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Abstract

Shorea hemsleyana (King) King ex Foxw is used to treat various ailments in humans. Numerous biological activities have
been reported previously. The current study sought to identify S. hemsleyana phyto-derived anti-viral compounds against
the SARS-CoV-2 main protease to gain insight into the molecular interactions. In the present research, nine compounds
obtained from the PubChem database are examined via molecular docking. Docking experiments were conducted using
the AutoDock Vina tool. The Swiss ADME and DruLito servers were used for drug-like predictions. Our research shows
that the phytoconstituents of S. hemsleyana, namely, Hemsleyanol-A and Hemsleyanoside-A, may act against SARS CoV-2
main protease with the binding affinity of — 7.6 and — 6.8 kcal/mol respectively, which were further validated by molecular
dynamics (MD) simulations and end-state binding energy calculations. These phytocompounds could be used in contempo-
rary strategies to develop effective medicines from natural sources. The identified substances are potential anti-viral agents.
However, in vitro studies are necessary to assess their effectiveness against SARS-CoV-2.
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1 Introduction

An outbreak of the SARS-CoV-2 virus in 2019 caused one
of the worst pandemics in history, resulting in a medical
catastrophe [1]. SARS-CoV-2 has also spread to people
from different countries via different routes, such as travel-
lers, resulting in a pandemic declared by the WHO [2, 3].
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The primary infection symptom of this novel coronavirus
(COVID-19) is pneumonia, although additional symptoms
include headache, weariness, and loss of taste.

The epidemiological history of the infection was obtained
from the seafood market in Wuhan, China [4]. However,
the precise origin of human transmission remains unclear.
Currently, NCBI GenBank recognises over 100 genome
patterns from over ten countries [5]. The variation between
these series was less than 1%. SARS-CoV-2 has led to sig-
nificant respiratory system infections in humans, caused by
B-coronaviruses via the ACE2 receptor. Chinese experts
separated SARS-CoV-2 and sequenced its genome SARS-
CoV-2 on January 7, 2020 [6].

To propose an effective therapy against SARS-CoV-2,
a thorough understanding of the viral structure is required,
which may help identify more suitable targets [7-9]. Some

@ Springer


http://orcid.org/0000-0001-5028-1283
http://crossmark.crossref.org/dialog/?doi=10.1007/s42250-022-00521-2&domain=pdf

346

Chemistry Africa (2023) 6:345-366

hypothesised molecular structures for COVID-19 drug
development include the spike glycoprotein, the main pro-
tease, and papain-like protease [10, 11]. Suppression of these
components may result in the regression of the COVID-19
malady state.

Proteases are essential components of the SARS-CoV-2
life cycle. SARS-CoV-2 enters target cells and produces
two cysteine proteases, 3-chymotrypsin-like protease or
main protease and papain-like protease. These enzymes are
essential for the growth and spread of this pathogen as they
are involved in the maturation of viral proteins [12]. As they
play an important role, these proteases could be possible
targets for studying COVID-19 treatment [13]. Along with
targeting the active site of these proteases, some groups have
identified and designed the inhibitors against the allosteric
sites of the main protease as well to inhibit the protease
activity of it [14].

Bioinformatics is one of the most talked-about fields that
can examine the effectiveness of drugs for various illnesses,
including COVID-19, and could be beneficial [15]. This can
save money, expert time, and energy if computational tests are
used before applying in vitro and in vivo methods. Moreover,
they do not require animals [7, 16]. Scientists can use com-
puters to examine thousands of possible therapeutic agents
and determine their effectiveness against the target protein
involved in disease [17, 18]. Bioinformatics has been used to
produce recombinant vaccines and identifies many natural and
synthetic compounds against COVID-19 [19, 20].

Medical practitioners use antimalarial, anti-HIV, and
anti-influenza medications, and their combinations, to treat
COVID-19. However, these treatments do not permanently
cure coronavirus infection [21]. In contrast, many phyto-
chemicals identified in the scientific literature that exhibit
potential anti-viral action might be used as alternatives to
inhibit the reproduction of coronavirus [22, 23]. Natural
compounds with high chemical diversity have lower produc-
tion costs than biotechnological products or compounds syn-
thesised from combinatorial chemistry and possess milder
or non-existent side effects than chemical drugs [24]. Many
groups have identified FDA-approved natural compounds
that possess potent anti-viral activity against the main pro-
tease of SARS-CoV?2 [25, 26].

