Vegetos (2022) 35:345-359 ()
https://doi.org/10.1007/542535-021-00304-z

RESEARCH ARTICLES

Check for
updates

Computational screening of natural compounds from Salvia plebeia R.
Br. for inhibition of SARS-CoV-2 main protease

Afraa Ageel Zackria' - Ramya Pattabiraman’ - T. P. Krishna Murthy'© . S, Birendra Kumar' - Blessy Baby Mathew? -
Vinai George Biju®

Received: 28 October 2020 / Revised: 17 September 2021 / Accepted: 21 September 2021 / Published online: 19 October 2021
© Society for Plant Research 2021

Abstract

The novel Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV-2) has emerged to be the reason behind the COVID-
19 pandemic. It was discovered in Wuhan, China and then began spreading around the world, impacting the health of mil-
lions. Efforts for treatment have been hampered as there are no antiviral drugs that are effective against this virus. In the
present study, we have explored the phytochemical constituents of Salvia plebeia R. Br., in terms of its binding affinity by
targeting COVID-19 main protease (MP™) using computational analysis. Molecular docking analysis was performed using
PyRx software. The ADMET and drug-likeness properties of the top 10 compounds showing binding affinity greater than
or equal to — 8.0 kcal/mol were analysed using pkCSM and DruLiTo, respectively. Based on the docking studies, it was
confirmed that Rutin and Plebeiosides B were the most potent inhibitors of the main protease of SARS-CoV-2 with the best
binding affinities of — 9.1 kcal/mol and — 8.9 kcal/mol, respectively. Further, the two compounds were analysed by studying
their biological activity using the PASS webserver. Molecular dynamics simulation analysis was performed for the selected
protein—ligand complexes to confirm their stability at 300 ns. MM-PBSA provided the basis for analyzing the affinity of the
phytochemicals towards MP™ by calculating the binding energy, and secondary structure analysis indicated the stability of
protease structure when it is bound to Rutin and Plebeiosides B. Altogether, the study identifies Rutin and Plebeiosides B to
be potent MP™ inhibitors of SARS-CoV-2.
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Introduction

The current coronavirus pandemic, commonly known as
COVID-19, is brought about by the Severe Acute Res-
piratory Syndrome coronavirus 2 (SARS-CoV-2) (Gil
et al. 2020) and was first reported in Wuhan, China, in
December 2019 (Das and Koner 2020). On February 12,
2020, the WHO proceeded to name the disease “corona-
virus disease 2019” (COVID-19) and on March 11, 2020,
they declared the outbreak a global pandemic. On conduct-
ing a whole viral genome evaluation, it was found that
88% of the viral sequence identity was shared with two
SARS-like coronaviruses obtained from bats. This led to
it being named “SARS coronavirus 2”, primarily based on
the taxonomy and phylogeny (Fauci et al. 2020; Ranney
et al. 2020). The Coronaviruses (CoVs) are a part of the
subfamily Orthocoronavirinae, which belongs to the fam-
ily Coronaviridae, coming under the order Nidovirales.
Orthocoronavirinae has 4 genera within it, that is, Alphac-
oronavirus (a-CoV), Betacoronavirus (f-CoV), Gamma-
coronavirus (y-CoV) and Deltacoronavirus (6-CoV) (Li
et al. 2020). The Coronaviruses are positively stranded
RNA, enveloped viruses (Xiu et al. 2020). Mammals have
been shown to be affected by a-CoV and B-CoV genera,
and on the other hand, birds are known to be affected by
v-CoV and 6-CoV genera (Amin and Jha 2020).

The identification of biochemical events critical to
the viral life cycle provides various significant targets
to inhibit viral replication. An important process is the
breakdown of the multidomain, viral polyprotein into 16
non-structural proteins (nsps). These individual proteins
combine to form complexes that carry out the synthesis
of viral RNA (Kandeel et al. 2020; Naidoo et al. 2020).
Along with these non-structural proteins, the SARS-
CoV-2 further possesses four structural proteins, namely
the Spike surface glycoprotein, the membrane protein, the
envelope protein and the nucleocapsid protein. These are
all required for the infection and assembly of the virus (Li
et al. 2020). When the virus is inhaled, the spike proteins
help it interact with the epithelial cells by binding to the
human receptor, ACE2. The virus then proceeds to pro-
liferate and enter into the alveolar epithelial cells. This,
in turn, triggers a vigorous immune response leading to
cytokine storm syndromes as well as damage to the pul-
monary tissue (Li et al. 2020; Mason 2020).

