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ABSTRACT

By 24th Sep. 2021, there are more than 229 million COVID-19 cases worldwide, the researchers are tire-
lessly working to discover and develop an efficient drug molecule against this devastative viral infection.
This study aims to evaluate the inhibitory efficiency of the organic acids and phenolic compounds present
in Brassica oleracea (Tronchuda Cabbage) against spike glycoprotein in SARS-CoV-2. Thirty-seven phyto-
compounds are screened on the basis of their molecular weight (<500 g/mol) and 14 ligands are docked
using Autodock Vina and Autodock4 (version 4.2.6). The stability of the top five docked complexes was
analyzed using classical molecular dynamics (MD) simulation. ADMET analysis is performed for the top
five compounds and their targets are identified using SwissTargetPrediction. Phytoactives from B. oleracea
namely Astragalin, 3-p-coumaroylquinic acid, 4-p-coumaroylquinic acid and sinapoyl-D-glucoside showed
high binding affinities and free energy of binding during molecular docking and MD simulation studies (~
8.5-9.0 kcal/mol) for the spike glycoprotein trimer of SARS-CoV2. The ADMET analysis revealed that these
phytocompounds have good solubility in the aqueous phase and that they don’t penetrate the blood brain
barrier. Moreover, there is no P-gp substrate inhibition, CYP1A2 inhibition, CYP2C19 inhibition, CYP2C9
inhibition, CYP2D6 inhibition and CYP3A4 inhibition observed for these compounds. Additionally, zero
PAINS alerts were reported. These findings from molecular docking and MD simulation studies suggest
that astragalin and coumaroylquinic acids from Tronchuda cabbage possess potential inhibitory capacity
against spike glycoprotein trimer of SARS-CoV-2 and could be further taken up as lead targets for drug
discovery.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Syndrome-2 (SARS-CoV-2, 2019), SARS-CoV, 2004, and Middle East
Respiratory Syndrome Coronaviruses (MERS-CoV, 2012) are the re-

Coronavirus is a group of identical RNA viruses which are
named after the crown-like spike structures on their surface [1].
Identification of coronavirus dates back to the 1930s in domestic
chicken causing acute respiratory disease. Later human coronavirus
was discovered in the mid-1960s [2]. The most common human
coronaviruses that cause a mild respiratory infection are human
coronavirus 229E, NL63, 0C43, and HKU1, Severe Acute Respiratory
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cently identified human coronaviruses which initially infected ani-
mals and consequently evolved into a new form to infect humans
[3]. Among these SARS-CoV-2 or the "Novel Coronavirus" was first
identified recently in December 2019 in Wuhan, Hubei Province,
China causing pneumonia-like illness which was later coined as
Coronavirus Infection Disease (COVID-19). Since then, COVID-19
has been pandemic worldwide and the World Health organiza-
tion has announced Public Health Emergency of International Con-
cern on 30th January 2020. As of 24th Sep. 2021, the global count
of confirmed cases of COVID-19 is 229,858,719 including 4713,543
deaths, reported to the World Health organization 9 [4]. Symptoms
of this disease are mild and include - cough, shortness of breath,
chills, muscle pain, sore throat, and loss of taste and smell [5,6].
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Fig. 1. The overall structure of spike glycoprotein trimer of SARS-CoV2; (a) ribbon representation and (b) surface representations. The three chains A, B and C are depicted

in red, blue and green colors respectively.

According to WHO about 80 percent of people recover without
treatment in the hospital. Severe illness from COVID-19 is experi-
enced by older people, children and those with underlying medical
concerns such as diabetes, heart problems and chronic lung dis-
ease [7]. Many Antiviral Drugs have been repurposed and used for
the treatment of COVID-19 like Hydroxychloroquine, Chloroquine,
Remdesivir and Favipiravir [8]. According to various clinical sur-
veys, Remdesivir has adverse effects in liver and kidney whereas
Hydroxychloroquine causes cardiovascular problems like QT pro-
longation [8,9]. Although Favipiravir has not yet reported to cause
serious side effects, its efficacy is low [10]. Other side effects of
synthetic antiviral drugs include swelling, diarrhea, nausea, rash,
hypotension, anemia, constipation. Though no vaccine is available
right now, more than 170 vaccines for COVID-19 are under study.

Protein inhibition is one mechanism for combating against the
virus. There are basically two types of proteins in SARS-CoV-2;
Non-Structural Proteins (NSP) and Structural Proteins. Several stud-
ies report that Non-structural protein of SARS CoV-2 plays a major
role in the replication of corona viruses. So, this protein inhibition
can help to stop the multiplication of the virus. Also, structural
proteins have shown their significance in virion assembly and in-
fection of coronavirus [11,12]. Among the structural proteins, novel
coronavirus uses the spike protein present in a spike-like struc-
ture on the outer surface to enter into the human body and cause
infection. Like SARS-CoV, novel coronavirus also binds with the
Angiotensin Converting Enzyme (ACE-2) receptor in human cells.
ACE-2 receptors occur in many organs but mostly in the cell lining
of the air sacs. Hence, the infection mainly causes respiratory prob-
lems. We have chosen a spike ectodomain structure (open state)
from SARS-CoV-2 (PDB ID-6VYB) for this study (Fig. 1). The spike
glycoprotein is trimeric with two subunits- 'S1” and 'S2’. S1 binds
to the ACE 2 receptor and ’'S2’ fuses the viral membrane to the cel-
lular membrane [13]. Spike glycoprotein induces host immune re-
sponse and has been recognized to be an ideal target for vaccines
and drugs.