Though different vaccines have been developed against
the SARS-CoV-2 but their reach to under developed nations
is limited and their efficacy towards the newly circulating
mutants is debatable. As of 8th September 2022, World
Health Organization (WHO) (https://www.who.int/activ
ities/tracking-SARS-CoV-2-variants) and European Centre
for Disease Prevention and Control (ECDC) (https://www.
ecdc.europa.eu/en/covid-19/variants-concern) have assessed
and kept the Omicron variants (BA.1, BA.2, BA.3, BA .4,
BA.5 and XE variants) from Pango lineage B.1.1.529 as the
variants of concern owing to their increased transmissibility
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and severity. The continuous evolution of SARS-CoV-2,
especially under chronic infections in immunocompromised
patients gives it sufficient time to gain advantageous muta-
tions and makes it more resistant to current antivirals like
Paxlovid (nirmatrelvir-ritonavir), molnupiravir and remde-
sivir and escape of recognition by the circulating antibodies
[27-29]. Due to the development of immune-evasion and
incidences of resistance to current antivirals against SARS-
CoV-2, there is a dire need to continuously develop effec-
tive vaccines and identify new antivirals against the SARS-
CoV-2. To fill this gap of identifying effective antivirals, our
study is designed to screen novel phytocompounds, through
a structure-based drug discovery approach employing
molecular docking-based virtual screening against the main
protease (Mpro) of SARS-CoV-2, followed by validation of
docking results using MD simulations. The findings of this
study can be used to select potential therapeutic candidates
for in-vitro, in-vivo, and clinical testing.

2 Materials and Methods
2.1 Preparation of Ligands

A list of active phytochemicals was acquired through litera-
ture review [30, 31]. Nine active compounds from Shorea
hemsleyana, i.e., Hemsleyanol-B (Pubchem ID: 10842394),
Hemsleyanoside-D (Pubchem ID: 101073881), Hopeaphe-
nol (Pubchem ID: 495605), Hemsleyanoside-A (Pubchem
ID: 101073244), Davidiol-A (Pubchem ID: 11614520),
Hemsleyanoside-B (Pubchem ID: 101073245), Hemsley-
anoside-C (Pubchem ID: 101073880), Hemsleyanol-A
(Pubchem ID: 10814213), and Resveratrol-12-C-beta-glu-
copyranoside (Pubchem ID: 101011049) were retrieved from
the PubChem database as shown in Table 1. This database
was used to obtain the three-dimensional structures of these
bioactive chemicals in SDF format. In addition, the SDF
structures were translated into PDB format using PyMol
software. Ligands were protonated suitable to pH 7.4, and
energy minimised using a conjugate gradient algorithm for
500 steps with a step size of 0.02 A updated after every 10
steps.

2.2 Preparation of Protein

The X-ray crystal structure of the SARS CoV-2 main pro-
tease (PDB ID 6L.U7) was retrieved from the RCSB Protein
Data Bank (Fig. 1). MGL AutoDock Tools were used to
prepare the protein, which included the removal of crystal
water and ligands and the addition of Kollman charges and
polar hydrogens [34].
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Table 1 The structures and identifiers of the ligands produced by Shorea hemsleyana that are used for molecular docking against the main pro-

tease

Pubchem ID Structure Name References
10842394 Hemsleyanol-B [32]
101073881 Hemsleyanoside-D [32]
495605 Hopeaphenol [32]
101073244 HO 9 H Hemsleyanoside-A [33]
11614520 Davidiol-A [32]
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Table 1 (continued)

Pubchem ID Structure Name References

101073245 HO Hemsleyanoside-B [33]
HO,, o

101073880 Hemsleyanoside-C [33]

10814213 Hemsleyanol-A [33]

101011049 Resveratrol-12-C-beta-glu- [32]

copyranoside

2.3 Drug-likeliness and ADMET Analysis

The phytochemical compounds were obtained from
PubChem in SDF format and subjected to drug-likeness
predictions using DruLiTo software [35, 36]. The phar-
macokinetic properties of ligands must be investigated to
establish their roles in the body. The ADMET profiles of the
ligands were studied using the Swiss ADME, admetSAR,
and ProTox-II web servers [37, 38].

2.4 Active Site Prediction

A critical step is to predict the active sites of a target by
using computational tools. Supercomputing Facility for
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Bioinformatics and Computational Biology, IIT Delhi (scf-
bio-iitd.res.in) was used to extract information about the
active site of the main protease structure file used (PDB
ID:6L.U7), and it was visualised in BIOVIA Discovery Stu-
dio Visualizer 2020 (Fig. 2).

