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Abstract: Substantial research is currently conducted focusing
on the development of promising antiviral drugs employing in
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silico screening and drug repurposing strategies against SARS-
CoV-2. The current study aims at identifying lead molecules
targeting SARS-CoV-2 by the application of in silico and mole-
cular dynamics (MD) approaches from phytoconstituents pre-
sent in Homalomena aromatica. The main protease (MP™)
enzyme of SARS-CoV-2 is taken as the target protein to perform
the docking analysis of 71 molecules reported from H. aro-
matica by the application of different modules of Discovery
Studio 2018. Five molecules were taken as prospective leads
namely dihydrocuminaldehyde, p-cymen-8-ol, cuminalde-
hyde, p-cymene, and cuminol. In the absence of known inhibi-
tors, a comparative study was performed with the compounds
reported in the literature and potent terpenoid-metal com-
plexes were taken into account based on known efficacy as
anti-viral molecules. After performing the docking studies
with Mpro enzyme of SARS-CoV-2, it was observed that the
—CDocker Energy of cuminaldehyde thiosemicarbazone was
29.152, indicating a significant affinity toward Mpro. The
same was also supported by the MD study. Taken together,
our results provided in silico evidence that secondary meta-
bolites derived from H. aromatica could be employed as
potent antiviral agents targeting SARS-CoV-2. Our findings
warrant further validation of their in vitro and in vivo effi-
cacies prior to their development into bona fide therapeutic
agents.

Keywords: secondary metabolites, drug discovery, corona-
virus, virtual screening, Homalomena aromatica, antiviral

1 Introduction

The first instance of pneumonia-like symptoms having unknown
etiology was reported to the World Health Organization (WHO)
on 31st December 2019 from Wuhan City, China [1]. Subse-
quently, the Chinese authorities identified this disease on
7th January 2020 as a novel coronavirus and temporarily
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named it “2019-nCoV” [2]. On 30th January 2020, the WHO
declared the outbreak as a Public Health Emergency of
International Concern [3]. This infection was caused by a
coronavirus that is linked to those that caused Middle East
Respiratory Syndrome (MERS) in 2012 and Severe Acute
Respiratory Syndrome (SARS) from 2002 to 2004. Corona-
viruses (Family-Coronaviridae) in general causes respiratory
and neurological diseases [4]. SARS-CoV-2 spikes (proteins
protruding from the surface) bind to receptors on the
human cell surface called angiotensin-converting enzyme 2.
It is reported in some studies that this binding leads to infec-
tion, which is similar to the outbreak caused by the 2002 SARS
outbreak [5]. Finding medications that can combat the SARS-
CoV-2 virus is absolutely necessary as the world grapples with
the COVID-19 outbreak [6]. Even though vaccines can provide
some defense against the infection, the researchers are far
away from finding a drug against it [7]. Efforts were directed
to repurpose drugs already used for different indications or
to find molecules present in the scientific domain with limited
toxicity profiles.

Since ancient times, in different traditional health prac-
tices, herbs are used as potent therapeutic agents for a
plethora of diseases [8,9]. Phytochemicals are an important
source of antiviral drugs and reportedly between 1981 and
2006, 44% of approved antiviral drugs originated from
plant-derived secondary metabolites. In the plant kingdom,
nearly 50,000 secondary metabolites have been reported so
far [10,11]. In silico analysis has shown that compounds such
as spermidine, spermine, resveratrol, trehalose, baicalin,
curcumin, quercetin, epigallocatechin 3-gallate, naringenin,
and some flavonoids can act as effective inhibitors of SARS-
CoV-2[12,13]. Terpenoids are a class of plant secondary meta-
bolites formed by the linear arrangement of isoprene units
(2-methylbuta-1,3-diene) which might undergo rearrangement
and cyclization [14]. Terpenoids have been shown in studies to
have potential as SARS-CoV-2 MP™ inhibitors [15-18]. More-
over, the potency of terpenoids as antiviral agents can be
significantly increased by complexation with metals [19].