Main protease (MP™) is an enzyme of great importance
to the coronaviruses as it plays a crucial part in the repli-
cation of the virus and transcription. This functional sig-
nificance of MP™ in the life cycle of the virus, along with
the lack of any similarly related homologues in humans,
has identified it as an attractive target for the develop-
ment of medication against SARS-CoV-2. The structure
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of SARS-CoV-2 MP™ complexed with N3 is found in PDB
(PDB ID: 6LU7) and it provides a basis to identify poten-
tial inhibitors against SARS-CoV-2 MP™, with the help of
virtual screening. From the literature, it can be seen that
N3 is a Michael acceptor inhibitor that can inhibit MP™
from a range of coronaviruses like MERS-CoV and SARS-
CoV and also displays potent antiviral activity. From the
crystal structure of MP™ it was seen that it comprises
protomers A and B which associate to form a dimer and
each protomer consists of three domains. The residues of
the active site of MP™ are conserved and make a catalytic
Cysl145-His41 dyad. N3 binds in the substrate-binding
pocket situated in a cleft in the middle of domain I and
domain II. The amino acid residues involved in the spe-
cific interactions of N3 with MP™ include Phe140, Cys145,
Glul66, Leu4, Val3, Ala2, His172, Leul67, Asnl42,
His163, Met49, Leul41, His41, Metl165, Tyr54, GIn192,
Aspl187, Phel85, Thr25, GIn189, Thr24 and Pro168 (Jin
et al. 2020).

Presently, there is a lack of drugs targeted towards
COVID-19 treatment, and effective therapeutic options are
scarce (Jin et al. 2020). One of the potential methods of
treatment that is currently being looked into by research-
ers is drug repurposing, which is also referred to as drug
reprofiling or drug repositioning, where drugs that were
intended as a treatment against other diseases or similar
viruses (SARS and MERS) are used as a treatment against
COVID-19. While this method substantially decreases the
time it would have taken for the development of a new drug,
drug repurposing does also pose certain challenges such as
the absence of patent protection, establishment of the effi-
cacy, demonstration of its safety and in certain cases the
continuous need for risky and expensive trials (Nurton 2020;
Pushpakom et al. 2018; Shineman et al. 2014; Talevi and
Bellera 2020). Problems faced by synthetic or synthetically
derived drugs such as harmful side effects and antibiotic
resistance in the case of antibiotics, lead to the shift towards
natural remedies. Herbal drug preparations, obtained from
biologically active products, have been an important part of
traditional medicine. The compounds obtained from natu-
ral products are known to be pharmacophores and possess
certain properties, such as high stereochemistry and metab-
olite-likeness that make them ideal as alternative medicines
(Marathe and Datey 2012; Harvey et al. 2015; Ngane et al.
2011; Veeresham 2012).

Salvia plebeia R. Br. belongs to the genus Salvia, which
is a major genus of the family Lamiaceae (Wang et al. 2019).
It is known to be an annual or biennial grass that is gener-
ally found in various countries, for example, China, India,
Korea and Australia (Liang et al. 2020; Ren et al. 2014). In
Traditional Chinese Medicine, it is believed to be used for
various home remedies. A folk medicine, Badarangboya,
made from S. plebeia, is used extensively in India (Ren et al.
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2014). A majority of the traditional and folk medicines pre-
pared from S. plebeia are known to be used for the treatment
of the common cold, flu, cough, asthma, hepatitis, diarrhea,
haemorrhoids and tumours (Bang et al. 2018; Liang et al.
2020; Ma et al. 2014; Nugroho et al. 2012; Ren et al. 2014;
Wang et al. 2019).

The various phytochemical studies performed on S. ple-
beia unveiled the presence of diterpenoids, sesquiterpenoids,
flavonoids, lignans, phenylpropanoids, aliphatic compounds
and caffeic acid derivatives (Liang et al. 2020; Ren et al.
2014). All these compounds have shown various pharmaco-
logical properties such as anti-inflammatory activity, anti-
oxidant activity, anti-tyrosinase, anti-viral activity against
HINI1 and HSV-1, and anti-proliferative activity. Some of
the other major activities shown by S. plebeia are inhibi-
tory activity, antimicrobial activity, hypoglycemic activity,
hepatoprotective activity, hemostatic activity, skin protec-
tive activity, antitumor activity, anti-obesity effects and anti-
ageing effects (Liang et al. 2020).

In the present study, the computational screening of the
biologically active compounds of Salvia plebeia R. Br. was
performed to identify potential lead inhibitors of the MP™
enzyme of SARS-CoV-2. Molecular docking was initially
carried out to screen the phytochemicals of S. plebeia and
the pharmacokinetic or ADMET properties as well as the
drug-likeness parameters of the phytochemicals were also
studied to understand the disposition of the compounds and
to ensure they possessed pharmacophoric features. The
pharmacological activities of the selected compounds were
analysed using the PASS webserver. To predict the dynamic
behaviour as well as stability, molecular dynamics simula-
tion and secondary structure analysis were executed for the
protein—ligand complexes. MM-PBSA (Molecular Mechan-
ics Poisson—Boltzmann Surface Area) supplied the grounds
for analyzing the affinity of the phytochemicals towards MP™
by calculating the binding energy.

Materials and methods
Retrieval of ligands and ligand preparation

The structures of the biologically active compounds pre-
sent in Salvia plebeia (Fig. S1) were identified from litera-
ture (Bang et al. 2018; Liang et al. 2020; Ma et al. 2014;
Nugroho et al. 2012; Ren et al. 2014; Wang et al. 2019).
The three-dimensional structures for each compound were
downloaded from the NCBI PubChem Compound database
(https://pubchem.ncbi.nlm.nih.gov/). The structures that
were unavailable on the databases were drawn from the lit-
erature with the help of Marvin Sketch (https://chemaxon.
com/products/marvin). The structures of all the compounds
that were retrieved were then incorporated into a single file

in the.sdf format with the help of Discovery Studio Client
2019 (Kumar et al. 2021).