2.5 Compound Screening Using the PyRx Program

After loading macromolecules and ligands in the PyRx
program (0.9.8), they were converted and saved in the
pdbqt format. The grid parameter configuration file was
generated using PyRx, with the dimensions of the grid
box extracted from co-crystal inhibitor N3 complexed
with 6LU7. Autodock Vina was chosen as the docking
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Fig. 1 Three-dimensional structure of target protein Main Protease
(PDB ID: 6LU7)

algorithm with exhaustiveness set to 100. PyRx employing
the AutoDock Vina algorithm is fast and precise in stable
conformer identification. It is offered in normal, reverse,
or combined docking mode. Molecular docking was per-
formed according to the Wizard’s stage [39]. The stable
docked pose conformations of the ligands were selected
based on docking binding energy scores and non-bonded
interactions with critical active site residues. The docking
protocol was also validated by redocking the co-crystal
ligand N3 onto the main protease 6LU7 and overlapped
with the native crystal pose.

Fig.2 Visualization of the

active site by BIOVIA Discov-

ery Studio visualiser 2020 for

Main Protease (PDB ID: 6LU7) ~phereCbject Attributes

2.6 Analysis and Visualisation

The Vina score data presented in kcal/mol were compared
between the target, co-crystal inhibitor, and phytocom-
pounds. The three-dimensional conformations of the docked
ligands in pdbqt format were merged, analysed, and visual-
ised using BIOVIA Discovery Studio Visualizer 2020 [40,
41].

2.7 Molecular Dynamics (MD) Simulations

The screened molecules obtained after the docking simu-
lations were subjected to all-atom MD simulations using
LiGRO [42], an automated GUI-based tool to prepare a sys-
tem for running simulations using GROMACS 5.1.5 [43]
version. The separate protein-ligand complex systems were
solvated in a cubic box with dimensions of 893.27 nm”3
solvated with explicit transferable intermolecular poten-
tial with 3 points (TIP3P) water molecules. The topology
of the ligand was generated using ACPYPE with a general
Amber force field (GAFF), and the BCC model was used
for charge calculations. The AMBERO99SB force field was
used for protein topology. The protein has 306 residues and
a charge of — 4, and the system was neutralised using 0.15 M
NaCl concentration, adding 85 Na* and 81 C1~ ions. The
prepared system was energy-minimised to remove any steric
clashes under 1000 steepest descent steps, followed by 200
conjugate gradient steps (Supplementary Fig. 1a and 2a
show convergence of Potential energy of system to mini-
mum over minimisation steps). The minimised system was

Attribute Value
Name SBD_Site_Sphere
D 0
Visible Yes
Visibility Locked No
Color [ |
Parent 6LU7 “
XYZ -10.729204 12.417653 68.816122
Radius 13.821423
Transparent Yes
Copy OK Cancel
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equilibrated under NVT (modified Berendson Thermostat)
and NPT (Parinello-Rahman Barostat) ensembles for 1ns
each (Supplementary Figs. 1b—d and 2b—d show equilibrium
of the system evident from the system Temperature, Pressure
and water density plots over the NVT and NPT runs), fol-
lowed by a production run of 100 ns under the NPT ensem-
ble. A neighbor search was performed using the Verlet cutoff
scheme, and cutoff values of 1.4 nm were used for short-
range electrostatic and van der Waals energies. Long-range
electrostatics were managed using the PME method, and the
LINCS algorithm constrained covalent bonds. A time step
integrator of 2 fs was used, and 10,000 frames were saved
over the 100 ns simulation time. The trajectory was visual-
ised using VMD and analyzed using standard GROMACS
tools such as RMSD, RMSF, Rg, and H-bonds. The inter-
action fraction of the ligand with the active site residues
of 6LU7 was calculated using the Molecular-dynamics-
Interaction-plot tool (https://github.com/tavolivos/Molec
ular-dynamics-Interaction-plot) for 500 equidistant frames
extracted from the trajectory.

The end-state MMGBSA binding free energy was cal-
culated for the protein-ligand complexes using the gmx_
MMPBSA tool [44]. One hundred frames from each com-
plex trajectory’s last 10 ns of the metastable region were
selected for binding free energy calculations. iGB model 2
and the internal dielectric constant value set to 1. The bind-
ing free energy was calculated using the following Eq. 1:

AG = AH —TAS = AG gas + AG solv — TA, (1)

AG gas refers to the total gas-phase energy consisting
of electrostatic and van der Waals interaction energies,
Gsolv refers to the polar and non-polar solvation free
energies, and TAS is the change in interaction entropy
on ligand binding.

The metadynamics analysis of the complex MD trajecto-
ries was done using geo_measures v_0.9 [45] pymol plugin.

