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uents from Limonium tubiflorum
and their in silico evaluation as potential antiviral
agents against SARS-CoV-2†

Ahmed R. Hassan, *a Ibrahim M. Sanad,a Ahmed E. Allam, *b

Mohamed E. Abouelela,b Ahmed M. Sayed, c Shalabia S. Emam,a Salah M. El-Kousyd

and Kuniyoshi Shimizue

Wild plants growing in the Egyptian deserts are facing abiotic stress, which can lead to interesting & safe

natural products possessing potential chemical profiles. Consequently, our study was designed to assess

the phytochemical composition of the aerial parts of Limonium tubiflorum (family Plumbaginaceae)

growing wild in Egypt for the first time. In addition, in silico screening and molecular dynamic simulation

of all isolated phytoconstituents were run against the main protease (Mpro) and spike glycoprotein SARS-

CoV-2 targets which displayed a crucial role in the replication of this virus. Our findings showed that the

phytochemical investigation of 70% ethanol extract of L. tubiflorum aerial parts afforded six known

flavonoids; myricetin 3-O-(200-galloyl)-b-D-galactopyranoside (1), myricetin 3-O-(200-galloyl)-a-L-
rhamnopyranoside (2), myricetin 3-O-(300-galloyl)-a-L-rhamnopyranoside (3), myricetin 3-O-b-D-

galactopyranoside (5), apigenin (6), myricetin (7), along with two known phenolic acid derivatives; gallic

acid (4) and ethyl gallate (8). Docking studies revealed that compounds (1) & (2) were the most effective

compounds with binding energies of �17.9664 & �18.6652 kcal mol�1 against main protease and

�18.9244 & �18.9272 kcal mol�1 towards spike glycoprotein receptors, respectively. The molecular

dynamics simulation experiment agreed with the docking study and reported stability of compounds (1)

and (2) against the selected targets which was proved by low RMSD for the tested components.

Moreover, the structure–activity relationship revealed that the presence of the galloyl moiety is

necessary for enhancement of the activity. Overall, the galloyl substructure of myricetin 3-O-glycoside

derivatives (1 and 2) isolated from L. tubiflorum may be a possible lead for developing COVID-19 drugs.

Further, in vitro and in vivo assays are recommended to support our in silico studies.
1. Introduction

COVID-19, a disease induced by SARS-CoV-2 (Severe Acute
Respiratory Syndrome Coronavirus-2), has been the cause of
a worldwide pandemic, which is a global rapid spreading
disease with an increased rate of complication and mortality.1,2

According to the world health organization (WHO), from
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December 2019 to now, there have been about 200 million
conrmed cases and about 4.3 million deaths all over 220
countries and areas. The infection and replication cycle of SARS-
CoV-2 begins with the binding of its S protein to the
angiotensin-converting enzyme 2 (ACE2) receptor on a human
cell surface, followed by a structural change of the S protein that
enables the fusion of the viral membrane and the cell
membrane. Then, the viral genes can enter the host cell to be
replicated, producing more viruses for further viral shedding.3,4

So far, there has been no effective treatment of COVID-19.
Several potential drug candidates, including lopinavir/
ritonavir (Kaletra), nucleoside analogs, neuraminidase inhibi-
tors, remdesivir, umifenovir (arbidol), DNA synthesis inhibitors
(such as tenofovir disoproxil, and lamivudine), chloroquine,
and Chinese traditional medicine (such as Shu Feng Jie Du or
Lianhuaqingwen capsules), have been proposed.5

Several drug discovery approaches like quantitative struc-
ture–activity relationship (QSAR), virtual screening (VS), arti-
cial intelligence and drug repositioning, are strongly required to
help in discovering a treatment of the uncontrolled pandemic
© 2021 The Author(s). Published by the Royal Society of Chemistry
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caused by SARS-CoV-2.6 Numerous molecular studies were
addressed to gure out the active sites of the SARS-CoV-2.7,8