Retrieval of SARS-CoV-2 drug targets and target
preparation

Main protease complexed with N3 (PDB ID: 6LU7) (Fig.
S2), was retrieved from the RCSB PDB database (https://
www.rcsb.org/). Swiss PDB Viewer was then utilized to
remove the recognized co-crystallized ligand along with
any unwanted residues. This was followed by the energy
minimization of the structure (https://spdbv.vital-it.ch/). The
necessary changes such as the addition of Hydrogen atoms
and the addition of Kollman charges were made.

Molecular docking studies

The molecular docking studies were executed to identify
the binding affinity of each of the retrieved biologically
active compounds of Salvia plebeia with the main protease
of SARS-CoV-2. Molecular docking was carried out using
AutoDock vina available in PyRx software (Kumar et al.
2021). The ligands in.sdf format and the energy minimized
structure of the protein in.pdbqt format were uploaded here.
The active sites of the protein were identified and selected
for the docking procedure. The grid box was adjusted in such
a manner to enclose the active sites within it. The remain-
ing parameters were set as default. The molecular interac-
tions between the protein and the ligands were visualised
using Maestro 12.4 (Krishna et al. 2021). The top complexes
which showed binding scores greater than — 8.0 kcal/mol
were further selected for further studies.

Prediction of ADMET properties

The pharmacokinetic properties of the compounds which
showed binding scores greater than — 8.0 kcal/mol with MP™
were determined with the help of pkCSM ADMET descrip-
tors algorithm protocol (Han et al. 2019). Each of the five
parameters has certain sub-parameters such as central nerv-
ous system permeability, CYP450 inhibitors, AMES toxic-
ity, total clearance and so on. For each of the lead molecules
that were selected, seven parameters for absorption, four for
distribution, seven for metabolism, two for excretion and ten
for toxicity were analysed.

Prediction of activity spectra of substances (PASS)

To predict pharmacological effects and biochemical pro-
cesses of the hit compounds based on their structural for-
mula, PASS (Prediction of activity spectra of substances)
(http://www.pharmaexpert.ru/passonline/index.php) soft-
ware was utilised (SB et al. 2021).
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Prediction of drug likeness properties

The prediction of drug likeness properties involves a cer-
tain set of rules for the compound structural properties,
used to identify the properties of a molecule that could
make it an effective drug. To identify the drug-likeness
of the selected compounds of S. plebeia an open-source
virtual screening tool, DruLiTo was utilized (Fereidoon-
nezhad et al. 2018). Various descriptors for the drug-
likeness were calculated such as the Molecular Weight
(MW), H-Bond Acceptor and Donor (HBA and HBD),
logP, the Total Polar Surface Area (TPSA), AlogP, the
Atom Molar Refractivity (AMR), the number of Rotat-
able Bonds (nRB), the number of Atoms, the number of
Acidic groups, the Rotatable bond Count (RC), the num-
ber of Rigid Bonds (nRigidB), nAtomRing, and nHB. It
calculates the drug-likeness properties based on certain
drug-likeness guidelines such as Veber rule, Lipinski’s
rule, CmC-50 like rule, MDDR-like rule, BBB rule, Quan-
titative Estimate of Drug likeness (QED) and Ghose filter.

Molecular dynamics simulations

The movements and dynamics of the atoms present within
the apo-protein as well as the protein complexed with the
ligand were analysed by conducting molecular dynam-
ics simulation. The GROMACS version 2019.4 was uti-
lized to carry out the molecular dynamics simulation for
the X-ray crystal structure of the main protease enzyme
(6LU7) and its complexes with the top ligands as identified
through molecular docking studies (Lindahl et al. 2019).
The generation of the protein parameters was carried out
with the help of the gromos54a7 force field. The Ligand
topology was generated using the PRODRG webserver
(Schiittelkopf and Van Aalten 2004) and the gmxeditconf
tool was implemented to build the cubic simulation box.
For the vacuum minimisation of the processed setup for
1500 steps, the steepest descent algorithm was employed.
The SPC water model was used to carry out the solva-
tion procedure by using the gmx solvate tool. The electro-
neutralization of the system was carried out with the tool
gmxgenion. To optimize the structure and remove the
steric clashes, energy minimization was done. The system
was then calibrated by implementing two steps. The NVT
equilibration’s first step lasted for 100 picoseconds. The
system’s temperature was stabilised by heating the sys-
tem to 300 K. The NPT ensemble’s second step lasted for
100 picoseconds. The stabilization of pressure and den-
sity of the system was then carried out. Each of the final
structures obtained from the NPT equilibration phase then
underwent the final production run for 300 ns of simula-
tion time (Gupta et al. 2020; Prasanth et al. 2020).
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Trajectory analysis and free energy calculation

The calculations of the protein backbone’s Root Mean
Square Deviation (RMSD) and the C—a atoms’ Root Mean
Square Fluctuations (RMSF) were carried out using gmx
rms and gmx rmsf tools, respectively (Gupta et al. 2020).
Besides these, tools including, gmx hbond, gmx gyrate,
and gmx sasa was also used to analyse the total number of
hydrogen bonds that are formed between the protein and
ligand, the radius of gyration of the backbone atoms, and the
solvent-accessible surface area, respectively. Furthermore,
the changes in the secondary structure for a simulation of
every 1 ns for the main chain of the protein was studied with
the help of the DSSP module. Additionally, the interpreta-
tion of the binding affinity of the selected protein with each
of the inhibitors was done with the help of the Molecular
Mechanics Poisson-Boltzmann Surface Area (MM-PBSA)
approach. The estimation of the binding free energy was
performed using a GROMACS utility, g mmpbsa (Kumari
et al. 2014). AG binding was computed for the entire simula-
tion time with dt 1000 frames for obtaining precise results
(Prasanth et al. 2020).