The analyses included the Free Energy Landscape (FEL),
Principal Component Analysis (PCA), and the porcupine
plot. The FEL was generated as a function of the trajectory
RMSD vs. RG, and the first two principal components (PC1
and PC2) were used for the PCA analysis.

3 Results and Discussion
3.1 Drug Likeliness Properties

Drug likeness is a critical screening measure for drug can-
didates during the drug discovery and development phases.
This metric correlates the physicochemical properties of
a substance with its biopharmaceutical properties in the
human body, particularly its influence on oral bioavailabil-
ity [46].

The DruLito program was used to study the physicochem-
ical characteristics of the nine selected active chemicals.
Except for resveratrol 12-C-beta-glucopyranoside and hems-
leyanol A, the other substances did not follow Lipinski’s rule
(Table 2) [47]. However, many natural compounds do not
follow Lipinski’s rule of five but remain largely bioavailable
and mimic the structure of biological synthetic intermediates
and endogenous metabolites involved in cellular pathways
[48].

3.2 ADMET Evaluation of the Phytocompounds

The ADMET attributes of the ligands have been studied
using Swiss ADME (http://www.swissadme.ch/), admet-
SAR (http://Immd.ecust.edu.cn/admetsar2/) and Protox-II
(https://tox-new.charite.de/protox_II/) web servers. Table 3
represents the predicted results of the ADMET properties of
the selected phytocompounds.

Ideal drug candidates should be non-toxic and exhibit
acceptable ADME characteristics. Using SwissADME, the

Table 2 Physicochemical properties of active compounds and accordance with the rule of Drug-likeliness

Ligand MW Logp Alogp HBA HBD TPSA AMR nRB nAtom nAcidic RC nRigidB nAromRing nHB ROS5
violations

Hopeaphenol 8639 812 -554 0 O 18.46 58.255 68 0 12 74 8 0 Yes
Davidiol A 648 6.19 -428 0 O 9.23 44324 51 0 9 55 6 0 Yes
Hemsleyanol A 448 284 -328 1 0 923  31.362 35 0 6 38 4 1 No
Hemsleyanol B 664 477 -453 1 0 18.46 45294 52 0 9 56 6 1 Yes
Hemsleyanoside A 735.9 0.63 -6.96 10 0 18.46  99.09 7 56 0 7 55 4 10 Yes
Hemsleyanoside B 7359 1.21 -6.64 10 0 27.69 99.1 8 56 0 7 54 4 10 Yes
Hemsleyanoside C  951.9 2.04 -8.75 10 0 27.69 1115 8 73 0 11 75 6 10 Yes
Hemsleyanoside D  799.9 4.12 -652 5 0 1846 779 5 62 0 10 66 6 5  Yes
Resveratrol 368 136 -3.15 5 0 923 51594 28 0 3 26 2 5 No

12-C-beta-glu-

copyranoside
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ADME profile of the identified molecules, including drug-
likeness, partition coefficient, solubility, HIA, BBB, and
cytochrome P450 inhibition, was examined. At the early
stages of drug discovery and development, drug likeness is
a vital criterion to be considered. It involves correlating the
physicochemical properties of a compound to its biopharma-
ceutical properties, particularly its influence over bioavail-
ability via oral administration [46].

The ability to absorb drugs through the human gut [HIA]
is one of the most important properties of ADMET. HIA
plays an important role in the transport of drugs to their
target [49]. When HIA is higher, the compound will be bet-
ter absorbed by the intestinal tract. Aside from Hemsleya-
noside B, all compounds showed greater HIA values than
0.9, indicating good membrane permeation. The penetration
power of Hemsleyanoside A and Resveratrol 12-C-beta-glu-
copyranoside was low compared to other phytoconstituents
across the Blood Brain Barrier (BBB). In terms of predicting
the efflux by P-glycoprotein from the cell, Hemsleyanoside
B, Hemsleyanoside C, Hemsleyanoside D, and Resveratrol
12-C-beta-glucopyranoside come out to be non-inhibitor and
substrate of P-glycoprotein, whereas, Davidiol A, Hemsley-
anol A, Hemsleyanol B, and Hopeaphenol comes out to
be non-inhibitor and non-substrate. An inhibitor of P-gly-
coprotein means that the drug will inhibit the cell’s efflux
process and enhance its bioavailability. A non-inhibitor of
P-glycoprotein means that the drug will efflux from the cell
by P-glycoprotein and limits the bioavailability by pumping
back into the lumen and may promote the elimination of
that drug into the bile and urine. In the case of metabolism,
Davidiol A, Hemsleyanol A, Hemsleyanol B, and Hopea-
phenol were found to be non-inhibitor and substrates, while
Hemsleyanoside A, Hemsleyanoside B, Hemsleyanoside C,
Hemsleyanoside D, and Resveratrol 12-C-beta-glucopyra-
noside found to be non-inhibitor and non-substrate. A non-
inhibitor of cytochrome P450 means that the molecule will
not hinder the biotransformation of the compound (drug)
metabolised by cytochrome P450.