There is a direct need for a drug which should not show or
would have negligible side effects. One most feasible approach
could be switching to herbal medicines/phytoactives. Herbal

medicine has proven to be the oldest and reliable since ancient
times. In previous studies, Brassica oleacea L.var costata. (Tronchuda
Cabbage) has been found to be rich in various phytocompound
with medicinal properties [14,15]. Tronchuda Cabbage is one of the
traditional vegetables, consumed and cultivated mostly in North-
ern Portuguese regions [15]. The well-balanced nutritional profile
of the vegetable reveals that it has a significant amount of liposolu-
ble (tocopherols, carotenoids) and water-soluble (vitamin C, pheno-
lics and flavonoid) antioxidant compounds. These antioxidant com-
pounds not only prevent oxidative stress but also prevent cardio-
vascular disease and are effective in cancer, specifically in stom-
ach, colon and rectum [16]. For these reasons, the plant Brassica
oleracea L. var costata were screened for potent ligands/antiviral
compounds present in it. Various phenolic compounds and or-
ganic acid were identified in its internal leaves, external leaves and
seeds. Fourteen ligands are chosen based on the molecular weight
(<500 g/mol) and their binding capacity and interactions with the
spike protein trimer are examined using molecular docking stud-
ies in Autodock. Five of the Phytoconstituents showed very high
binding affinities when compared to conventional synthetic drugs
are studied for their Absorption, Distribution, Metabolism, Excre-
tion and Toxicology (ADMET) properties. Their physicochemical
properties (https://pubchem.ncbi.nlm.nih.gov/) are discussed in the
Table 1. The present study, we utilized various bioinformatics ap-
proaches to discover the inhibition activities of herbal compounds
from Tronchuda cabbage and their pharmacokinetic, medicinal
chemistry, drug likeliness and toxicity properties were studied us-
ing SWISS ADME and Pre-ADMET servers. Autodock Vina is used
to find the binding affinities using energy scores and Autodock4.2
was used to perform the energy simulations and the scores were
compared to extract the best ligands from a total of 14 top scoring
molecules. These findings suggest that these compounds are po-
tential phytomolecules against SARS-CoV-2 spike protein complex.
The selected phytomolecules are further subjected to MD simu-
lation studies to understand the stability and kinetics of binding
to the spike protein trimer. Inhibitory action of these phytocom-
pounds can be further validated by using other in-vivo and in vitro
analysis.
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Table 1
Physicochemical Properties of fourteen selected drug candidates from Tronchuda cabbage whose molecular weights are below 500 g/mol. Their two-dimensional structures,
molecular weights, molecular formula number of Hydrogen Bond Donors, Hydrogen Bond Acceptors, Total Polar Surface Area and Number of rotatable Bonds are discussed.

Mol. PubChem Mol. Weight No. of rotatable
S.No. Name Structure Formula ID (g/mol) HBD HBA TPSA (A?) bonds
1. 3-p- Coumaroyl C16H150g 9,945,785 338.31 5 8 144.52 5
Quinic Acid (3 PC)
2. 4-p- Coumaroyl Ci6H10g 5,281,766 338.31 5 8 144.52 5
Quinic Acid (4 PC)
3. Astragalin (ASG) Cy1Hy0011 5,282,102 448.4 7 11 190.28 4
4. Sinapoyl-D- C17H22019 13,787,030 386.3 5 10 155.14 7
Glucoside
(S1G)
5. 1-Sinapoyl-p- C17H31019- 25,244,357 385.3 4 10 157.97 7
Glucose
(1SG)
6. Sinapine - 5,280,385 310.36 1 6 65.00 8
| o Cy6H24NOs ™"
OH
o
>
o
OH
7. Sinapic Acid = C11H1205 637,775 224.21 2 5 76.00 4
o)
HO |
o
. \
HO, OH
8. Quinic Acid C7H1,06 6508 192.17 5 6 118.21 1
HOY Y OH
OH
OH
HO , OH
9. Shikimic Acid C7H100s5 8742 174.15 4 5 97.98 1
HO 0]
o O
HO OH
10. Aconitic Acid N\ CeHgOg 309 174.11 3 6 111.90 4
0
OH
OH
Ho_ A_ 0.0
11. Ascorbic Acid CeHgOg 54,670,067 176.12 4 6 107.22 2
HO OH

(continued on next page)
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S.No. Name Structure Mol. PubChem Mol. Weight HBD HBA TPSA (A?) No. of rotatable
Formula ID (g/mol) bonds
(0]
HO
o . OH
12. Citric Acid HO CgHs05 311 192.12 4 7 132.12 5
HO 2
(0]
HO
(@]
13. Fumaric Acid \ C4H404 444,972 116.07 2 4 74.6 2
HO
(0]
0}
OH
14. Malic Acid HO 0 C4HgO5 525 134.09 3 5 94.83 3
OH

2. Materials and methodology
2.1. COVID-19 targets as drug receptors

The heteroatoms present in the spike glycoprotein are removed
and the receptor is visualised using LigPlot and PyMoL. The PDB
coordinates of the open confirmation of the trimeric spike gly-
coprotein (PDB: 6VYB) was selected for this study (Fig. 1). Prior
to molecular docking exercises the solvent molecules were re-
moved, polar hydrogen atoms and Kollman’s charges were added.
The pdbqt files for the receptor proteins were generated to be used
for molecular docking.