Results and discussion
Screening of potential inhibitors

Virtual screening is a computational method to search a
chemical compound database to identify molecules with
desired biological activity. High throughput Virtual Screen-
ing (HTVS) programs through PyRx software with graphical
user interfaces (GUISs) that employs AutoDock for predicting
receptor—ligand interactions is beneficial for the comparison
of ligands (Jacob et al. 2012). AutoDock Vina is a software
that works on the premise of empirical scoring functions
and also calculate the grid maps automatically (Karami et al.
2017).

AutoDock Vina implemented on PyRx 0.8 was used in
this study to calculate the binding energies between the 208
compounds obtained from Salvia plebia R. Br. and MP™
(details in supplementary file, Table S1) (Bang et al. 2018;
Liang et al. 2020; Ma et al. 2014; Nugroho et al. 2012; Ren
et al. 2014; Wang et al. 2019). It is evident from the docking
results that the binding scores range from —9.1 to —3.3 kcal/
mol. The top 10 compounds with binding scores greater
than — 8.0 kcal/mol were identified as potential and their
interactions with the MP™ are summarized in Table 1. All
the selected ligands had established associations with both
the residues of the catalytic dyad (Cys145 and His41). The
structures of the top 10 compounds are represented in Fig.
S3. Maestro 12.4 was used to view the interactions between
the amino acid residues of the ligands and the target. The



Vegetos (2022) 35:345-359

349

Table 1 Molecular docking results of top 10 compounds from Salvia plebeia R. Br. showing potential against MP™

Sl. no. Ligand Binding Type of interaction Residue information
affinity (kcal/
mol)
1 Rutin -9.1 H bond Thr26, Phel140
Hydrophobic Met49, Tyr54, Leu27, Cys145, Leul41, Phel40, Met165, Leul67,
Prol168,
Polar GInl89, His41, Thr26, Ser144, His163, His164, His172
2 Plebeiosides B -89 H-bond Thr26, Cys145, Leul41, His163
Polar Thr26, Thr25, Ser144, Asn142, His163, His164, GIn189, His41
Hydrophobic Met49, Tyr54, Cys145, Leul41, Phe140, Met165
3 Plebeiosides A —-8.6 Polar His41, His163, His164, GIn189, Asn142, Ser144
Hydrophobic Met49, Met165, Cys145, Leul41
Charged (negative) Glul66
4 Salviaplebeiaside —8.5 H bond Gly143, Ser144, Cys145, Thr26, His163, Glu166
Hydrophobic Met49, Tyr54, Met165, Phe140, Leul41, Cys145, Leu27
Polar GInl89, His41, His164, His163, Asn142, Ser144, Thr24, Thr25,
Thr26
5 Neocafhispidulin —-8.4 Polar His164, His163, GIn189, His41, Ser144, Asnl142
Hydrophobic Prol68, Metl65, Tyr54, Met49, Cys145, Leul41
Charged (negative) Aspl87, Glul66
6 6-Hydroxyluteolin 7-glucoside —8.2 H bond Argl88, Gly143
Hydrophobic Met49, Leu27, Cys145, Leul41, Metl165
Polar Thr24, Thr25, Thr26, Ser46, Thr45, Ser144, Asn142, His163,
GIn189, Thr190, GIn192, His41
7 Cynaroside -8.2 H bond Gly143, Argl188, Thr24, Thr26
Hydrophobic Cys44, Met49, Cys145, Leul41, Met165
Polar Thr24, Thr25, Thr26, Thrd5, His41, Ser144, Asn142, His163,
GIn189, GIn192, Thr190
8 Rosmarinic Acid -8.1 H bond Argl88
Hydrophobic Met49, Met165, Pro168, Phel140, Leul41, Cys145
Polar His41, His1163, His164, Asn142, Ser144, GIn189, GIn192, Thr190
9 6"-O-acetyl homoplantaginin_ —8 H bond Aspl87, Glul66
Hydrophobic Tyr54, Met49, Met165, Leul67, Prol68, Leul41, Cys145
Polar His41, HIs163, His164, GIn189, Thr190, Asn142
10 Aflatoxin_B2 -8 Hydrophobic Tyr54, Met165, Cys145
Polar His41, GIn189, His164

Charged (negative) Aspl87, Glul66

top 2 compounds, Rutin and Plebeiosides B displayed the
best binding scores of —9.1 kcal/mol and — 8.9 kcal/mol,
respectively, which suggests that these compounds have the
potential to form strong and stable complexes with the target.