Drug repurposing is a promising and exciting strategy
that permits the utilization of certain authorized pharma-
ceutical drugs beyond their intended indication, thereby
rendering the options for development of new therapeutics
faster. The parallelism in the pathophysiology of COVID-19
and cancer, particularly landmarked by dysfunctional inflam-
matory and immunologic responses, has driven the endeavors
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of repurposing anticancer drugs [20-22]. Plants have been
well documented as rich natural source of secondary meta-
bolites with potent in vitro and in vivo anticancer activities
[23]; hence, their repurposing as antiviral lead compounds
holds great potential. Homalomena aromatica Schott. is
a medicinal herb rich in terpenoids, which is used in dif-
ferent traditional health practices of South-East Asia to treat
health-related disorders such as inflammation [24], digestive
disorders, skin diseases [25], pain, depression, sepsis, spasm,
common colds, and insomnia [26]. Therefore, in the present
study, a library of terpenoids reported from H. aromatica
was initially studied for their binding against SARS-CoV-2
MP™ followed by subsequently detailed search in different
databases to identify compounds based on the best-docked
conformation to identify terpenoid—-metal complexes. It was
noticed during the search that, thiosemicarbazone com-
plexes showed potent antiviral activity and were found to
be significant inhibitors against the human immunodeficiency
virus, human T-cell leukemia virus, and herpes simplex virus
[27,28]. Subsequently, cuminaldehyde thiosemicarbazone (CT)
was taken as a prospective inhibitor of MP™ enzyme based on
the —CDocker energy of cuminaldehyde [29,30]. In the absence
of known inhibitors of SARS-CoV-2 MP™, it was observed by Jin
and coworkers that some compounds acted as inhibitors to
the enzyme; therefore, the above-mentioned compounds were
further analyzed considering the compounds reported by
Jin and coworkers including disulfiram (DS), carmofur
(CF), ebselen (EL), shikonin (SN), tideglusib (TL), 1-methyl-
propyl 2-imidazolyl disulfide (PX-12), and 2-methyl-4-(phe-
nylmethyl)-1,2,4-thiadiazolidine-3,5-dione (TDZD-8) [31]. DS
was considered for the study on basis of the available litera-
ture and the CT inhibition was compared with DS [32-35].
The best-docked compounds namely CT, DS, and the active
inhibitor of SARS-CoV-2 MP™, i.e., N3 were further analyzed
for binding stability of the top hits by the application of
Molecular Dynamics protocol of Discovery Studio 2018. The
potential inhibitors for SARS-CoV-2 MP™ were identified by
the application of different in silico strategies, which are sum-
marized in Scheme 1.

SARS-CoV-2 MP™ is an important enzyme for the repli-
cation of SARS-CoV-2 as it processes the polyproteins [36]
from the viral RNA in the process of translation [37]. Con-
sidering the circumstances, and development of recombi-
nant variants like Omicron, it is of utmost importance to
find novel molecules since viruses can undergo subtle
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Scheme 1: Computational scheme for the identification of inhibitors of SARS-CoV-2 M

P from phytochemicals of H. aromatica.
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genetic changes through mutation and recombination [38,39].
Additionally, in the case of viruses, alterations in just a handful
of amino acid residues in the targeted viral protein are enough
to totally or partially negate drug effectiveness [40]. Therefore,
on the hunt for novel plant-derived lead anti-SARS-CoV-2 com-
pounds, the current study employed virtual screening and
integrated molecular docking approaches to identify secondary
metabolites that exhibit promising inhibitory action against its
main protease.