2.2. Molecular docking and protein-ligand preparation

Autodock Vina and Autodock4 (Ver. 4.2.6) (http://autodock.
scripps.edu/downloads) are used to dock the ligands to the pre-
dicted binding site. The ligands and the protein targets are mod-
ified to perform docking using MGL Tools. The 3D structures of
the 1-sinapoyl-D-glucose (1SG), sinapoyl-D-glucoside (S1G), astra-
galin (ASG), 3-p-coumaroylquinic acid (3 PC), 4-p-coumaroylquinic
acid (4 PC), sinapine, sinapic acid, aconitic acid, malic acid, quinic
acid, citric acid, ascorbic acid, shikimic acid and fumaric acid are
downloaded in the sdf format from PubChem and are converted to
pdbqt files using MGL tools. The conversion to pdbqt files is neces-
sary because Autodock4 and Autodock Vina utilize pdbqt files for
the docking process [17]. Gasteiger charges are added to the enti-
ties and the 14 ligands that were screened based on their molec-
ular weights (<500 g/mol) are docked and their interactions are
studied. The aromatic carbons and rotatable bonds are detected.
The detected nonpolar hydrogens are merged and TORSDOF is set
as per the ligand conformation. It is made sure that the receptor
has no non-bonded atoms. The above protocols of ligand and target
preparation are followed as a precursor for performing Autodock4
(Ver. 4.2.6) and Autodock Vina individually.

For Autodock Vina, the number of points (size) is set to 40 in X,
y and z dimensions and spacing is set to 0.375 angstrom. On the
other hand, the number of points (size) is set to 40 in x, y and z di-
mensions and spacing is set to 0.525 angstrom in Autodock4 (Ver.
4.2.6), which is based on Lamarckian genetic algorithm. The grid
box is made at 209.349, 209.887 and 204.593 of x center, y cen-
ter and z center respectively for spike protein. The grid informa-
tion is saved as grid.txt and configuration file is saved as config.txt
in which the energy range is set as 4 and exhaustiveness to 12.

Affinity potential, electrostatic potential and desolvation potential
are calculated for each atom of the ligand which is being docked
with respect to the grid point of protein using AutoGrid4 followed
by docking. Twenty million energy evaluations are performed for
each ligand with a total of 10 runs.

2.3. ADMET prediction

ADMET predictions are done using SWISS-ADME (http://www.
swissadme.ch/) for all the top scoring compounds from Brassica ol-
eracea and detailed analysis of SWISS-ADME results is done using
Pre-ADMET (https://preadmet.bmdrc.kr/). SWISS-ADME permits to
calculate physicochemical descriptors as well as predicts pharma-
cokinetics properties, drug likeness and other therapeutic charac-
teristics which eases the drug discovery process. The ligands that
are saved in the sdf format from PubChem (https://pubchem.ncbi.
nlm.nih.gov/) are read using these servers and predict parameters
like water solubility and physicochemical properties. Pre-ADMET
gives accurate and precise ADMET and drug likely nature of phy-
tocompound including the specific violations for rules like rule of
five etc. and also gives the numerical values of parameters like
Blood Brain Barrier permeation and gastrointestinal absorption and
also performs toxicity tests like Ames test, mouse carcinogenicity
and hERG inhibition.

2.4. MD simulation using Gromacs

To get insights into the spike protein-ligand interaction stabil-
ity, molecular dynamics (MD) calculations were carried out on the
best docking poses. The input files for MD calculations were gener-
ated using CHARMM-GUI solution builder [18,19,20] using charmm
force field parameters for protein. The topology of the ligands
was generated by CHARMM General Forcefield through Param-
Chem server. The Charmm-gui solution builder includes five steps.
In the first step, the coordinates of protein-ligand complex being
read by the tool. The second step involves solvation of the protein-
ligand complex as well as determining the shape and size of the
system. Na* and Cl~ ions are added in this step to neutralize the
system. Periodic Boundary Conditions (PBC) are set in the third
step which are used for approximation of a large system by using
a unit cell which is then replicated in all directions. The simula-
tion takes place only for the atoms that are present inside the pbc
box. Bad contacts are removed in this step by running short min-
imization. Fourth and fifth step involves equilibration of the sys-
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The fourteen ligands from Tronchuda Cabbage are screened based on their docking scores.

Ligands

Autodock Vina Score(kcal/mol)

Autodock4Score(kcal/mol)

3p Coumaroyl Quinic Acid (3PC) -8.9
4p Coumaroyl Quinic Acid (4PC)  -8.9

Astragalin (ASG) -8.8
Sinapoyl-D-Glucoside (S1G) -7.6
1-Sinapoyl-D-Glucose (1SG) -7.2
Sinapine -6.9
Sinapic Acid -6.9
Quinic Acid -6.7
Shikimic Acid -6.3
Aconitic Acid -6.2
Ascorbic Acid -6.2
Citric Acid -5.8
Fumaric Acid -5.1
Malic Acid -5.0

-13.62
-13.51
-11.67
-11.94
-12.65
-7.73
-8.68
-9.67
-7.29
-6.12
-8.36
-9.26
-5.18
-7.76

tem and production. Equilibration is done in two phases-NVT en-
semble and NPT ensemble to ensure that the system has achieved
the desired temperature and pressure. The input files for equili-
bration and production are then downloaded and desired changes
were made which include number of steps of MD run, frequency
of saving of trajectories and calculation of energy etc.