Main protease (Mpro) of SARS-CoV-2 is some of the decisive
factors in the infectious route of the virus; they have been re-
ported as important targets for therapeutic strategies.9

Because of discovery of new drugs require long time and
expense, searching for new compounds from natural sources
known with its high safety and applicability will be a good
avenue to treat SARS-CoV-2. In order to quickly discovered lead
compounds especially from the promising wild plants for clin-
ical trials, virtual screening study was initiated to identify new
drug targeting SARS-CoV-2. From which Limonium tubiorum
(Delile) Kuntze (Plumbaginaceae) have been shown to possess
important medicinal properties.10,11 In terms of its biological
activity, family Plumbaginaceae has been reported to have
medicinal plants with immunomodulatory activities.12

Researches on species of this genus revealed important bioac-
tivities, including antimicrobial, antioxidant, anti-
inammatory and anticancer properties, with phenolics (epi-
gallocatechin gallate, gallic acid, trans 3-hydroxycinnamic acid,
myricetin and isorhamnetin) and triterpenoids (mainly limo-
noids) being considered as the main actives.11 Other important
pharmacological effects of Limonium species include the anti-
viral effect against herpes simplex type 1, HSV-1 and inuenza
viruses.13,14

The pleiotropic activities of avonoids such as their antiox-
idant and anti-microbial functions, to inhibit key proteins
involved in the coronavirus infective cycle, as well as lack of
their systemic toxicity, led to encourage the researchers to study
their possible potential role against COVID-19 by in silico
analysis.15 Thus, several studies represented that some avo-
noids and phenolic acids having a role against coronavirus
infection.15–19 For instance, myricetin was suggested to be
a potential drug for anti-virus and symptomatic treatment of
COVID-19.18 Also, gallic acid derivatives such as epi-
gallocatechin gallate and (�)-epicatechin 3-O-(30-O-methyl)
gallate proposed to have inhibitory activity against coronavirus
proteins.15,20

Herein, our work is considered as the rst study aims to
identify the chemical constituents of L. tubiorum aerial parts
(leaves & stem) growing in the Northwestern coast, Egypt as well
as its isolated phytochemicals (especially those have galloyl
substructure of myricetin 3-O-glycoside derivatives) were
assessed for the binding affinity with an in silico study against
two important SARS-CoV-2 protein targets; main protease (Mpro)
and Spike Glycoprotein.

The main protease (Mpro, also known as 3CLpro), is one of
the coronavirus nonstructural proteins (Nsp5) designated as
a potential target for drug development.21,22 Mpro cleaves the
viral polyproteins, generating 12 nonstructural proteins (Nsp4–
Nsp16), including the RNA-dependent RNA polymerase (RdRp,
Nsp12) and the helicase (Nsp13). Inhibition of Mpro would
prevent the virus from replication and therefore constitutes one
of the potential anticoronaviral strategies.21–23

Spike glycoprotein is crystal structure receptor-binding
domain which bounds with ACE2 (PDB ID: 6M0J, resolution ¼
2.45 Å) and forms large trimeric structures that are essential for
© 2021 The Author(s). Published by the Royal Society of Chemistry
entry into host cells upon receptor binding and membrane
fusion. Spike proteins are targeted by host neutralizing
antibodies.24,25

Molecular docking provides a feasible strategy for exploring
the basis and mechanism of the phytocompounds.26 This study
utilized SARS-CoV-2 Mpro and spike glycoprotein as receptors,
and molecular docking of the two was performed to select
potential antiviral active ingredients for the development of
effective and quick-acting chemical components that can resist
COVID-19.
2. Results and discussion
2.1. Identication of the isolated compounds