Lipinski and Veber [50, 51] rule-based filters were used to
calculate the drug- and lead likeness for the nine selected
compounds. The results showed that all selected compounds
had violated the underlying drug-likeness rules, except
Hemsleyanol A and Resveratrol 12-C-beta-glucopyranoside.
These results suggest that these compounds have low theo-
retical oral bioavailability, according to Lipinski’s rule of
five. Another important property of oral drugs is their solu-
bility in intestinal fluid because insufficient solubility can
limit intestinal absorption through the portal vein system.
All the compounds with low aqueous solubility levels are
shown in Table 3, except for compounds Hemsleyanoside
A, Hemsleyanoside B, and Resveratrol 12-C-beta-glucopyra-
noside, which have shown better solubility. Most of the

compounds found are unlikely to cross the BBB. No com-
pound shows a good likelihood of being a BBB penetrant.

Pan-Assay Interference Compounds (PAINS) are well-
known to medicinal chemists who have spent many hours
optimising these nonprogressive compounds without suc-
cess. Table 3 demonstrates that none of the tested substances
generated a PAINS warning.

The cytochrome P450 family facilitates drug elimination
through metabolic biotransformation. Inhibiting these isoen-
zymes is undoubtedly a high-risk cause of pharmacokinetic
interactions, leading to toxic or unwanted side effects due
to a decreased clearance and accumulation of the drug or
its metabolites. As shown in Table 3, all the compounds
are non-inhibitors of CYP1A2, CYP2C19, CYP2C9, and
CYP3A4 and, therefore, may have no side effects (such as
liver dysfunction). The CYP1A2 enzyme is found predomi-
nantly in the liver (about 10% of the total CYP content) and
is responsible for activating amines, PAHs, and many other
drugs [52].

These compounds have been evaluated for their hepato-
toxicity, carcinogenicity, mutational potential, and cytotox-
icity [53]. According to the results of ProTox II, The Car-
cinogenic profile also shows that except for Hemsleyanol B
and Hopeaphenol, remaining all the compounds were non-
carcinogenic, so they can be applied as drugs for treating
COVID-19 as there would not be any bioaccumulation of
compounds in the human body and these compounds less
likely to cause cancer in future if the patient were treated
for a long duration. Immunotoxicity has been reported for
Hemsleyanol B, Hemsleyanoside A, Hemsleyanoside B,
Hemsleyanoside C, and Resveratrol 12-C-beta-glucopyra-
noside. No hepatotoxicity or cytotoxicity is associated with
any of the compounds (Table 3).

The LD50 prediction using ProTox II indicated that com-
pounds, except Hemsleyanoside A, have non-toxic effects
in rats and have oral LD50 values ranging from 250 to
10,000 mg/kg.

3.3 Molecular Docking Studies

The docking procedures were validated via re-docking the
co-crystallised ligand (N3) against the active pocket of the
binding site. The calculated RMSD values between the
re-docked pose and the co-crystallised one were 0.375A°,
respectively. Such values of RMSD indicated the efficiency
and validity of the docking protocol (Fig. 3). The binding
site was discovered to be predominantly localised in the
hydrophobic gap bordered by the following amino acids
using the inhibitor N3 with 6lu7: PHE A:140, GLY A:143,
HIS A:164, GLN A:189, LEU A:167, MET A:165, THR
A:190, ALA A:191, PRO A:168, GLU A:166, MET A:49
and HIS A:41.
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Fig.3 Validation of the docking algorithm by redocking the native
inhibitor N3 on the target main protease protein (PDB ID: 6LU7).
Red—Native crystallised pose of N3; Blue: Docked pose of N3

There were eight hydrogen bond interactions with
eight amino acids, two with GLU A:166 and six with
PHE A:140, GLY A:143, HIS A:163, HIS A:164, GLN
A:189, and THR A:190, as shown in Fig. 1. Two C-H
bonds exist with MET A:165 and HIS A:172, as well as
three hydrophobic Pi-alky bonds with PRO A:168, ALA
A:191, and HIS A:41. Subsequent investigation revealed
the existence of an Amide-Pi stacking interaction with
LEU A:141 (Fig. 4).