2 Results

2.1 Docking study

The redocking of the co-crystalized ligand N3 at the active
site gave satisfactory results with an average root mean
square value of 2.29 A. Besides the 2D interactions gener-
ated from the original complex and redocked complex also
showed reliability of the study with the presence of similar
type of non-bond interactions in both cases. The superim-
posed poses and 2D interaction files are shown Figure S3.
The results of the docking analysis for all phytochemicals
of H. aromatica are reported in Table S1. Out of the 71
reported molecules from H. aromatica, five molecules were
considered based on the —CDocker Energy. Hexadecanoic
acid (HM 50) was not considered due to the ADMET profile
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of the molecule [41]. The —CDocker Energy of dihydrocumi-
naldehyde (HM 5), p-cymen-8-ol (HM 37), cuminaldehyde (HM
38), p-cymene (HM 57), and cuminol (HM 65) were found to be
significant. N3 complex with MP™ was found to be much
more stable in comparison with the best hits. Literature sug-
gested that HIS 41 and CYS 148 residues of the protease
enzyme of progenitor bat coronavirus that causes MERS are
important because of the inhibitory activity of the ligands
[42]. After analyzing the interactions of N3, it was observed
that N3 interacted with HIS 41 via a hydrophobic bond. On the
other hand, HM 5 showed both hydrophilic and hydrophobic
interactions with CYS 145. The interaction of HM 37 and HM
57 was analyzed and it was observed that the interaction of
both with CYS 145 was hydrophobic. HM 65 showed the for-
mation of a Pi-sulfur bond with CYS145. The detailed interac-
tions of the top hits are summarized in Table 1.

Taking the top hits as the reference structures, a detailed
search was performed in different databases to find antiviral
molecules. It was observed that CT and para-cymene ruthe-
nium chloride (PCRC) are potent antiviral molecules in vitro
[29,30]. CT was considered a significantly better hit against
SARS-CoV-2 MP™ owing to a better safety profile in associa-
tion with the —CDocker and binding energies.

The bonding of the amino acids with CT, PCRC, DS, CF,
EL, SN, TL, PX-12, and TDZD-8 was found to be hydro-
phobic. In the docking analysis, it was observed that CF
had a binding energy of -65.502 whereas DS showed the
highest —CDocker energy. Therefore, DS was considered a

Table 1: ADMET profile of the selected compounds in comparison to the co-crystal ligand

Molecules ADMET ADMET BBB  ADMET CYP2D6 ADMET ADMET PPB ADMET ADMET
solubility level level absorption level hepatotoxicity level AlogP98 PSA_2D
N3 3 4 3 False True False 3.542 206.36
HM 5 3 2 0 False True True 2.299 58.931
HM 37 3 1 0 False False True 2.294 20.815
HM 38 3 1 0 False False True 2.783 17.3
HM 57 3 0 0 False True True 3.51 0
HM 65 3 1 0 False False True 2.419 20.815
T 3 2 0 False True False 2.902 50.673
PCRC 3 1 0 False True False 2.641 26.316
DS 2 0 0 False True False 4.551 6.704
CF 3 3 0 False True False 1.844 80.875
EL 2 1 0 False True True 3.227 20.653
SN 3 3 0 False True True 2.444 97.048
TL 1 0 0 False True True 5.155 41.306
PX-12 3 1 0 False True False 2.641 26.316
TDZD-8 3 1 0 False False False 2.67 41.306

N3: active inhibitor of SARS-CoV-2 MP'®; CT: cuminaldehyde thiosemicarbazone; PCRC: para-cymene ruthenium chloride; DS: disulfiram; CF: carmofur;
EL: ebselen; SN: shikonin; TL: tideglusib; PX-12: 1-methylpropyl 2-imidazolyl disulfide; TDZD8: 2-methyl-4-(phenylmethyl)-1,2,4-thiadiazolidine-3,5-

dione.



4 —— Ashis Kumar Goswami et al.