All complexes were initially solvated in a cubic box of TIP3P
waters and then Na* and Cl~ ions were added to neutralize the
net atomic charge of the whole system by random replacement
of water molecules. NaCl concentration was set to the physiolog-
ical value of 0.15 M [21]. The size of the solvated spike trimer-
ligand complexes was > 6, 66, 186 atoms. The periodic bound-
ary conditions (PBC) were imposed considering the system shape
and size. Non-bonded interactions were treated with a 12 A cut-
off distance and the neighbor searching list were buffered with
the Verlet cutoff-scheme and the long-range electrostatic interac-
tions were treated with the particle mesh Ewald (PME) method
[22,23]. CHARMM36m forcefield was applied on the protein-ligand
complex. Prior to production simulation, energy minimization of
the system was carried out by using steepest descent algorithm
(5000 steps). The complex was then equilibrated for stabilizing its
temperature and pressure by subjecting it to NVT and NPT ensem-
ble and simulating for 125 ps at 303.15 K temperature. Finally, the
complex is subjected to production simulation run for 100 ns in
NPT ensemble at 303.15 K and 1 bar. To maintain the tempera-
ture Nose-Hoover thermostat was used and similarly for maintain-
ing the pressure Parrinello-Rahman barostat was used. GROMACS
2020.4 was used for both equilibration and production run during
all MD calculations [24]. LINCS algorithm was used for constrain-
ing H-bonds using the inputs provided by CHARMM-GUL The V-
rescale thermostat at 300 K with a coupling constant of 1 ps was
used. Molecular geometries were relaxed with the steepest descent
algorithm with 50,000,000 steps. The trajectories were stored ev-
ery 2 ps. Simulations of 100 ns (with the PDB: 6VYB with bound
ligands) in NPT assembly were performed for the production stage.
All the molecular dynamic calculations were performed with NM-
Rbox (https://nmrbox.org/) server platform resources [25].

2.5. Trajectory analysis

The trajectories from molecular docking and MD results and
3D plots for the receptor-ligand complex were retrieved from the
VMD molecular graphics program [26]. Finally, multiple parame-
ter analysis was carried out from the MD production stage. The
root mean square deviation (RMSD) of atom position for ligand and
protein was calculated by fitting protein alpha-carbon atom with
the gmx_rms subprogram. Similarly, root mean square fluctuations
(RMSF) of all the protein atoms were calculated using gmx_rmsf.

Radius of gyration of all protein atoms was calculated with the
gmx_gyrate and number of hydrogen bonds were calculated (in-
side the protein-ligand interface) with the gmx_hbond. PDBs for
making snapshots during time course of simulation runs with ev-
ery 10 ns interval were generated using gmx_ trjconv.

2.6. Binding free energy calculations

Protein-ligand complexes interactions were further analysed by
performing binding free energy (BFE) calculations with the online
Prodigy server and using the PDB trajectories of the complex gen-
erated at 0, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 nanoseconds
of the simulation run.

2.7. Target prediction

The specific targets of the drugs alter the protein activity by
binding to the receptor and for this reason identification and map-
ping of the drug targets are essential to sort out the molecu-
lar mechanisms which are the primary cause for their bioactivity
and cross-reactivity [27]. The ligand targets are predicted in five
different organisms using Swiss Target Prediction (https://www.
swisstargetprediction.ch) such as aldose reductase (by homology),
various carbonic anhydrases, acetylcholinesterase and quinone re-
ductase. The five top scoring ligands are loaded in sdf format to
perform the analysis.

3. Results

3.1. Determination of binding affinities of phytomolecules with the
spike proteins by docking analysis

The phytomolecules that were docked into the binding pocket
of spike glycoprotein are studied for the interacting side chains
and further analysis of docking scores revealed that the pheno-
lic compounds present in the plant are effective phytomolecules
against spike protein while organic acids didn’t exhibit a high
binding affinity. The Autodock4 (Ver. 4.2.6) and vina scores are
correlated and studied for the top scoring compounds based on
the vina scores. When the phytomolecules are analysed for their
binding affinities (Table 2), it is observed that 4-p-coumaroylquinic
acid and 3-p-coumaroylquinic acid has the highest binding affinity
of -8.9 kcal/mol while astragalin has an affinity of -8.8 kcal/mol.
4 PC, 3 PC acid and ASG are the molecules that had highest bind-
ing energy or the least docking scores when compared to the to-
tal of 14 ligands. Binding with 3 PC involves AB interface of the
spike trimer via three hydrogen bonds (Thr-B:1006, Gln-A:1005
and GIn-A:1002) (Fig. 3), while 4 PC forms three hydrogen bonds
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Fig. 2. Ligplot representations of the binding site interactions of phytocompounds from Brassica oleracea with spike glycoprotein trimer; (a) Interaction between astragalin
and spike glycoprotein. (b) Interaction between 4-p-Coumaroylquinic acid (4 PC) and spike glycoprotein. (c) Interaction between 3-p-Coumaroylquinic acid (3 PC) and spike
glycoprotein (d) Interaction between Sinapoyl-1-Glucoside (S1G) and spike protein. (e) Interaction between 1-Sinapoyl Glucose (1SG) and spike protein. Ligands and interact-
ing residues are shown in stick and ball representation. Hydrogen bonds are depicted in green dashes and hydrophobics are represented in red semicircles.

with Thr1006 of chain A/B/C at the interface (Fig. 3). Binding of
ASG to spike trimer mainly involves AC interface via five hydrogen
bonds (2 H-bond to Asp-C:950 and 1 H-bond to Arg-A:765, Glu-
C:1017 and Arg-A:1019). Binding of S1G mainly involved hydro-
gen bonding with chain C residues namely Ser730, Lys733, Ala1056
and Gly1059 while only one hydrogen bond is seen for 1SG with
Arg1019 of chain A (Fig. 3) indicating low affinity binding for the
later. The interactions of 4 PC, 3 PC, ASG, 1SG and S1G are further
stabilised by several low energy interactions such as vander waal
forces, hydrophobic, amide bonds etc. (Fig. 2 and Fig. 3).