The redocked pose of the co-crystallised N3 and the co-
crystallised ligand interacting with similar amino acid resi-
dues of the active site, as shown in Fig. 4.
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In order to identify potential inhibitor candidates against
the main protease of SARS CoV-2, molecular docking of
nine phytoconstituents obtained from Shorea hemsleyana
was performed on the main protease and evaluated the
molecular interactions based on molecular docking findings.

A structural conformation study of the ligand-protein
complexes was performed to identify the target’s drug sur-
face hotspot, and ligand-bounded amino acid residues were
also identified. The compounds having the highest molecu-
lar docking scores with the Mpro SARS-CoV-2 protein are
included in Table 4.

Based on the molecular docking investigation results,
only three molecules demonstrated the highest binding
energy values close to the co-crystallised ligand. These find-
ings indicated that the three investigated compounds might
act as potential SARS-CoV-2 inhibitors.

As depicted in Fig. 5a, Hemsleyanol-A has showed
the following interaction types with the Mpro protein of
SARS-CoV-2 with a binding energy of — 7.6 Kcal/mol:
three H-bonds GLU A:166 (4.25), PHE A:140 (4.54), HIS
A:172 (5.40), two hydrophobic interactions with LEU A:141
(7.20), CYS A:145 (7.08) and one electrostatic interaction
with MET A:49 (5.62) residues.

Although Hemsleyanol-B binds to the main protease
with an energy value of — 6.8 kcal/mol; herein, it shows
five H-bond interactions which maintain the stability of
the complex, i.e., HIS A:41 (5.07), HIS A:164 (5.72),
ASN A:142 (4.61), SER A:46 (2.48), GLU A:166 (3.86,
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Fig. 4 Different non-bonding interactions between 6lu7 and the native inhibitor N3. a Co-crystal pose. b Redocked pose
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Fig.5 2D Interactions of ligands with Main protease (6LU7). a Hemsleyanol-A, b Hemsleyanoside-A, ¢ Resveratrol-12-C-beta-glucopyrano-
side, d Hemsleyanoside-C, e Hemsleyanoside-B, f Davidiol-A, g Hemsleyanol-B, h Hemsleyanoside-D, i Hopeaphenol

4.66); one hydrophobic interaction with LEU A:141 (7.67)
and one electrostatic interaction with CYS A:145 (7.18)
(Fig. 5b).

Resveratrol-12-C-beta-glucopyranoside, isolated from
S. hemsleyana, exhibits a binding energy of — 6.1 kcal/
mol with the SARS CoV-2 Mpro protein. This compound
interacts with the Mpro protein through H-bond with HIS
A:163 (5.21), CYS A:145 (3.94), SER A:144 (2.82, 3.80),
LEU A:141 (5.78), GLY A:143 (3.45), HIS A:164 (6.49)
amino acid residue and hydrophobic interactions with
GLN A:189 (3.58). The interaction modes are illustrated
in Fig. 5c.

@ Springer

These amino acid residues in the Mpro protein, GLU
A:166, and LEU A:141, can contribute substantially to
Hemsleyanol-A and Hemsleyanol-B stability.

3.4 MD Simulations

The dynamic native-like behavior of the protein-ligand com-
plex was mimicked using all-atom MD simulations ran for
100 ns. The effect of solvation on the interaction between
the target protein and the screened ligands was assessed,
which was not considered during the docking protocol. Dif-
ferent studies have validated the time duration required for
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assessing the stable interactions between protein-ligand
by running MD simulation for 100 ns and compared with
ps simulation results where no significant difference was

e
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observed in prolonged simulations for the stable binding
ligand compounds. In contrast, for non-stable complexes,
longer simulation is recommended [54, 55]. The stability
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Table 5 Hydrogen bond occupancy between the target protein 6L.U7 and the ligands Hemsleyanoside-A and Hemsleyanol-A

6LU7-Hemsleyanoside-A

6LU7-Hemsleyanol-A

Donor Acceptor Occupancy
LIG307-Side-O7 THR190-Main-O 52.55%
GLU166-Main-N LIG307-Main-O 22.85%
GLY143-Main-N LIG307-Side-C20 16.32%
LIG307-Side-O7 ARG188-Main-O 7.14%
SER144-Main-N LIG307-Side-O4 5.81%
HIS163-Side-NE2 LIG307-Side-O3 3.02%
CYS145-Side-SG LIG307-Side-O4 2.34%
CYS145-Main-N LIG307-Side-O4 2.16%
GLY143-Main-N LIG307-Side-C19 1.84%
GLY143-Main-N LIG307-Side-C18 1.57%
GLY143-Main-N LIG307-Side-C17 1.54%
GLN192-Side-NE2 LIG307-Side-O7 1.34%
LIG307-Side-O14 GLN189-Side-OE1 1.01%