The molecular interactions with the essential amino
acid residues are considered to verify whether the ligand
is docked in a favourable conformation. These associations
play a vital role in maintaining a ligand energetically at the
juncture of a macromolecule structure. The existence of
a lead molecule close to the active site of the target will
exhibit a better biological efficacy than a molecule that
is not. Hydrophobic and hydrogen interactions predomi-
nantly contribute to protein stability (Patil et al. 2010).

The relevance of drug—target interactions is related to polar
interactions, as they play an important role in sustaining a
stable 3D arrangement of the ligand in the binding pocket
(Nisius et al. 2012).

The different amino acid interactions such as hydrogen,
hydrophobic, electrostatic, polar and non-polar occur-
ring between MP™ and the top 2 compounds, Rutin and
Plebeiosides B is illustrated in Fig. 1. It was observed
that Rutin interacts with the amino acid residues Thr26,
Phe140 through Hydrogen bonds. Met49, Tyr54, Leu27,
Cysl145, Leul4l1, Phel40, Metl65, Leul67, Prol68 are
involved in hydrophobic interactions and Polar interaction
involves GIn189, His41, Thr26, Ser144, His163, His164
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Fig.1 The molecular docking and interactions between main protease and a Rutin, b Plebeiosides B

and His172. Whereas, in the case of Plebeiosides B, it was
observed that Hydrogen bonding involves Thr26, Cys145,
Leul4l1, His163. Met49, Tyr54, Cys145, Leul41, Phel40
and Met165 were found to interact hydrophobically and
polar interactions involved Thr26, Thr25, Ser144, Asn142,
His163, His164, GIn189 and His41.

Prediction of ADMET properties

The results of ADMET analysis for selected top 10 com-
pounds obtained from pkCSM server is shown in Table 2.
An ideal oral drug should be absorbed from the gastrointes-
tinal tract, distributed to the target specifically, metabolized
without eliminating its property and removed without any
damage. The dynamic movements of the chemical struc-
tures during their passage through the body and their rela-
tion to physiological parameters helps us in understanding
the pharmacokinetic properties (Gibaldi and Levy 1976).
To understand these properties, the skin-permeability coeffi-
cient (logKp), apparent Caco-2 and MDCK were computed.
The absorption level of the compounds can be anticipated
using water solubility, Caco-2 permeability, skin perme-
ability, intestinal absorption (human), and P-glycoprotein
substrate or inhibitor. All ligands are found to be sparingly
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soluble in water. CaCo-2 permeability value greater than
0.9 indicates high permeability. All the compounds have
shown a high permeability, except for rutin, cymaroside, 6
hydroxyluteolin 7 glucoside, plebeiosides B, plebeiosides
A, salviaplebeiaside, rosmarinic acid and 6"-0O-acetylhomo-
plantaginin. About skin permeability, log Kp>—2.5 shows
low skin permeability. Skin permeability is an important
consideration for dermal drug delivery (Pires et al. 2015).
All the compounds have shown good skin permeability. For
intestinal absorption (humans), a value below 30% is associ-
ated with poor absorption. All the compounds have shown
acceptable absorption, except rutin (23.446%). P-glycopro-
tein belongs to the ATP-binding transmembrane glycopro-
tein family [ATP-binding cassette (ABC)], which is found to
be associated with the excretion of drugs or other exogenic
chemicals from cells. The results suggest that all the com-
pounds are substrates of P-Glycoprotein except Aflatoxin
B2. Neocafhispidulin and salviaplebeiaside were found to
be a P-glycoprotein I inhibitor. Neocathispidulin was antici-
pated to be a P-glycoprotein II inhibitor.

Few necessary parameters for distribution include the
distribution volume (VDss), blood—brain barrier mem-
brane permeability (logBB), CNS permeability and Frac-
tion unbound (human). Volume of distribution (Vd) is a
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pharmacokinetic parameter that indicates the tendency of
the drug to exist in plasma or redistribute to other com-
partments of tissue. When VDss is lesser than 0.71 L kg™
(log VDss < —0.15), the volume of distribution is contem-
plated to be relatively low which indicates that the drug
tends to remain in the plasma. When VDss is more than
2.81 L kg™! (log VDss > 0.45), the volume of distribu-
tion is examined to be relatively more which indicates
that the drug has the propensity to exit the plasma and
pass into the body’s extravascular compartments (Man-
soor and Mahabadi 2021). Neocathispidulin, plebeiosides
B, plebeiosides A, salviaplebeiaside, rosmarinic acid,
6"-0-acetylhomoplantaginin, Aflatoxin B2 showed rela-
tively low distribution volumes. Rutin, cynaroside and 6
hydroxyluteolin 7 glucoside showed moderate values of
distribution volume. In the case of blood—brain barrier
membrane permeability, if the value of logBB is higher
than 0.3, the compounds were thought to traverse the
blood-brain barrier easily. LogBB value lower than — 1
suggests that the compounds do not easily traverse the
blood-brain barrier. None of the compounds were found
to traverse the blood—brain barrier easily indicating that
the ligands express fairly minimal side effects and toxic-
ity to the brain. For CNS permeability, logPS < — 3 shows
that the compounds can easily penetrate the CNS. All the
compounds were speculated to be able to penetrate the
CNS except Aflatoxin B2.