3.2. Estimations of energy by Autodock4 showing extensive binding
potential

Estimated free energy of binding is defined as the sum of
intermolecular energy and torsional free energy while the un-
bound system’s energy and total internal energy cancels each
other. The inhibition constant being calculated at 298.15 K var-
ied from 362.85 uM to 1.93 mM. Vander Waals, hydrogen bond-
ing and desolvation energy are the lowest for coumaroylquinic
acids, -8.85 kcal/mol followed by astragalin with -8.31 kcal/mol.
Sinapoyl-D-glucoside has -7.99 kcal/mol and the highest value was
reported for 1-sinapoyl-D-glucose with -5.98 kcal/mol. Electrostatic
energy was lowest for 1-sinapoyl D-glucose, -1.1 kcal/mol and
coumaroylquinic acids with -0.85 kcal/mol. Astragalin and sinapoyl
D-glucoside reported negligible electrostatic energy values. The
widespread analysis of free binding energy, inhibition constant,
intermolecular energy and torsional free energies establish these
compounds as potent antiviral phytomolecules as mentioned in
Table 3.

3.3. Analysing the binding stability of spike trimer-ligand interactions
during MD simulations

The best 5 complexes of spike trimer with bound ligands (3-
p-Coumaroylquinic Acid (3 PC), 4-p-Coumaroylquinic Acid (4 PC),
Astragalin (ASG), 1-Sinapoyl-D- Glucose (1SG) and Sinapoyl-D-
Glucoside (S1G)) were evaluated for their binding stability using
MD calculation run for 100 ns simulations at natural room tem-
perature conditions. Visualization of the pdb trajectories post sim-
ulation run revealed that all except the 1-Sinapoyl-D- Glucose and
Sinapoyl-D-Glucoside ligand remains bound to the ligand binding
groove of the spike trimer pocket. However, the binding of Spike
trimer with ligand 1-Sinapoyl-D-Glucose and Sinapoyl-D-Glucoside
showed very high RMSD (>10 angstrom). Visualization of the tra-
jectory showed that the two ligands are completely out of the
binding pocket after 3.5 ns and 50 ns of the simulations indicating
the instability of this complex. For calculation and analysis of bind-
ing free energy and RMSD, radius of gyration and hydrogen bonds
only three complexes with ligands ASG, 4 PC, 3 PC were consid-
ered. Post simulation, the root mean square deviation (RMSD), the
root mean square fluctuation (RMSF), and radius of gyration values
were calculated for individual ligands bound to the spike protein
trimers and plotted as a function of time (0 to 100 ns). In general,
at the start of the simulation run small fluctuations in the RMSD
were observed (Fig. 4 (a), (b), (c)) which fall within the ideal range
around 2A (smaller RMSD values indicating the higher stability of
the complex during the simulation) [28,29]. The RMSD values of
the spike trimer readily increased from O to 15 ns, and thereafter
remained stable at 7-8 A throughout the simulation for complexes
with ASG, 4 PC and 3 PC ligands (Fig. 4 (a), (b), (c)), the rmsd
values for spike trimer-ASG complex showed least deviation and
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The free binding energy, inhibition constant, intermolecular energy and torsional
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oyl-D- Glucose. Hydrogen bonds are shown in black dashes.

| free energies obtained by Autodock4 analysis.

Free Binding Energy

Inhibition constant

Intermolecular Energy Torsional Free Energy

Name (kcal/mol) (AG) (uM) (kcal/mol) (kcal/mol)
3-p-Coumaroylquinic Acid (3PC) -6.71 11.97 -9.7 2.98
4-p-Coumaroylquinic Acid (4PC) -6.69 12.42 -9.68 2.98
Astragalin (ASG) -5.1 181.54 -8.38 3.28
Sinapoyl-D-Glucoside (S1G) -4.69 362.85 -8.27 3.28
1-Sinapoyl-D- Glucose (1SG) -3.7 1.93 mM -6.99 3.28

remained stable ~6.0 A throughout the simulation indicating to-
wards better and stable binding of this complex (Fig 4 (c)). The
average RMSD values of ASG, 4 PC and 3 PC ligands are in the
range of 2.5-4.0 A. The overall fluctuation (RMSF) calculated for
each atom in the complete simulation run for spike-ASG, 4 PC and
3 PC complexes showed that the atoms of binding site residues do
not move a lot and remain in a stable position (Fig S1).

The radius of gyration (Rg) of the spike protein bound to their
respective ligands lies between 4.8-5.0 nm indicative of the com-
pact globular fold of the trimer being maintained upon com-
plex formation. While the three ligands show average Rg value of
0.44 nm throughout the simulation run suggesting a stable interac-
tion with spike trimer (Fig. S2). The hydrogen bonding interactions
of the spike protein trimer bound with ligands were found stable
throughout the simulation run. ASG forms on average of 2-4 hy-
drogen bonds with spike trimer while 4 PC and 3 PC interacts with
spike protein by forming 3-6 hydrogen bonds throughout the time
course of simulation runs suggesting a firm interaction (Fig 5 (a),
(b), (c)). The binding free energy of the spike trimer-ASG, 4 PC and
3 PC, complexes were calculated using the prodigy online server
using the pdb trajectory of the complexes at 0, 5,10, 20, 30, 40, 50,
60, 70, 80, 90, 100 ns of the MD calculation steps (Table 4). The
average free energy of binding for the spike trimer complexes for
ASG, 4 PC and 3 PC, are -9.75, -9.18, -9.23 kcal/mol respectively.

The MD simulation analysis of selective docked complexes con-
firmed the substantial stability of spike trimer ligand complexes
under the study.