Donor Acceptor Occupancy (%)
LIG307-Side-O1 ASP187-Main-O 61.58
LIG307-Side-O5 GLU166-Main-O 53.75
LIG307-Side-O6 GLU166-Side-OE2 16.68
LIG307-Side-O6 GLU166-Side-OE1 14.08
LIG307-Side-02 HIS164-Main-O 9.52
GLN192-Side-NE2 LIG307-Side-O5 4.63
LIG307-Side-O6 HIS164-Main-O 4.37
LIG307-Side-O1 ASP187-Main-C 4.30
LIG307-Side-O6 GLU166-Side-CD 3.09
GLN192-Side-NE2 LIG307-Side-C14 2.94
LIG307-Side-O3 VAL186-Main-O 2.06
GLU166-Side-CB LIG307-Main-O 2.03
THR190-Main-N LIG307-Side-C14 1.92
ASP187-Main-CA LIG307-Side-O3 1.89
GLU166-Main-N LIG307-Side-C5 1.03

of the 6LU7 main protease protein with the screened mole-
cules (Hemsleyanoside-A and Hemsleyanol-A) was assessed
by monitoring the backbone Root Mean Square Deviation
(RMSD) of the free and ligand-bound protein. As evident
from Fig. 6a, both the systems were well equilibrated and
stable, with the average RMSD for the 6LU7-Hemsleyano-
side-A complex being 2.65 A and the 6LU7-Hemsleyanol-A
complex was also stable, with the average RMSD of 2.4 A
up to 80 ns. It increased up to 3.7 A due to the increased
movement of the end C-terminal as evident from the Root
Mean Square Fluctuation (RMSF) plot (Fig. 6b). The overall
fluctuation in the active site residues for both the complexes
was well within 2.4 A. The Radius of Gyration (RG) of the
protein complexes was stable (Fig. 6¢), with contraction
of the protein being observed during the last 20 ns of the
6LU7-Hemsleyanol-A complex. Both the ligands formed
6—7 hydrogen bonds (Fig. 6d) with the active site residues
of the protein. The highest occupancy of the hydrogen
bonds with the cutoff distance of 3.5 A was observed with
residues THR190 (52.55%), GLU166 (22.85%), GLY 143
(21.27%), ARG188 (7.14%), and SER144 (5.81) along with
other residues having lower occupancies in case of 6LU7-
Hemsleyanoside-A complex. In contrast, in the case of the
6LU7-Hemsleyanol-A complex, the highest occupancy for
the hydrogen bonds was observed with the residues ASP187
(67.77%), GLU166 (91.69%), HIS164 (13.89%), GLN192
(7.57%), along with other residues with occupancy up to 1%
were considered (Table 5).

The distance and contact analysis of the residues within
3.5-5 A of the ligand molecules was also done. From Figs. 7

and 8 show that both the ligands formed contacts with up to
5 active site residues, which were within 3.5 A distance from
the ligand molecules, with them being under 3.5 A from
90 to 98% of the trajectory time. Figures 7d and 8d show
the significant interactions of the residues lining the active
site (within 5 A of the ligand) and their interaction types.
In both cases, major interactions were hydrogen bonds, fol-
lowed by hydrophobic and pi-stacking interactions. Overall,
the analysis of these results suggested that the complexes of
main-protease with Hemsleyanoside-A and Hemsleyanol-A
attained stable equilibrium under the time frame of 100 ns
of the study.

The metadynamics analysis of the complex trajectories
was done to map the different conformational ensem-
ble states spanned by the protein in the complex with
the screened ligands. The FEL (Fig. 9a) of the Hems-
leyanoside-A complex showed a single global energy
minimum at RMSD of 0.18 nm and RG 2.2 nm, while
the 6LU7-Hemsleyanol-A complex, one local minimum
and one diffused global energy minimum was observed
with energy difference less than 2 kcal/mol. The 6LU7-
Hemsleyanol-A complex spanned a comparatively larger
search space in both directions along with the first prin-
cipal than the Hemsleyanoside-A complex owing to the
different conformation states obtained by the movement
of the C-terminal stretch (Fig. 9b), as can be seen in the
porcupine plot also (Fig. 9d). The first 10 PCs explained
76% and 82% of the possible movements for the Hems-
leyanoside-A complex and 6LU7-Hemsleyanol-A com-
plex (Fig. 9c¢).
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Fig.7 Distance-based interaction analysis of active site residues of
main protease within 3.5 A of Hemsleyanoside-A. a Residues main-
tain a 3.5 A distance with the ligand over 100 ns simulation trajec-
tory, b total number of contacts within 3.5 A of the ligand, c total
number of contacts formed between the active site residues within