The phytochemical studies on 70% ethanol extract of L. tubi-
orum aerial parts led to the isolation of eight known phenolic
compounds (1–8) using extensive chromatographic techniques
for the rst time (Fig. 1). The structures of the isolated
compounds were elucidated by comprehensive 1D (1H- and 13C-
NMR) and 2D NMR (COSY, HSQC and HMBC) spectroscopy in
CD3OD & DMSO-d6, and compared with the previously pub-
lished data. The known compounds were identied asmyricetin
3-O-(200-galloyl)-b-D-galactopyranoside (1),27 myricetin 3-O-(200-
galloyl)-a-L-rhamnopyranoside (2), myricetin 3-O-(300-galloyl)-a-
L-rhamnopyranoside (3),28,29 gallic acid (4),27,28 myricetin 3-O-
galactopyranoside (5),28 apigenin (6),27,30 myricetin (7),27,29 and
ethyl gallate (8).31
2.2. Molecular docking results

2.2.1. Molecular docking of the isolated compounds
against SARS CoV-2 main protease (Mpro). Docking studies of
the identied compounds from L. tubiorum aerial parts with
SARS-COV-2 main protease (PDB ID: 6ZRU) were conducted,
and the docking scores were compared with the scores of
remdesivir as standard drug.

The interacting group and hydrogen bonds formed with the
group interaction atoms of the corresponding amino acids are
shown in Fig. 2–4. Interaction binding score of compounds
(Table 1) with the receptors revealed the presence of variation
ranged from �18.6652 kcal mol�1 to �9.6228 in which
compounds 1–3 and 5–7 showed potent binding affinity with
pose scores �17.9664 (RMSD ¼ 1.49�A), �18.6652 (RMSD ¼ 1.4
�A), �16.6877 (RMSD ¼ 1.3 �A), �12.7774 (RMSD ¼ 1.4 �A),
�10.5906 (RMSD ¼ 0.93 �A) and �13.8128 (RMSD ¼ 1.2
�A) kcal mol�1, respectively in comparison with remdesivir (score
¼ �10.0932, RMSD ¼ 1.5 �A).

Compound 2 was the most potent compound �18.6652
(RMSD ¼ 1.4 �A) Fig. 3, showed hydrogen bond formation with
Glu168, Met165 and Phe 140 amino acid residues of the
receptor. In addition, the hydrophobic interaction of the
compound with the amino acid residues of receptor pocket were
included Ala 191, Met 49, Leu 167, Pro 168 and Leu 141. The
other interactions are shown in Fig. 2, 4 and S25–S29 (ESI†),
compared with that of remdesivir (ESI; Fig. S30†).

2.2.2. Molecular docking of the isolated compounds
against SARS COV-2 spike glycoprotein receptor. Molecular
RSC Adv., 2021, 11, 32346–32357 | 32347
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Fig. 1 Chemical structures of the isolated compounds (1–8) from the 70% EtOH extract of L. tubiflorum aerial parts (stem & leaves).
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docking analysis for predicting the possible bioactive
compounds against SARS-CoV-2 spike glycoprotein crystal
structure receptor-binding domain bound with ACE2 (PDB ID:
6M0J) yield crucial information concerning the affinity of the
inhibitors to the binding pocket of the target protein. Several
potential inhibitors have been identied through the docking
simulation. Compounds; 1–3, 5 and 7 showed binding affinity
score higher than the standard drug remdesivir (Table 2). These
compounds participated in hydrogen bonding with the target
protein active site Fig. 5, 6, S31 and S33–S35 in the ESI.† It
noteworthy that compound 2 was the most active compound
with binding score�18.9272 (RMSD¼ 1.6) which indicated that
it could be act as a dual target inhibitor for both tested proteins.
The compound 2 showed the formation of three hydrogen
bonds with Gln 98, Asn 103 and Tyr 202 as hydrogen donor
(Fig. 6). Other involved interactions are shown in Fig. 5 and S31–
S36 (ESI†), compared with that of remdesivir (ESI; Fig. S37†).