3.4. Target prediction of the screened phytomolecules

Coumaroylquinic acids shows 33.3% protease, 26.7% enzyme and
6.7% kinase, membrane receptor and electrochemical transporter
activities while comparatively lower aldose reductase and leuko-
cyte elastase activities whereas 100% Aldose reductase (by ho-
mology), Carbonic anhydrase II, Carbonic anhydrase VII, Carbonic
anhydrase XII, Carbonic anhydrase IV and Acetylcholinesterase is
shown by astragalin. Sinapoyl-D-Glucoside shows 20% kinase, pro-
tease and family A G protein-coupled receptor activities while
1 sinapoyl-D-glucose shows 20% oxidoreductase, electrochemical
transporter activities and 13% enzyme activity. The top 5 predicted
target activities of coumaroylquinic acids, astragalin, 1-sinapoyl-
glucose and sinapoyl-D-glucoside support their promising applica-
tion as a probable drug (Table S1) (Fig. 6).

3.5. Determination of the preclinical ADME properties

The analysis of SWISS ADME and Pre-ADMET results illustrates
a clear picture about the compound’s bioactivity. For a drug to
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Table 4
Binding free energy of the spike trimer complexes bound to ASG, 3 PC, 4 PC ligands calculated by using prodigy server at 0-100 ns of simulation with intervals
of 10 ns. The binding free energy was calculated for all the three replicates of MD run for each complex.

Ligand ASG-runl ASG-Run2 ASG-Run3 4PC-Runl 4PC-Run2 4PC-Run3 3PC-Runl 3PC-Run2 3PC-Run3
AGnoelec AGnoelec AGnoelec AGnoelec AGnoelec AGnoelec AGnoelec AGnoelec AGnoelec

time (ns) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

0 -10.3 -10.5 -10.4 -9.6 -9.6 -9.4 -9.5 -9.4 -9.5

10 -9.1 -9.2 -9.6 -9.1 -9.3 -9.1 -9 -9 -9.2

20 -9.4 -9.3 -9.6 -9.2 -9.2 -9.2 -8.9 -8.9 -9.1

30 -9.3 -9.1 -9 -9.2 -9.1 -8.9 -9 -9 -9.3

40 -9.3 -9.5 -9.7 -9.2 -9.3 -9 -9.3 -8.9 -9.2

50 -9.2 -9.6 -9.4 -8.8 -9.4 -8.9 -9.3 -9 -9.2

60 -9.2 -9.3 -9.4 -9.1 -9.4 -9.1 -9.2 -9.1 -9.3

70 -8.7 -9.8 -8.9 -89 -9.4 -9 -9.2 -9.1 -9.4

80 -8.9 -9.6 -9.1 -9 -9.4 -9 -9.3 -9 -9.5

90 -8.3 -9.5 -9.3 -9.2 -9.3 -9 -9 -8.9 -9.4

100 -8.4 -9.5 -9.4 -9.5 -9.4 -9 -9.2 -9 -9.5

total -9.35 -10 -9.9 -9.16 -9.35 -9.05 -9.17 -9.03 -9.50

s.d. 0.54 0.37 0.40 0.23 0.13 0.14 0.21 0.28 0.14

(a) (b) (c)

40 ~ - 5
35 . 4

Fig. 6. Predicted target activities of Top 5 screened phytomolecules (Table S1): (a) Astragalin (b) 4-p-Coumaroylquinic acids (c) 3-p- Coumaroylquinic acids (d) Sinapoyl-D-
Glucoside (e) 1-Sinapoyl-D- Glucose.
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Table 5
Pharmacokinetics and lipophilicity properties of the top scoring phytomolecules:.
Pharmacokinetics Consensus
Name Log Po/w
Calculated logD by
Log Kp (skin MDCK cellperme- in vitro Caco2 cell SK atomic types in  In vitro Plasma
permeation) (cm/s)  HIA(%) ability(nm/sec) permeability(nm/s) pH 7.4 Protein Binding(%)
3-p-Coumaroylquinic Acid -8.9 32.6 0.13 5.64 -0.0503 37.2 0.03
(3 PC)
4-p-Coumaroylquinic acid -9.45 31.8 0.62 16.26 -1.38736 35.76 -0.05
(4 PC)
Astragalin (ASG) -8.52 25.17 1.14 11.15 -0.421 57.58 -0.25
Sinapoyl-p-glucoside (S1G) -8.41 40 10.67 19.79 -0.98966 46.24 -0.34
1-sinapoyl-Dp- glucose -8.41 40 0.36 20.3 -0.98966 493 -0.94

(1SG)

Table 6

Medicinal chemistry, toxicity studies and drug likeliness studies of top five phytomolecules

Medicinal Chemistry

Acute Fish Toxicity DrugLikeliness

Name Leadlikeliness Synthetic Accessibility Score (%) medaka  minnow  Bioavailability Score (%)
3-p-Coumaroylquinic acid (3PC)  No;1 violation = 47.3 9.02 9.85671 55
4-p-Coumaroylquinic acid (4PC)  No;1 violation = 46.4 4.5 3.07595 11
Astragalin (ASG) No;1 violation 52.9 2.88 1.19787 17
Sinapoyl D-glucoside (S1G) Yes 40.7 213 1.98299 56
1-Sinapoyl-D-Glucose (1-SG) yes 40.4 2.0 1.96723 56

be effective, it should be stable at all pH, should neither pen-
etrate the Blood Brain Barrier (BBB) nor bind the P-glycoprotein
substrate while a balanced hydrophobic and hydrophilic nature is
also appreciable [30]. Human Intestinal Absorption (HIA) is one of
the most important ADME parameters that influences the bioavail-
ability of drugs. Low Gastrointestinal (GI) absorption was reported
while none of them reported BBB permeation, P-gp substrate in-
hibition, CYP1A2 inhibition, CYP2C19 inhibition, CYP2C9 inhibition,
CYP2D6 inhibition and CYP3A4 inhibition. Lipophilicity and several
other pharmacokinetic characteristics are discussed in the Table 5.