(a) (b) (© ()]
/\NJKS/STN(/ j\;\f i
Joo T

(h) U]

ZX

OH o °
yN
s
\N

P
/

(®) U)

Figure 1: Structure of the best hits: (a) HM 5, (b) HM 37, (c) HM 38, (d) HM 57,
(n) TDZD-8.

better hit of the reference set against SARS-CoV-2 MP*°. The
2D structures of the best hits are shown in Figure 1. The
results of the docking studies of the top hits are summar-
ized in Table 2. The interacting amino acids for N3, CT, and
DS are shown in Figure 2. The 2D interaction of the other
molecules is given in Figure S1.

Table 2: Docking scores of the best compounds in comparison with the co
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(e) HM 65, (f) CT, (g) PCRC, (h) DS, (i) CF, (j) EL, (k) SN, (I) TL, (m) PX-12, and

2.2 ADMET analysis

After analyzing the ADMET profile of the reported com-
pounds it was observed that all compounds showed good
solubility and absorption in the in silico study and very
high to medium blood-brain barrier (BBB) penetration.

-crystal ligand (N3), DS

Molecules -CDocker energy Binding energy LigScore1 LigScore2 -PLP1 -PLP2 -PMF
HM 5 22.446 -18.989 27 4.04 43.88 39.74 35.65
HM 37 21.854 -12.52 0.88 3.14 46.18 44.65 8.76
HM 38 20.016 -33.343 0.99 334 45.08 41.12 32.8
HM 57 20.034 -21.288 0.76 3.06 43.66 41.66 3.32
HM 65 22127 -16.22 1.79 3.67 44.52 43.22 23.56
cT 29.152 -49.759 2.79 444 75.44 67.26 28.98
PCRC 28.92 -35.731 0.98 3.43 59.3 57.66 2.69
N3 91.375 -162.285 6.35 5.7 146.55 128.84 35.82
DS 26.621 -36.125 113 3.88 45.81 39.92 9.76
CF 19.876 -65.502 2.99 4.27 67.05 52.64 -8.57
EL 5.539 -41.542 2.56 4.49 73.22 68.94 36.83
SN -0.166 =-52.911 3.19 4.14 60.62 60.84 45.56
TL 11.606 -24.24 2.29 4.41 68.03 64.56 27.03
PX-12 13.956 -14.447 1.34 3.49 44.43 43.92 28.98

TDZD-8 20.459 -27.082 1.99 3.94 54.53 49.89 28.94
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Figure 2: Interactions of MP™ with (a) N3, (b) CT, and (c) DS.

Although HM 5 and HM 57 were found to be hepatotoxic, it
might also signify that these compounds may not undergo
a significant first-pass effect. Nevertheless, all compounds
were found to be non-inhibitors of CYP2D6 indicating that
each of the reported compounds is metabolized in Phase-I
metabolism (Table 3). The toxicity profile of CT was
observed to be better than PCRC and was considered a
better hit against SARS-CoV-2 MP'°. The results of the
ADMET analysis are reported in the biplot (Figure 3).

Table 3: ADMET prediction of the reported compounds
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2.3 Molecular dynamics (MD) simulation
analysis

The standard practice in molecular docking calculations
involves the assumption that proteins are unchanging
or motionless throughout the procedure [43], while the
binding of ligand molecules to the receptor displays varia-
bility. In order to understand how the drug impacts the
energy and mobility of the protein, it is essential for the
protein to exhibit smooth movement. The application of
MD simulation over a period of 0.5us was utilized to
enhance our comprehension of the dynamics and visual
attributes of the protein [44]. By employing MD simulation,
we were able to examine how the protein complex retains
its stability, exhibits motion, and undergoes shape modifi-
cations over a certain duration. As part of our inquiry, we
integrated the root mean square deviation (RMSD) and
root-mean-square fluctuation (RMSF) metrics into our
analysis, accompanied by a graphical representation illus-
trating the ligand’s interactions with amino acids. More-
over, a comprehensive assessment was carried out to
examine the diverse attributes of the ligand. Figures 4-9
display the aforementioned data. Within an acceptable
level of deviation, DS was found to be stable in comparison
with N3 and CT. The results and findings indicate that the
receptor-ligand complexes in all three cases reached a
plateau state in less than 5ns (Figure 4). In the case of
N3, the RMSD value reached the plateau and was within
2.5 A during the period. The RMSD for DS was within 2 A