Finally, compounds 1–3, 5 and 7 could be used for devel-
opment of new treatment for SARS CoV-2.
2.3. Molecular dynamic simulation

Since, the molecular docking of the drug molecule with the
receptor gives important information about drug–receptor
interactions and is commonly used to nd out the binding
orientation of drug candidates to their protein targets in order
to predict the affinity and activity.32 So, depending on the
32348 | RSC Adv., 2021, 11, 32346–32357
binding affinity score that suggested the predominance of the
galloyl substructure of myricetin 3-O-glycoside derivatives (1, 2)
over other tested compounds (3–8).

To validate the docking experiments, we conducted
a number of molecular dynamic simulation experiments along
with binding free energy (DG) calculations. As depicted in Fig. 7,
compound 2 was apparently more stable than compound 1
inside the active site of Mpro (their average RMSDs were 1.2 and
4.4 Å, respectively). Accordingly, the binding free energy
(DGbinding) of compound 2 was lower than that of compound 1
(DGbinding ¼ �9.1 and �5.2 kcal mol�1, respectively).

In regard to the viral S-protein, both compound 1 and 2
achieved stable binding with the binding site, and didn't
deviate signicantly from the starting docking pose throughout
the course of MDS (their average RMSD was 2.3 Å). Hence, their
DGbinding were almost the same (�8.1 and �8.0 kcal mol�1,
respectively). According to these in silico dynamic and free
energy studies, compound 2 is suggested to be a very good
candidate for discovering COVID-19 drugs. Additional in vitro
and in vivo investigations are needed to assist our primary in
silico ndings.
2.4. Structure–activity relationship (SAR) for the isolated
predominance myricetin derivatives

Inspection of the structure–activity relationship for the isolated
myricetin derivatives from L. tubiorum aerial parts was
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 2D and 3D ligand interactions of compound 1 with main protease receptor.
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deduced based on the previous reported studies which repre-
sented that myricetin has a potent SARS-CoV-2 inhibition
activity.15,18 The identied compounds; myricetin 3-O-(200-
© 2021 The Author(s). Published by the Royal Society of Chemistry
galloyl)-b-D-galactopyranoside (1), myricetin 3-O-(200-galloyl)-a-L-
rhamnopyranoside (2) and myricetin 3-O-(300-galloyl)-a-L-rham-
nopyranoside (3) exhibited potential SARS-CoV-2 inhibition
RSC Adv., 2021, 11, 32346–32357 | 32349
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Fig. 3 2D and 3D ligand interactions of compound 2 with main protease receptor.
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activity more than the other myricetin derivatives deprived from
galloyl and/or sugar moieties (5 and 7). Hence, it can be sug-
gested that presence of 200-galloyl or 300-galloyl linked to sugar
moieties of myricetin 3-O-glucoside in compounds (1–3) is
important for enhancement of SARS-CoV-2 inhibition activity.
Moreover, the attachment of galloyl moiety at position 200 of the
32350 | RSC Adv., 2021, 11, 32346–32357
sugar moiety is more favorable rather than position 300 for
increasing this inhibition activity. This suggestion was
conrmed from the in silico study, where it was noticed that
compounds (1 and 2) are best tting in receptor pocket active
site and receptor exposure increases its affinity.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 2D and 3D ligand interactions of compound 3 with main protease receptor.
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3. Experimental
3.1. Reagents and apparatus

Whatman No. 1 and 3 paper chromatography (PC) were
purchased from Sigma Aldrich (Darmstadt, Germany). Analyt-
ical pre-coated normal phase silica gel 60 GF245 TLC plates were
obtained from Merck (Darmstadt, Germany) and the spots were
visualized using UV light and by exposure of PC and TLC with
© 2021 The Author(s). Published by the Royal Society of Chemistry
ammonia vapor. Also, the TLC plates were sprayed with 5%
sulfuric acid in methanol followed by heating at 105 �C for
3 min. Column chromatography (CC) was carried out on poly-
amide 6S and Sephadex LH-20 (Riedal-De Haen Ag, Sellze-
Hannover, Germany). All the organic solvents used were of the
highly analytical grade. NMR experiments were recorded on
Bruker DRX 400 and 600 MHz NMR spectrometer instruments
(Bruker Daltonics Inc., MA, USA) in methanol-d4 and DMSO-d6.
RSC Adv., 2021, 11, 32346–32357 | 32351
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Table 1 List of molecular docking results of identified compounds
from 1–8 with main protease receptor (values are expressed
in kcal mol�1)

