—6.93

Caco2+ (—6.709)
Neg. (0.051)

Neg. (0.193)

BBB+ (0.552)
76.782
—1.406

Neg. (0.239)
Neg. (0.262)
Neg. (0.087)
Neg. (0.15)

Neg. (0.071)
Pos. (0.504)
Neg. (0.157)

Neg. (0.334)

Neg. (0.248)
Neg. (0.415)

1.79h
0.823

Neg. (0.578)
Neg. (0.348)
Neg. (0.224)
Neg (0.414)
2.38-logmol/kg
(1945.92mg/kg)
Pos. 0.84

High
-7.77

Caco2+ (-5.12)
Neg. (0.038)

Neg. (0.366)

BBB-(0.464)
91.796
—1.406

Neg. (0.069)
Pos. (0.968)
Neg. (0.412)
Pos. (0.867)
Neg. (0.328)
Neg. (0.0496)
Neg. (0.124)

Pos. (0.542)

Neg. (0.463)
Neg. (0.401)

0.745h
1.919

Neg. (0.436

Pos. (0.592)

Pos (0.74)

Neg (0.278)
2.58 -log mol/kg
(737.444 mg/kg)
Pos. 0.9

High
—6.25

Caco2+ (—6.63)
Neg. (0.208)

Neg. (0.064)

BBB- (0.4.27)
76.595
-1.39

Neg. (0.133)
Pos. (0.968)
Neg. (0.376)
Neg. (0.459)
Pos. (0.656)
Pos. (0.557)
Neg. (0.068)

Neg. (0.345)

Neg. (0.318)
Neg. (0.18)

1.915h
1.709

Neg. (0.353)
Neg. (0.332)
Neg. (0.074)
Neg. (0.278)
2.69 -log mol/kg
(648.262 mg/kg)
Pos. 0.9

High
—7.40

4 ADMET: Absorption, distribution, metabolism, elimination, and toxicity; GI: Gastro-intestinal; BBB: Blood Brain Barrier; P-gp: permeability glycoprotein; CYP:
cytochrome P450; hERG: human Ether-a-go-go-Related Gene; HIA: Human Intestinal Absorption; H-HT: Human Hepatotoxicity AMES: Ames Mutagenicity; DILL: Drug
Induced Liver Injury; VD: Volume Distribution; PPB: Plasma Protein Binding.
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Table 7

The MM-GBSA calculations for the best two complexes after 50 ns MDS. Red coloured residues represent the
residue have negative contribution on the binding (positive binding energies). The average binding free
energies and its individual terms are shown at the bottom for each complex with its standard deviations.

3CLP™ -Ritonavir SCLT- 3CLP™ -vernolide
COMPLEX Neoandrographolide
complex complex
complex
Binding Binding Binding
Residue energy Residue energy Residue energy
(kcal/mol) (kcal/mol) (kcal/mol)
Y118 -1.32 C44 -0.60 M165 -1.22
L141 -0.91 L50 -0.38 H41 -1.16
N142 -0.86 P52 -0.36 Cl145 -1.00
<) N119 -0.80 Q189 -0.34 Hl64 -0.91
E G143 -0.59 N51 -0.25 L27 -0.88
E El4 -0.35 R188 -0.21 Q189 -0.41
g G124 -0.28 S46 -0.20 T25 -0.29
5 L27 -0.27 T21 -0.14 V42 -0.20
=
S V125 -0.23 C145 -0.13 P39 -0.19
E T26 -0.20 T25 -0.13 R40 -0.18
E P122 -0.13 T26 -0.13 C44 -0.18
8 M6 -0.12 R40 -0.13 V186 -0.17
g S144 -0.11 T24 -0.11 G143 -0.09
(% A7 -0.10 T45 -0.11 C38 -0.07
§ All6 -0.10 Q19 -0.10 143 -0.07
F140 -0.10 G143 -0.08 E166 +0.27
L141 -0.07
D187 +0.22
AEvpw -21.58 -16.27 -25.1
(kcal/mol) +8.7 +9.9 +2.2
AEgLE -137.99 -8.24 -5.45
(kcal/mol) +33.3 +8.7 +3.3
AGgs 150.78 20.3 19.34
(kcal/mol) +33.7 +13.0 +3.2
AGsa -3.14 -2.47 -3.37
(kcal/mol) +1.2 +1.5 +0.3
AG GAS -159.56 -24.50 -30.54
(kcal/mol) +37.4 +16.4 +4.0
AG SOLV 147.64 17.83 15.97
(kcal/mol) +32.9 +11.8 +3.1
AG TOTAL -11.92 -6.68 -14.57
(kcal/mol) +6.0 +5.9 +2.2
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Fig. 5. A) The Root Mean Square Deviation (RMSD) and the Radius of Gyration (RoG) versus the simulation time in nanoseconds for the 3CLP™-Ritofenavir (blue
line), 3CLP™- Neoandrographolide (orange line), and 3CLP™- Vernolide (gray line). B) The per-residue RMSF calculated for the apo-protein (blue), 3CLP**-Neo-
andrographolide (red), and 3CLP™-Vernolide (green). The structure of the protein is represented in a green cartoon with some residues in coloured sticks. C) An
enlarged panel of the RMSF curves at the S46-P52 region for the three complexes and the apo form of 3CLP™.
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silico toxicities analysis, hERG channel plays a vital role in the repolar-
ization and termination stages of action potential in cardiac cells [67].
Compounds that block the hERG channel have the potential to cause
cardiotoxicity [68]. All the six phytocompounds did not exhibit the
potential of being hERG channel blockers, suggesting that they may not
cause hERG channel-related cardiotoxicity [68]. The three compounds
did not exhibited mutagenicity in silico, thereby they may not cause
genetic mutations, which do initiate the pathophysiology of other dis-
eases, such as cancer [69]. The impact of the compounds on phase I drug
metabolism in the liver was also analysed using the various cytochrome
P450 descriptors. Vernolide, neoandrographolide did not display
inhibitory potential for the various cytochrome P450, thus may not
adversely affect phase I drug metabolism in the liver. Hence, vernolide,
neoandrographolide seem to demonstrate high probability of absorp-
tion, subcellular distribution, and low toxicity.