3.6. Analysis on toxicology and drug likeliness

3-p-Coumaroylquinic acid, 4-p-coumaroylquinic acid, sinapoyl-
D-glucoside and 1-sinapoyl-D-glucose followed Lipinski’'s rule but
astragalin has two violations reported. Coumaroylquinic acids and
sinapoyl-D-glucoside have 55% bioavailability while astragalin and
1-sinapoyl-D-glucose have less than 20% bioavailability. A number
of drugs have been withdrawn from the last stage of clinical tri-
als due to cardiotoxic effects and both the coumaroylquinic acids
showed medium risk hERG inhibition while sinapoyl-D-glucoside
and 1-sinapoyl-D-glucose showed low risk and astragalin showed
high risk values. All the five candidates showed low levels of acute
fish toxicity while negative results in two years carcinogenicity
bioassay in rats. Medicinal chemistry, acute fish toxicity and drug
likeliness are depicted in Table 5. Ames test predicts the muta-
genicity of the compounds and it was tested negative for all com-
pounds except astragalin. Additionally, zero alerts were reported
for Pan Assay Interference Structures (PAINS) and Table 6 repre-
sents the leadlikeliness and synthetic availability of the drugs and
other test results.

4. Discussion

Brassica oleacea L.var costata. locally known as espigos with ele-
vated levels of proteins, fats, S-carotene and vitamin C is nutrition-
ally well balanced and a rich source of energy [31]. In the current
pandemic situation, our group started into the investigations of the
potent antiviral agents from espigos like vitamin C, which is al-
ready well studied for its active mechanism against COVID-19. The
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vegetable has a good ratio of phenolics, omega 3 and omega 6 fatty
acids, tocopherols and flavonoids [32]. The coronavirus disease is
spreading rapidly at an alarming rate and it has become a major
global health crisis. It has now become an urgent need to find a
cure, as soon as possible. Many drugs are already in the market like
favipiravir, hydroxychloroquine and remdesivir. While remdesivir
and various other drugs are approved by the FDA to be used in an
emergency, it has the worst side effects in many cases. The combi-
nation of azithromycin and hydroxychloroquine that is being used
in hospitals is just effective as a placebo and causes heart prob-
lems in most cases [33]. Exploring nutraceuticals and phytochemi-
cals will be a best alternative for a potent lead drug of COVID-19.
With the advances in bioinformatics, we now have many inexpen-
sive tools for Computer Aided Drug Designing which can be relied
on for the preliminary stage screening. Molecular docking studies
are one of the most inexpensive and widely used tool in drug dis-
covery, in fact has been a boon to reduce the time course of drug
discovery pipeline. The pathways of SARS-CoV-2 entry to the host
such as adsorption and penetration are mostly controlled by the
spike protein and neutralizing antibodies target this during the on-
set of infection [34]. Spike proteins thus serve as a focus for drug
discovery and repurposing. The docking results obtained here sug-
gest that coumaroylquinic acids and astragalin show strong bind-
ing to the spike protein trimer of the SARS-CoV-2, this is further
validated by observing their binding energy values and inhibition
constant. Coumaroylquinic acids like 3-p-coumaroylquinic acid, 4-
p-coumaroylquinic acid are 5-p-coumaroylquinic acid well stud-
ied for their antibacterial and anti-inflammatory activities [35,36]
while astragalin reduces lipopolysaccharide-induced acute lung in-
jury in rats, bone destruction and free radical-induced oxida-
tive red blood cells hemolysis in humans [37,38,39]. These drug
molecules reported higher efficiency when compared to other syn-
thetic drugs like remdesivir, favipiravir and hydroxychloroquine
which are currently in use against spike protein. The study thus
suggests a group of potential herbal drugs which are not yet re-
ported for the inhibitory action from Brassica oleacea L.var costata.
These were first screened based on their molecular weights and
availability of three-dimensional structures in PubChem. Several
molecules like quercetin-3-O-sophoroside 7-O-glucoside were re-
moved because of their higher molecular weights (<500 g/mol)
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because that was one of the basic criteria of a good drug for bet-
ter penetration and absorption [40]. Fourteen drug candidates were
selected for docking and they were astragalin, 3-p-coumaroylquinic
acid, 4-p-coumaroylquinic acid, 1-sinapoyl-D-glucose, sinapoyl-D-
glucoside, sinapine, sinapic acid, aconitic acid, malic acid, quinic
acid, citric acid, ascorbic acid, shikimic acid and fumaric acid.
Based on their docking scores i.e., those that had a binding score
higher than -7.0 kcal/mol in Autodock Vina were removed and oth-
ers like astragalin, 3-p-coumaroylquinic acid, 4-p-coumaroylquinic
acid, 1-sinapoyl-D-glucose and sinapoyl-D-glucoside were studied
for their ADMET properties and target identification.

Determining the preclinical ADME properties and target predic-
tion have increased the chances of development of potential drug
molecules. Most of the studied drugs follow Lipinski’s rules and
don’t penetrate the BBB while 55% of the coumaroylquinic acids
have the potential to reach the target organ. They are expected to
exhibit 33.3% protease activity on the spike protein while astra-
galin shows 100% aldose reductase and carbonic anhydrase actions.
A highly negative value of Log P was reported for the compounds
which means that they had higher affinity for the aqueous phase.
PAIN alerts were given by none of the five molecules. They do not
have any adverse effect on synthesis of cholesterol or other lipids,
epoxygenase, drug metabolism, NADPH-dependent electron trans-
port pathway and hydroxylation of antimalarial drug quinine be-
cause they don’t inhibit CYP1A2, CYP2C19, CYP2D6, CYP2D9 and
CYP3A4 respectively [41]. In addition to the higher binding affin-
ity, extensive Autodock4 simulations are also carried out to ana-
lyze the interactions between the spike protein and ligands. As-
tragalin and Coumaroylquinic acids forms strong hydrogen bonds
with several amino acid residues of the spike protein chain A
namely, Glu1010, Arg765, 1le1013, Arg1019, Asp950, Glu773, Lys776,
Thr1006, GIn1005, GIn1002.