Molecules ADMET ADMET BBB  ADMET CYP2D6 ADMET ADMET PPB ADMET ADMET
solubility level level absorption level hepatotoxicity level AlogP98 PSA_2D
N3 3 4 3 False True False 3.542 206.36
HM5 3 2 0 False True True 2.299 58.931
HM 37 3 1 0 False False True 2.294 20.815
HM 38 3 1 0 False False True 2.783 17.3
HM 57 3 0 0 False True True 3.51 0
HM 65 3 1 0 False False True 2.419 20.815
@) 3 2 0 False True False 2.902 50.673
PCRC 3 1 0 False True False 2.641 26.316
DS 2 0 0 False True False 4.551 6.704
CF 3 3 0 False True False 1.844 80.875
EL 2 1 0 False True True 3.227 20.653
SN 3 3 0 False True True 2.444 97.048
TL 1 0 0 False True True 5.155 41.306
PX-12 3 1 0 False True False 2.641 26.316
TDZD-8 3 1 0 False False False 2.67 41.306
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Figure 3: 2D ADMET plot of CT, PCRC, DS, CF, EL, SN, TL, PX-12, and TDZD-
8 using a log P98 and PSA_2D.

whereas for CT it was within 2.5 A. The RMSF plots indicated
that the residues in MP™-DS and MP™-CT fluctuated more in
comparison with the residues in MP™-N3 (Figure 5).

Figure 6a indicates that strong interactions have been
established between the amino acid residues (Leu272, Leu287,
Tyr237, and Tyr239) and CT within the protein structure. The
most active residues for making interactions with DS are
Thr190, GIn192, and Leul67 (Figure 6b). The residues with the
highest interactions fraction for N3 are Thr19, Cys21, Ala69, and
Thr23 (Figure 6¢). Figure 6 also illustrates additional interac-
tions established between the ligands and protein. Figure 7
illustrates the temporal evolution of the number of contacts
formed between the ligand and protein, as depicted in the
graphical representation. The number of contacts constructed

DE GRUYTER

between N3 and protein is more than those formed between
the protein and CT and DS. However, this number for CT is
larger than DS. The depiction of the van der Waals surface
revealed that the molecular surface area of the substance
experienced consistent variations within a limited scope
(Figure 8). The solvent-accessible surface area provides a
continuous assessment of the interplay between a protein
and ligand during their interaction with a solvent (Figure 8).
The minor quantity signifies the system’s balance. The polar
surface area (PSA) is a critical factor in evaluating the mole-
cule’s solubility and its ability to dissolve in a solvent (Figure 8).
The ability of the solvent to effectively interact with the mole-
cule is directly influenced by the PSA. The assessment is limited
to the particular segments of the compound that comprise
oxygen and nitrogen atoms. The alteration in the secondary
structure elements (SSE) can depict the stability of the protein
structure during the simulation. Figure 9 represents the SSE
percentage for three simulations and indicates the protein sta-
bility during these simulations. As can be seen, the percentage
of SSE for CT, DS, and N3 has been at a constant number of
about 37.5%, which shows the stability of the protein structure
in three simulations.