No. Sa kcal mol�1 RMSD_reneb

1 �17.9664 1.49
2 �18.6652 1.44
3 �16.6877 1.33
4 �9.54093 0.91
5 �12.7774 1.45
6 �10.5906 0.93
7 �13.8128 1.21
8 �9.62281 0.75
Remdesivir �10.0932 1.57

a S: the score of a compound placement inside the protein binding
pocket. b RMSD_rene: the root-mean-squared-deviation (RMSD)
between the predicted pose and those of the crystal one (aer and
before renement process, respectively).

Table 2 List of molecular docking results of identified compounds
from 1–8 with spike glycoprotein receptor (values are expressed
in kcal mol�1)

No. Sa kcal mol�1 RMSD_reneb

1 �18.9244 1.02
2 �18.9272 1.61
3 �16.6887 1.45
4 �9.60763 0.90
5 �15.6998 1.07
6 �9.98701 0.82
7 �14.4476 1.00
8 �10.0071 0.98
Remdesivir �14.2976 1.49

a S: the score of a compound placement inside the protein binding
pocket. b RMSD_rene: the root-mean-squared-deviation (RMSD)
between the predicted pose and those of the crystal one (aer and
before renement process, respectively).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 7

/2
4/

20
25

 7
:1

8:
24

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
LC-MS-ESI of the two compounds; 1 and 2 was carried out on
Waters Acquity UPLC with ESI-detector based on a UPLC-MS
equipped with C18 column detect the compounds at both
positive and negative ionization modes.
3.2. Plant material

The aerial parts of Limonium tubiorum (Delile) Kuntze var
tubiorum were collected from the Wadi Habis at Mersa
matrouh governorate (Northwestern coast, Egypt) in April 2017
(geographic position coordinates N: 31�2208100; E: 27�305400). The
plant sample was kindly authenticated by Prof. Dr Azza El
Hadidy, Professor of plant taxonomy and ora, Botany Depart-
ment, Faculty of Science, Cairo University, Egypt. A voucher
specimen (18/4/2017-H) of the plant has been deposited at the
Herbarium of Faculty of Science, Cairo University, Egypt.
3.3. Preparation of total extract

The aerial parts (leaves & stem) of L. tubiorum plant were air-dried
in shade then ground to a ne powder (1.2 kg) and was extracted
32352 | RSC Adv., 2021, 11, 32346–32357
using 70% ethanol (70% EtOH, 3 � 3 L, each 48 h). The obtained
extracts were combined then concentrated by rotary evaporator at
40 �C to afford a residue of 98 g, which was stored at 4 �C for further
investigations.