Interestingly, these compounds show the significant binding
with S2 domain of spike protein unlike the interactions of S1/RBD
interface with most of the drugs which have been reported in pre-
vious research. The S2 domain of spike protein plays crucial role
in the fusion of viral and host cell membrane by generating a six-
helical bundle via the two-heptad repeat domain [12,13,42]. In the
present study, we have demonstrated the substantial accessibility
of selected drug candidates to the interior of spike protein and
their interaction with S2 domain of spike protein. The binding pat-
tern of Astragalin and Coumaroylquinic acids with S2 domain re-
veals newer insights to the virus entry. Based on our in-silico bind-
ing studies we here propose a plausible scheme (Fig.1) showing the
ways to inhibit the fusion of viral membrane with the host cell sur-
face, thereby reducing the internalization of viral particles into the
host cells.

In SARS-CoV-2, SARS-CoV and MERS-CoV proteins, crucial ac-
tive sites are situated in a shallow groove between the two beta-
sheets that is composed of His 235, His 250, Lys 290, Thr 341, Tyr
343, and Ser 294. In our study Astragalin is observed to form a
hydrogen bond with the Arg765 and Glu773 as well as two hy-
drogen bonds with Asp950, this is reflected on the lowest binding
free energy values of -9.55 kcal/mol observed for spike trimer-ASG
complex further confirming the docking studies and stability of the
complex). According to a recent study [43], three residues i.e., His
374, His 378, Glu 402 were reported as key amino acids at the ac-
tive site pocket of spike glycoprotein. Similar binding mode is seen
for Astragalin which interacts strongly with Glu773 and Asp950
via hydrogen bonds (Fig. 2a, 3a). Strong binding is also seen in
3p-Coumaroylquinic acid, with Glu 661 via two hydrogen bonds
as seen earlier for other ligands [44]. The smaller fluctuations in
RMSD values <2.0 A during the time course of simulation runs
confirms the substantial stability of the spike trimer complexes
when bound to representative ligands. The binding free energy of
the spike trimer glycoprotein complexes obtained post simulation
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runs are in good agreement with the docking calculations indicat-
ing that all the three ligands ASG, 4 PC and 3 PC, forms a tight
binding complex by forming consistent hydrogen bonds involving
key residues in the binding groove of the spike trimer (Fig 5). The
spike trimer complex with ligands 3-p-Coumaroylquinic Acid and
Astragalin in this case showed lower values of RMSD values and
better binding free energy suggesting that these ligands strongly
interact with the trimeric spike glycoprotein. The binding free en-
ergy of spike trimer-ASG, 4 PC and 3 PC bound complexes at 0,
10, 20, 30, 40, 50, 60, 70, 80, 90, 100 ns interval of the MD sam-
pling run indicates stable interactions of the ligands in the binding
groove (Table 4). Although, there have been recent studies showing
that density functional tight binding (DFTB) may also provide more
accurate binding interactions than MD along with some additional
insights and could also scale well to the large systems [45,46]. This
is new heterogeneous CPU+GPU-enhanced DFTB approach to carry
out the tedious and competent simulation of large chemical and
biological systems.

In silico toxicity studies reveal that the top scoring drugs are
safe for their extensive use either as a therapeutic or as a prophy-
lactic measure but due to lockdown situations in India, we are not
able to carry out in vitro and in vivo validations and effectiveness
of these drugs. However, we understand that these findings may
help the researchers who are tirelessly working to develop or dis-
cover an effective drug against SARS-CoV-2.

5. Conclusion

The study discovered that several natural phytomolecules like
phenolics and organic acids from Tronchuda cabbage (B. oler-
acea) are active nontoxic molecules with diverse predicted en-
zyme, protease and kinase activities are effective against SARS-
CoV-2 spike protein. The binding affinities, energy estimations and
ADMET analysis resulted in the discovery of potential molecules
like coumaroylquinic acids, astragalin, sinapoyl-D-glucoside and
1-sinapoyl-D-glucose which have binding energies less than -
7 kcal/mol. Coumaroylquinic acids and astragalin are better in ac-
tion and cause fewer toxic effects than market available drugs like
remdesivir and hydroxychloroquine. Coumaroylquinic acids with
lower numerical values of rotatable bonds, total polar surface area
and accurate number of hydrogen bond acceptors and hydrogen
bond donors (as per Lipinski’s rule) make them suitable drug
molecules with good skin penetration and solubility, average gas-
trointestinal tract absorption and non-blood brain barrier perme-
ant. When compared to other molecules like Cangrelor and Dpnh
(NADH) with binding affinities of -7.23 kcal/mol and -7.03 kcal/mol
respectively, these molecules are much better in their two dimen-
sional and three-dimensional structural properties, binding scores
and free intermolecular energies [47]. The inhibitor constant, Ki,
is a value suggesting exactly how effective an inhibitor is; it is
the concentration of the drug obligatory to yield half maximum
inhibition and the coumaroylquinic acids gave the least Ki value
which shows the ability to inhibit even at the concentration of
about 11 uM while astragalin requires 181.54 M. Although these
in silico approaches give positive response regarding use and safety
of coumaroylquinic acids, astragalin, sinapoyl-D-glucoside and 1-
sinapoyl-D-glucose for inhibiting SARS-CoV-2, further in vitro and
in vivo experimental assays are suggested to evaluate the clinical
efficacy.
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