2.4 Molecular mechanics
Poisson-Boltzmann surface area (MM-
PBSA)-based binding free energy
calculation

The tendency of a substance to bind in the active site of a
target protein and the thermodynamic stability of the

0 100

200

CcT

300 400 500

Time (ns)

DS N3

Figure 4: RMSD values of the ligand-protein complexes of CT (blue), DS (red), and N3 (green) during 0.5 ps, which are equilibrated at about 3, 2.5, and

3 A, respectively.
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Figure 5: RMSF values of the ligand-protein complexes of CT (blue), DS (red), and N3 (green) during 0.5 ps. The residues in MP™-DS and MP™-CT

fluctuated more in comparison with the residues in MP™-N3,

resulting complex are both revealed by the MM-PBSA-
based binding free energy. The binding free energies of
each conformation produced by the MD simulations were
determined in this study, and they were compared to the
control complex (MP™-N3) (Figure 7). Finally, the average
binding free energies of the three complexes were deter-
mined. In the case of MP"°-N3 the average binding free energy
was -110.021 kcal/mol. But the MP™-DS had higher binding
free energy (-33.230 kcal/mol), whereas MP*°-CT had lower
binding free energy (-169.197 kcal/mol) than MP™-N3. This
information suggested that CT would form a thermodynami-
cally stable complex in the binding site of MP™.

3 Discussion

The SARS-CoV-2 pandemic and the SARS and MERS out-
breaks is an eye opener that there are no or limited options
in front of us to treat this or any zoonotic coronavirus [45].
One of the most interesting sources of therapeutic agents is
natural products with their favorable safety and ADME
profile, especially for compounds derived from edible
plants like H. aromatica. The results revealed that some
of the molecules identified from H. aromatica bind with
the main protease enzyme of SARS-CoV-2. According to
published research, HM 38 exhibits a diverse range of bio-
logical action and is reportedly a potent tyrosinase mono-
phenol monooxygenase inhibitor and antiviral agent in
vitro [46]. The thiosemicarbazone derivatives are potent
anti-microbial agents and showed antibacterial, antiviral,
and antitumor activities. Reports also suggested that the
bioactivity of molecules increases upon coordination with

metal ions; therefore, it can be inferred that CT will act at a
much lesser dose than HM 38 [30]. There are also reported
advantages with metal complexes like overcoming resis-
tance developed by microbes against organic molecules
which is of utmost importance in designing drugs against
viruses that undergo mutation and recombination at a much
faster rate [29]. Therefore, CT was selected as a potential
antiviral agent against SARS-CoV-2 based on the in silico
and ADMET study performed in the present study. Herpes
simplex virus type 1 was similarly susceptible to the anti-
viral effects of HM 57 [47]. Therefore, because of these find-
ings, it is worthy to study the effect of the reported mole-
cules on SARS-CoV-2. It was evident from the MD analysis
that CT produced a stable complex in the target’s active
binding region and interacted with important catalytic resi-
dues by forming conventional hydrogen bonds. The MM-
PBSA study also suggested that the MP**-CT complex was
thermodynamically stable. Since CT formed the complex
spontaneously in comparison with the other control complexes,
CT could be used as a lead for the development of MP™ inhibi-
tors by targeting specific drug development approaches. The
screening for the inhibitors of MP™ in the study via MD simula-
tions provides important insight for the evaluation of the stabi-
lity of the docked compounds in the binding pockets even
though it is not possible to adequately sample the conforma-
tional space owing to the miniature timescale of the study.

4 Materials and methods

The different validated protocols of Discovery Studio 2018
(DS 2018) (Dassault Systtmes BIOVIA, San Diego, USA)
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molecular modeling software was used to perform the
computational studies.