The binding free energy analyses (Figs. 10 and 11)
showed that the relative binding free energy for both the
ligands with the target protein was similar (— 52.83 +
3.52 kcal/mol for Hemsleyanoside-A complex and —52.78

@ Springer

3.5 A of the ligand over the 10,000 frames of the MD trajectory,
d interaction fraction along with the type of non-bonding interactions
between the active site residues and the ligand. Note: LIG 307 here
refers to Hemsleyanoside-A

+ 3.85 kcal/mol for 6LU7-Hemsleyanol-A complex). Both
the ligands remained stably bound throughout the trajec-
tory, and the major contributing active site residues in the
binding energy are shown in Figs. 10e and 11e.
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4 Conclusion

Despite massive attempts to curb the current epidemic,
the coronavirus disease (COVID-19) pandemic is spread-
ing worldwide. Although many people worldwide are

D

of the ligand over the 10,000 frames of the MD trajectory, d interac-
tion fraction along with the type of non-bonding interactions between
the active site residues and the ligand. Note: LIG 307 here refers to
Hemsleyanol-A

unvaccinated, several vaccines are being researched and
authorised for emergency use, particularly among indi-
viduals in underdeveloped countries. The development
of anti-viral medications may help to combat this pan-
demic. We conducted an in silico investigation to identify
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Fig.9 The metadynamics analysis of MD trajectories of Hemsleya-
noside-A and Hemsleyanol-A with the main protease. a Free-energy
landscape plotted as a function of RMSD vs. Rg, b PCA analysis of

potential inhibitors of SARS-CoV-2 main protease. The
research used Nine molecules obtained from S. hemsley-
ana, a Dipterocarpaceae species. Only seven of the nine
compounds had good binding affinities in the molecular
docking investigation compared to the reference co-crys-
tallised ligand N3. The overall binding energies of the
nine compounds ranged between — 3.1 and — 7.6 kcal/mol,
which is close to the value found for the co-crystallised

@ Springer

the first two principal components, ¢ cumulative variance plot, and
d porcupine plot

ligand (-8.2 kcal/mol). ADMET analysis was performed
on nine selected drugs to determine their absorption, dis-
tribution, metabolism, and toxicity. Molecular dynamics
(MD) simulations were performed to confirm the sta-
bility of hemsleyanol-A and hemsleyanoside-A against
the main protease. The acquired findings showed that
both compounds interacted with the active site residues,
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Fig. 10 End-state MMGBSA binding energy analysis between main
protease and Hemsleyanoside-A. a Enthalpic contributions to the
binding free energy, b entropic contributions to the binding free

energy, ¢ total binding free energy, d total decomposition of the bind-

maintaining a distance of less than 3.5 A over the simu-
lated time. Based on the findings of this study and earlier

research, hemsleyanol-A and hemsleyanoside-A might be
explored as potential inhibitors of the SARS-CoV-2 main

F

ing energy per selected frames of the trajectory, e per-residue decom-
position of the binding energy contributions, f per-residue per-frame
binding energy contributions

protease. Experiments should be conducted to determine
in vitro and in vivo efficacy against SARS-CoV-2.

@ Springer



364

Chemistry Africa (2023) 6:345-366

GEAS

&

Eneray (kealimol)

Enaray (keal/mol)

g 450

KO

d 0
418
5
N
£ ’ i"' : fi
7 |
e ‘ n|‘l"v‘Ml'l'
g ‘W\M‘
E—m I I! ‘] Y \‘\“
|
Y ‘

ol

- N
e

woow

>
o
£
[y

ES
’\ .
=30
o4
2
£
ki
LR
i N
‘ i
-2
u i
! -1
" LY 3
5
' v
v
)
0 450 L G ll ENr
_ i e, 5
e $ & ®
. ot B U
= AHISAL
-aos4
-a
, RS
1 A
A
54
~AASK LD
=l
£
¢
-
>
3
i
i®
=3
- -3
N . __aI.-i-IlIﬁ-

AP SR Y
Pl oy

FF S
e

BN
i
A R S
'f'rv"?y‘??‘v

SPSIIFIERS IS

& &5
S

£&d 0 O0 TN0 U0 G0 05D G0 S0 0D 0 L0
oA r
S frames

Fig. 11 End-state MMGBSA binding energy analysis between main
protease and Hemsleyanol-A. a Enthalpic contributions to the bind-
ing free energy, b entropic contributions to the binding free energy,
c total binding free energy, d total decomposition of the binding
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