3.5. Molecular dynamic simulations and binding free energy calculation
for the best two complexes and the reference complex

MDS for the best two complexes in addition to the 3CLP™-ritonavir
were performed for 50 ns using NAMD software, and then the MM-GBSA
was done using Amber tools. In Table 7, the residual contribution for the
binding of 3CLP™ against the best two compounds (Neoandrographolide
and Vernolide) and the reference compound (ritonavir) are listed with
the bold residues for the highest contributed residues in the binding
(bold). The active site dyads (H*! and C'*°) are shown underlined in the
table as well. For the 3CLP™- Neoandrographolide complex, C** is the
main contributor for the binding (—0.60 kcal/mol), while for the 3CLP™-
Vernolide complex, HY, %%, and M!®® are the main contributors
(-1.16, —1.00, and —1.22 kcal/mol, respectively). The contribution of
the active site dyads H* and C'*) of the 3CLP™ in the binding of
Vernolide to the protein is evident from Table 7 (—2.16 kcal/mol). In
comparison, a lower contribution of these two residues was reported in
the case of the 3CLP™- Neoandrographolide and 3CLP™ -Ritonavir
complexes (—0.13 and —0.04 kcal/mol, respectively). The D'%7 and E'6©
(red coloured) have negative contribution to the binding of the 3CLP™ to
Neoandrographolide and Vernolide, respectively (4+0.22 and + 0.27
kcal/mol). The total binding energy for the Vernolide is the lowest
(—8.61 kcal/mol) compared to Neoandrographolide (—4.23 kcal/mol)
and Ritonavir (—6.47 kcal/mol) hence it is the suggested compound that
bind to 3CLP™.

The results shown in Fig. 5 supports previous observations. The three
complexes were equilibrated for 50 ns as reflected from the flattened
Root Mean Square Deviation (RMSD) and the Radius of Gyration (RoG)
curves in Fig. 5A. The Root Mean Square Fluctuations (RMSF) in A was
plotted for the apo-3CLP™ (red line) and the three complexes (3CLP™-
Ritofenavir (blue line), 3CLP™- Neoandrographolide (orange line), and
3CLP™-Vernolide (gray line) (Fig. 5B).

Two regions of the RMSF plots that have higher fluctuations (greater
than 2 [o\) in addition to the N and C termini, are the S46-P52 region (red
cartoon) and the T190-A193 region (yellow cartoon). As shown in the
RMSF at the S46-P52 region, the apo-3CLP™ shows higher fluctuations
than the 3CLP™-Ritonavir (blue line), 3CLP™-Neoandrographolide (or-
ange line) and 3CLP™-Vernolide (gray line) complexes. This region forms
a loop that is important in substrate recognition since its presence near
the protein’s active site (blue sticks). The stabilization effect of the
ligand binding to S46-P52 region of the protein is due to C44 (magenta
sticks) in the case of 3CLP™-Neoandrographolide, which has the most
contribution in the protein-ligand binding (—0.60 kcal/mol). In com-
parison, H41 and C145 (blue sticks) are the most contributed residues in
the binding in 3CLP™-Vernolide (—2.16 kcal/mol). Additionally, the
residues D48 and M49 (see Fig. 5C) in the case of 3CLP™-Neo-
andrographolide complex (orange line) show lower RMSF value (2.1 A)
compared to other complexes (3.2 10\) and the Apo form (4.2 /o\). So, the
stabilization of the S46-P52 loop is more observed in the case of Neo-
andrographolide than other compounds which in turn is more stable
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than the Apo protein.

4. Conclusion

Structure-based virtual screening of our in-house library of Vernonia
amygdalina- and Occinum gratissimum-derived compounds against 3CLP™
revealed two drug-like terpenoid structures viz: neoandrographolide
and vernolide, alongside other phytochemicals as promising non-
covalent inhibitors of SARS-CoV-2 3CLP™. These terpenoid structures
were found accommodated within the substrate-binding pocket, and
interacted with the catalytic dyad, the oxyanion loop (residues
138-145), and the S1/S2 subsites of the enzyme active site. With the aid
of an array of hydrogen bonds and hydrophobic interactions with resi-
dues 142-145, these phytocompounds may stabilize the conformation of
the flexible oxyanion loop; and thereby interfere with the tetrahedral
oxyanion intermediate formation during proteolytic cleavage. Binding
affinity calculation using Molecular Mechanics Generalized Born Sur-
face Area (MM-GBSA) and Root Mean Square Fluctuations (RMSF) an-
alyses through Molecular Dynamics Simulations (MDS) further revealed
that the terpenoid-enzyme complexes exhibit strong interactions and
structural stability, which could be adapted for experimental models
towards development of preventive nutraceuticals, food supplement,
and antiviral drugs in coronavirus diseases.
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