4.1 Selection of compounds

The compounds were reported as prospective anti-amoebic
leads against Entamoeba histolytica in our earlier research
work and their in silico toxicity was also ascertained [41].
Taking the best hits from the phytochemicals of H. aroma-
tica as a reference, a detailed search was performed in
different databases viz. Pubmed, SciFinder, ChemIDplus, Pub-
Chem, DrugBank, Reaxys, Micromedex, Lexi-Comp, Scopus,
Phytochemical, Ethnobotanical Databases, Natural Medicines,
Google Scholar, and Embase to find antiviral molecules. CT
and PCRC were considered for the study after analyzing the
different databases [30]. However, DS, CF, EL, SN, TL, PX-12,
and TDZD-8 were taken as possible inhibitors of SARS-CoV-2
MP™ as reported by Jin et al. [31]. Following the acquisition of
the SMILE ids for the molecules from PubChem (www.
pubchem.nchinlm.nih.gov), the 3D structures of the mole-
cules were generated. The Chemistry at Harvard Macromole-
cular Mechanics (CHARMM)-based smart minimizer “Full
Minimization” protocol was used to optimize the compounds’
energy under the “Small Molecule” tool of Discovery Studio
2018. This protocol uses a Conjugate Gradient algorithm with
an energy RMSD gradient of 0.01 kcal/mol, 2,000 steps of stee-
pest descent.

4.2 Preparation of target proteins and
validation of the docking protocol

The protein databank website (www.rcsb.org) was accessed
and the target protein (PDB ID: 6LU7) was downloaded and
loaded to DS 2018. The target protein was cleaned and pre-
pared using the DS 2018 macromolecules tool’s “Prepare
protein” command (PDB ID: 6LU7). Bond orders and bonds
were rectified while the terminal residues were modified.
The alternate conformations were deleted during the pro-
cess of cleaning the target enzyme. The N3 was kept whereas
the water molecules were removed during the process. The
binding site of N3 was used for the screening of all the
molecules. Utilizing the CHARMM-based smart minimizer
approach, a perimeter of 200 maximum steps and an energy
RMSD gradient of 0.1 kcal/mol were established. The original
X-ray crystallographic structure pose of the inhibitor was
taken as standard by redocking the active inhibitor for vali-
dation of the binding site. The binding site of protein was
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selected around the co-crystal ligand N3 with the following
co-ordinates: X: —-10.897304, Y: 13.066857, Z: 68.557888, and
radius: 12.738504 A (Figure S1).

4.3 Docking study

The compounds were docked into the active binding site of
the target enzyme using the CHARMM-based MD method of
the CDocker docking protocol of Discovery Studio 2018. The
development of random conformations using high-tem-
perature MD was followed by random rigid-body rotations
coupled with simulated annealing to produce conforma-
tions of the molecules at the binding site [48,49]. The com-
plex was finally streamlined in order to improve the
various postures at the binding site. The binding energies of
the best poses were calculated using the Discovery Studio
2018’s “Calculate Binding Energy” technique. The molecular
binding affinity of the molecules was determined based on
LigScorel, LigScore2, piecewise linear potential (-PLP1), pie-
cewise linear potential (-PLP2), and potential of mean force
(-PMF). The test results were evaluated wherein the scoring
functions of N3 were taken as the control. The structure of
MP™ with N3 in the active site is given in Figure S2.

4.4 ADMET analysis

The ADMET descriptors algorithm of Discovery Studio 2017
R2 was used to analyze the toxicity profile of each molecule
of H. aromatica and was previously reported. The different
validated protocols of Discovery Studio 2018 (Dassault
Systémes BIOVIA, San Diego, USA) molecular modeling
software were used to perform the computational studies.
The study’s descriptors include aqueous solubility, which
forecasts each compound’s solubility in water at 25°C, BBB
penetration, which anticipates a molecule’s penetration of
the BBB, CYP2D6 binding, which anticipates the inhibition
of the cytochrome P450 2D6 enzyme, hepatotoxicity, which
aims to predict dose-dependent human hepatotoxicity, and
plasma protein binding. Finally, the absorption level is
defined by two parameters namely 2D polar surface area
(PSA_2D) and AlogP98, this model has eclipses of 99 and
95% confidence limits that specify the regions for com-
pounds having appropriate intestinal absorption and BBB
penetration. The eclipses for the phytochemicals from
H. aromatica were previously reported by us [12,41,50,51].