Cytochrome P450s is a key enzyme system for
the metabolism of drugs in the liver. CYP3A4 and
CYP2D6 are known to be the two important subtypes
of cytochrome P450. For metabolism parameters, the
results suggested that only Aflatoxin B2 was a substrate
for CYP3A4. None of the compounds were a substrate for
CYP2D6. Aflatoxin B2 was anticipated to be a CYP1A2
and CYP2C19 inhibitor. Neocafhispidulin was found to
be a CYP2C9 and CYP3A4 inhibitor. This indicated that
these compounds may be metabolized in the liver.

Excretion parameters include renal OCT?2 substrate and
total clearance. The pkCSM results show that none of the
compounds is an OCT?2 substrate and almost all the com-
pounds show high values of total clearance. Drug elimina-
tion is associated with the hydrophilicity of compounds
and molecular weight. The results also suggest that none
of the compounds is toxic in the AMES test except Ple-
beiosides B and Aflatoxin B2. MRTD is the maximum
recommended tolerated dose. The value of MRTD <0.477
log (mg/kg/day) is regarded to be low and a value higher
than 0.477 is considered to be high. Most of the ligands
displayed low MRTD values. None of the compounds is
hepatotoxic and might not possess skin sensitization or
cardiotoxicity.

@ Springer

Prediction of activity spectra of substances (PASS)

The biological activities of the top compounds Rutin and
Plebeiosides B were analysed using the online version of
PASS software and the results indicate that the top com-
pounds from Salvia plebeia possess different antioxidant
and antiviral activities. The results are presented in Table 3.

Drug likeness

In silico drug-likeness prediction along with ADMET stud-
ies accelerates the discovery of lead compounds with desired
biological activity (Ibrahim et al. 2020). Table 4 displays
the drug-likeness properties of the top 10 compounds. Six
compounds, i.e., plebeiosides B, plebeiosides A, salviaple-
beiaside, neocathispidulin, rosmarinic acid and Aflatoxin
B2 are found to obey lipinski’s rule where the number of
HBD was lower than or equal to 5 and number of HBA
was lower than or equal to 10. The molecular weights of
these compounds are found to be less than 500 suggesting
that they can be easily transported, diffused and absorbed
(Murugesan et al. 2020).

The value of AlogP was found to be less than 5. AlogP
depicts the hydrophilicity of the compound. Greater value
of AlogP suggests poor absorption and permeation due to

Table 3 The result of PASS

Main predicted activity Rutin Plebeiosides B
P, P, P, P,
Antiviral - - 0.227 0.075
Antiviral (Influenza) 0.743 0.004 0.724 0.004
Antiviral (Influenza A) - - 0.215 0.178
Antiviral (Herpes) 0.526 0.007 0.506 0.009
Antiviral (Hepatitis) - - 0.126 0.060
Antiviral (Hepatitis B) 0.451 0.009 0.293 0.035
Antiviral (Hepatitis C) - - 0.095 0.071
Antiviral (Rhinovirus) - - 0.366 0.135
Antiviral (Trachoma) 0.113 0.033 - -
Antiviral (HIV) 0.130 0.094 - -
Antioxidant 0.923 0.003 0.562 0.005
Anticarcinogenic 0.983 0.001 0.700 0.009
Antiprotozoal (Leishmania) 0.907 0.003 0.710 0.009
Antineoplastic 0.849 0.007 0.564 0.053
Antifungal 0.784 0.006 0.671 0.011
Anti-inflammatory 0.728 0.013 0.641 0.024
Antibacterial 0.677 0.005 0.513 0.015
Anti-infective 0.657 0.009 0.659 0.009
Antimycobacterial 0.605 0.010 - -
Antiprotozoal (Plasmodium) 0.507 0.004 0.232 0.034
Antibiotic - - 0.251 0.020

Pa: probability “to be active”; Pi: probability “to be inactive”
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Table 4 The result of drug likeness parameters
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low hydrophilicity. Neocafhispidulin and Aflatoxin B2 are
found to obey Veber rule. According to this rule, the number
of rotatable bonds should be lower than or equal to 10 and
the value of topological polar surface area (TPSA) should
be lower than or equal to 140A. TPSA is a good indicator of
oral bioavailability (Murugesan et al. 2020).

Rutin was found to violate Lipinski’s rule and Veber rule.
From literature, it is known that two of the main limitations
of Lipinski’s rule of Five is that it excludes natural prod-
ucts and it overemphasizes the oral bioavailability (Zhang
and Wilkinson 2007). Veber’s rule, which is a variation of
Lipinski’s rule combines a descriptor for oral bioavailability
with those of Lipinski’s rule (Pollastri 2010). Nearly 50% of
the FDA approved small-molecule drugs are known to either
violate the Rule of Five or are not used orally. This showed
that following these rules strictly would lead to overlook-
ing certain potential lead molecules (Zhang and Wilkinson
2007) and so they must be looked at as guidelines rather
than strict rules (Pollastri 2010). Hence, even though these
violations were seen, Rutin was still considered to be a pro-
spective lead molecule against SARS-CoV-2.

Molecular dynamics simulations and MM-PBSA

The docking studies were followed by molecular dynamics
simulations. The system stability, flexibility, and dynamic
properties were studied using the apo-form of COVID-19
main protease (apo-MP™) and the top 2 (Rutin, Plebeiosides
B) docked ligand complexes. This was done by performing
MD simulation for 300 ns and the results are as shown in
Fig. 2.

Root mean square deviation (RMSD) analysis

The dynamic stability of the system and the conformational
changes occurring in the backbone of the protein throughout
the simulation period is signified by the RMSD. The calcula-
tion of the RMSD values for the apo-MP™ and the complexes
of MP™ with Rutin and Plebeiosides B have been carried
out as shown in Fig. 2a. It can be seen that apo-MP™ and the
complexes show slight fluctuations up to 150 ns and have got
the equilibration state thereafter. The average RMSD values
for apo-MP™, MP"°—Rutin and MP™—Plebeiosides B is found
to be 0.152 nm, 0.147 nm and 0.218 nm, respectively. The
MP™—Plebeiosides B complex has shown a comparatively
greater RMSD value from 150 ns onwards. It has a constant
RMSD of 0.35 nm for 150 ns and has suddenly risen to a
value of 0.5 nm during 150-300 ns. The apo-MP" and the
MP™—Rutin complexes have maintained a constant RMSD
value of 0.3 nm.

Root mean square fluctuation (RMSF) analysis The root
mean square fluctuation (RMSF) plot shows fluctuations

@ Springer
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Fig.2 The plots of molecular dynamics simulations for SARS-CoV-2
main protease (MP™) in complex with the ligands, Rutin and Plebei-
osides B, obtained from Salvia plebeia during 300 ns simulation. a
The root mean square deviation (RMSD) plot for the complexes. b

of the residues during the simulation (Fig. 2b). In both
the complexes i.e., MP°—Rutin and MP -Plebeiosides B,
the fluctuations of Ca atoms of the protein were compara-
tively more in domain I and domain III and the amino acid
residues which interacted with the ligands during docking

@ Springer

(e)

The root mean square fluctuation (RMSF) plot for the complexes. ¢
Plot of number of hydrogen bond formation within the complexes. d
Plot of radius of gyration (Rg) for the complexes. e Plot of solvent
accessible surface area (SASA) for the complexes

exhibited minimal fluctuation values. Most importantly, the
catalytic dyad residues (Cys145 and His41) which interacted
with both the ligands during docking, fluctuated less. The
average RMSF values of apo-MP™, MP—Rutin and MP"—
Plebeiosides B complexes were calculated to be 0.81 nm,
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0.436 nm and 0.653 nm, respectively. The analysis shows
that the complexes were stable throughout the simulation
with no major structural changes. MD trajectories corre-
sponding to apo-MP, MP°—Rutin and MP™—Plebeiosides
B systems were analysed considering the existence of the
total number of intermolecular hydrogen bonds between the
receptor and the ligand, radius of gyration (Rg) and solvent
accessible surface area (SASA).

Hydrogen bond analysis The conformational stability of
the complexes was analysed by the number of intermolecu-
lar hydrogen bonds formed. Analysis of hydrogen bonds is
very important as they are highly specific (Das et al. 2020).
An adequate number of H-bonds were developed between
the receptor and the ligand over the course of the simulation
(Fig. 2¢). The average number of intermolecular hydrogen
bonds in the MP—Rutin complex was 6 and the maximum
bonds formed were 17 and in case of MP*°—Plebeiosides B
complex, the average and maximum number of bonds were
4 and 11, respectively.

Radius of gyration (Rg) analysis Radius of gyration (Rg) of
the backbone atoms is examined to analyse the compact-
ness of the protein. The MP™ in the 6LU7-RUT complex
didn’t exhibit major structural changes while the MP™ in
6LU7-PLE and the apo-MP™ was more compact at the end
of the simulation (Fig. 2d). The obtained average values of
Rg for the complexes MP°—Rutin, MP—Plebeiosides B and
apo-MP™ were found to be 2.19 nm, 2.18 nm and 2.17 nm,
respectively. A stable Rg of about 2.2 nm was exhibited by
the ligands chosen from the natural source throughout the
300 ns simulation time and suggested that these complexes
were rigid.

Solvent accessible surface area SASA is examined to deter-
mine the degree of expansion of protein volume. Average
SASA values corresponding to the complexes MP"°—Rutin,
MP™—Plebeiosides B and apo-MP™ (Fig. 2e) were found to
be 154.34 nm?,155.02 nm? and 149.89 nm?, respectively.
The complete analysis revealed the favourable binding of
both the ligands to MP™.

MM-PBSA binding free energy calculations The binding free
energies of complexes were predicted using the MM-PBSA

scheme. MM-PBSA can be used to perceive the contribution
of amino acid residues within the active site to the structural
stability of ligands and binding free energy throughout the
simulation period (Kumar and Pandey 2013). MM-PBSA
calculates absolute binding free energies that are the sum of
the electrostatic interaction, polar solvation free energy, van
der Waals interaction and nonpolar solvation free energy.
The predicted energy components for the binding of Rutin
and Plebeiosides B with main protease are summarised in
Table 5. From the results, it is observed that electrostatic,
SASA and van der Waals energy has a negative contribution
to the total interaction energy and the polar solvation energy
has a positive contribution to the total binding energy. The
van der Waals interaction’s contribution between the protein
and ligands is larger in magnitude and the SASA’s contri-
bution is comparatively less. A high negative value of van
der Waals energy indicates the massive hydrophobic inter-
actions between the ligands and the main protease (Das
et al. 2020). The total binding energies of Rutin and Ple-
beiosides B are found to be —75.100+21.854 kJ/mol and
—121.182+20.640 klJ/mol, respectively. The MM-PBSA
results confirm the stable binding of the ligands to the pro-
tein.