These compounds were reported as prospective anti-
amoebic leads against E. histolytica in our earlier research
work and their in silico toxicity were also ascertained. The
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ADMET descriptors algorithm of Discovery Studio 2017 R2
was used to analyze the toxicity profile of each molecule of
H. aromatica. However, CT, PCRC, DS, CF, EL, SN, TL, PX-12,
and TDZD-8 were analyzed for the ADMET descriptors
using the “ADMET Descriptors” and “Toxicity Prediction”
protocol under the “Small Molecules” tool of the Discovery
Studio 2018.

4.5 MD simulations

The effectiveness of protein-compound interactions was
evaluated using MD simulation, utilizing Schrédinger’s
Maestro software, known as Desmond, version 12.8 was
utilized to carry out the MD simulation [52], a computa-
tional approach operated to investigate dynamic condi-
tions. The complexes of the optimal compounds obtained
from the docking investigation (CT, DS, and N3) with
COVID-19 main protease (PDB ID: 6LU7) were evaluated
dynamically. The simulation was carried out by utilizing
the results obtained from the molecular docking process.
The MD simulation commenced by utilizing the OPLS force
field to reduce the bond energy existing between the pro-
teins and the ligand [53]. The complexes were contained in
an orthorhombic container, spaced 10 A apart, and filled
with water [54]. Subsequently, modifications were imple-
mented to the framework through the inclusion of a desig-
nated number of Na*/Cl” ions. By employing specific
measurements for distance, time, temperature, and pres-
sure, the investigation aimed to examine the interaction
between chemical compounds and proteins. In the simula-
tion, a cut-off value of 9 A, a time interval of 2 fs, an initial
temperature of 310.15 K (which corresponds to 37°C), and a
pressure of 1.01325 bar was utilized [55]. During the exam-
ination of Van der Waals and electrostatic interactions,
the conservation of these quantities remained unaltered
throughout 0.5 ps [56]. The assessment involved the exam-
ination of multiple parameters, such as the RMSD, RMSF,
the formation of chemical bonds, the characteristics of
the ligand, and the SSE.

4.6 MM-PBSA-based binding free energy
calculation

One of the crucial parameters to calculate the binding free
energy (AG) of a substance to a biological macromolecule
or target as well as the thermodynamic stability of the
protein-ligand complex is the MM-PBSA method [57]. The
absolute binding affinity of a chemical within the active
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binding site of a target protein can be quickly and accu-
rately predicted using this method in the form of binding
free energy, which is crucial for the stability and specific
potency of the compound [58]. Therefore, using Discovery
Studio 2018’s “Binding Free Energy — Single Trajectory”
protocol and the MM-PBSA method, the binding free ener-
gies for each protein-ligand complex were determined
following MD simulation. All of the generated conforma-
tions’ binding free energies were obtained during the
study, and each protein-ligand complex’s AG value was
then calculated.

5 Conclusions

The study performed underlines the binding capacity of
H. aromatica phytoconstituents revealing that HM 5, HM
37, HM 38, HM 57, and HM 65 exhibit significant binding
affinities to the main protease enzyme of SARS-CoV-2.
Notably, the binding affinity of CT to MP™ of SARS-CoV-2
was found to be higher than all the above-mentioned com-
pounds. However, because of the ever-changing situation
concerning COVID-19, it is of utmost importance that
researchers and scientists provide important insights into
molecules that could result in drug discovery against SARS-
CoV-2. These molecules can serve as important prerequisites
for quantitative structure-activity relationships to develop
anti-SARS-CoV-2 drugs. Further in vitro and in vivo evalua-
tions should be performed for drug candidates in the process
of drug discovery against SARS-CoV-2 and its emerging var-
iants. Of particular importance, is the experimental validation
of the inhibitory activity of these secondary metabolites
against the proposed target enzymes as well other molecular
targets such as the spike protein, both in wild and variant
viruses, to ascertain their affinities.
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