Secondary structure analysis Structural changes during the
simulation were studied to observe the evolution in the 3D
structure of the complex by comparing 4 snapshots of the
protein—ligand complexes (Fig. 3). From the overall sec-
ondary structure analysis, it is observed that the protease
structure remains conserved and shows minimal changes
throughout the 300 ns simulation period, which shows the
stability of the protease-ligand complexes. Figure 4 and
Table 6 display the secondary structural analysis of the apo-
protein (MP™) as well as that of the MP—ligand complexes
on the whole. The percentage of A-Helices/B-Sheets in the
secondary structure determine its structural rigidity and the
percentage of coils/turns found within the structure deter-
mine its flexibility. When MP™ binds to Rutin and Plebeio-
sides B, marginal structural changes were observed. Rutin
showed a slightly greater percentage of coils and a-helix in
comparison to the Plebeiosides B docked complex and the
apo protein. The Plebeiosides B docked complex showed
the same percentage of secondary structure elements as the
apo-protein.

Table5 The estimated energy

o Sl. no. Energy components MP™—Rutin MP™—Plebeiosides B
components for the binding of
Rutin and Plebeiosides B with 1 Van der Waal energy (kJ/mol) —176.429+22.987 —177.127+19.553
main protease 2 Electrostatic energy (kJ/mol) ~136.779+36.891 —54.631+19.882
3 Polar solvation energy (kJ/mol) 259.742 +39.893 129.117 +£22.380
4 SASA energy (kJ/mol) —21.634+1.690 —18.542+1.938
5 Binding Energy (kJ/mol) ~75.100+21.854 —121.182+20.640

@ Springer
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Fig.3 Snapshot of a the apo form of SARS-CoV-2 main protease and the SARS-CoV-2 main protease complexes docked with b Rutin and ¢

Plebeiosides B over the 300 ns MD simulation trajectory

Based on previous studies, rutin has shown anticancer/
antineoplastic effects, antimicrobial activity and antiviral
activity (Araruna et al. 2012; Lin et al. 2009). Sodium
rutin sulfate which is a sulfated rutin analogue, was previ-
ously studied for its anti-HIV activity against HIV-1 X 4
viruses IIIB, HIV-1 R5 isolates Ada-M and Ba-L strains
(Tao et al. 2007). Plebeiosides B is a relatively newly iso-
lated benzoylated monoterpene glycoside. This compound
has been found to be structurally similar to salviaplebeia-
side, isolated from S. plebeia and (1R,2S,4R,7S)-vicodiol
9-O-B-p-glucopyranoside that was isolated from Amomum
xanthioides. Such camphane monoterpenes are generally
found in essential oils such as citronella oil, valerian, tur-
pentine and so on (Bang et al. 2016). Monoterpenoids are
widely found in the aerial parts of the plant like leaves
and flowers, and are the most important components of
naturally occurring volatile products (Ghasemnezhad et al.
2020). However, as Plebeiosides B is a relatively novel
compound and has not been studied extensively, further
studies would be required to confirm the activities identi-
fied through in silico studies.

@ Springer

Conclusion

In conclusion, this study is intended to discover lead
compounds that would show high efficiency in the treat-
ment of COVID-19 by screening all the biologically
active compounds obtained from Salvia plebeia against
the main protease enzyme of SARS-CoV-2. A library of
the 208 compounds identified was scrutinized by molecu-
lar docking and molecular dynamics simulation studies
which led to the identification of Rutin and Plebeiosides B
which showed maximum inhibitory activity against MP™.
The protein—ligand interactions displayed that hydrogen
bonding, hydrophobic, electrostatic, polar and non-polar
interactions played key roles in the contribution of the
interactions at the active pocket of the protein. The com-
pounds showed strong affinity towards the target and the
analysis of the ADMET properties, biological activities,
as well as drug-likeness properties, showed that they could
be effective potential drug molecules against SARS-CoV-2.
Furthermore, the secondary structure analyses showed
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Fig.4 The secondary structure
analysis of the a apo form of
main protease and the MP™

complexes docked with b Rutin,

and ¢ Plebeiosides B
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Table 6 Overall percentage of secondary structure elements in the SARS-CoV-2 MP®—ligand complexes

Complex Structure% (A-Helix+B-Sh Coil % B-Sheet % B-Bridge % Bend % Turn % A-Helix % 3-Helix %
eet+ B-Bridge + Turn)

Apo-protein 58 27 25 12 10 21

Rutin 61 28 25 2 9 11 23

Plebeiosides B 58 27 25 12 10 21

the stability of the complexes formed. However, further
in vitro assays can confirm if the lead molecules could be
used in the treatment of COVID-19.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42535-021-00304-z.
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