3.4. Fractionation and isolation

88 g from the dry extract (98 g) was desalted in absolute ethanol.
The desalted extract was concentrated to give 150 mL and pre-
adsorbed on small amount of polyamide 6S for column chroma-
tography then evaporated under reduced pressure. The mixture
was fractionated on a polyamide column. Elution was started with
distilled water (H2O) followed by H2O–EtOH stepwise until nally
pure EtOH was used. The obtained fractions from the column
(500 mL each) were examined on paper chromatography (PC) and
thin layer chromatography (TLC) using the systems; n-butanol–
acetic acid–water (BAW) (4 : 1 : 5 v/v/v) upper phase, and 15%
acetic acid for paper chromatography PC and ethyl acetate–meth-
anol–water (30 : 5 : 4), ethyl acetate–glacial acetic acid–formic
acid–water (100 : 11 : 11 : 26), and dichloromethane–methanol
(9 : 1 and 8 : 2) for TLC and observed under ultraviolet light.
Similar fractions were pooled together, which were combined into
ve major collective fractions (F1–F5), and then evaporated under
vacuum. Fractions; F2 to F5 were the promising for our study
based on TLC and PC detections. Fraction F2 (2 g) which obtained
from the polyamide column using 30% EtOH was chromato-
graphed over a Sephadex LH-20 column eluted by n-butanol
(BuOH) saturated with water (upper phase) to give a promising
subfraction (0.2 g) which was further re-chromatographed on
Sephadex LH-20 column using the mobile phase of EtOH–H2O
(30–70%) to afford pure compound (1, 60 mg). 3 g of fraction F3
(7.3 g) resulted from the polyamide column using 50% EtOH was
rst applied to preparative paper chromatography (PPC) using
system BAW (4 : 1 : 5, upper phase) yielded three bands, then
purication of each band on Sephadex LH-20 using EtOH–H2O
(30–70%) affording three pure compounds (2, 50 mg), (3, 70 mg)
and (4, 45 mg). Fraction F4 (3.5 g) obtained from the polyamide
column by 70% EtOH was subjected to a Sephadex LH-20 column
using BuOH saturated with water (upper phase) to give two cor-
responding fractions. The two fractions; F4a (230 mg) and F4b (95
mg) were further separated on Sephadex LH-20 column using
EtOH–H2O (40–100%) to afford compounds (5, 66 mg) and (6, 40
mg), respectively. Finally, 2 g of fraction F5 (5.6 g) resulted from the
polyamide column using the eluent pure EtOH, was subjected to
PPC using BAW (4 : 1 : 5, upper phase) solvent system to yield two
major bands. The two corresponding bands were further separated
on Sephadex LH-20 column using EtOH–H2O (50–100%) to give
the two compounds; (7, 47 mg) and (8, 45 mg). The structures of
the isolated compounds were elucidated by 1D and 2D NMR
experiments (ESI; Tables 1–8 and Fig. S1–S25†).

3.5. Molecular docking study

The 3D X-ray crystal structure of two SARS-CoV-2 receptors;
main protease (PDB ID: 6ZRU, resolution ¼ 2.10 Å)9 and spike
glycoprotein crystal structure receptor-binding domain bound
with ACE2 (PDB ID: 6M0J, resolution ¼ 2.45 Å),33 were obtained
from the RCSB Protein Data Bank (www.rcsb.org/pdb). The
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 2D and 3D ligand interactions of compound 1 with spike glycoprotein.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 7

/2
4/

20
25

 7
:1

8:
24

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
adopted docking procedure followed the standard protocol
implemented in MOE 2014.0901 and the geometry of the
resulting complexes was studied using MOE's Pose Viewer
utility.34
© 2021 The Author(s). Published by the Royal Society of Chemistry
In order to prepare the protein for docking studies, the
proteins obtained from the Protein Data Bank was prepared for
docking as follows: rst, the enzyme was 3D protonated, where
hydrogen atoms were added at their standard geometry then the
partial charges were computed, minimized and the system was
RSC Adv., 2021, 11, 32346–32357 | 32353
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Fig. 6 2D and 3D ligand interactions of compound 2 with spike glycoprotein.
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optimized. Second, the unbound water molecules which aren't
involved in the interaction were deleted and the binding pocket
had been dened before docking. The receptor active site for
SARS-CoV-2 main protease was determined by complexed
ligand while spike glycoprotein receptor active site was
32354 | RSC Adv., 2021, 11, 32346–32357
determined by MOE site nder function used to calculate and
predict possible active potential site of selected proteins for
ligand binding in the receptor.

The 2D structure of the ligand compounds identied from
the total extract of L. tubiorum aerial parts (stem & leaves) was
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 RMSDs of compounds 1 and 2 inside the binding sites of Mpro and S-protein over 50 ns of MDS.
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drawn using the ChemDraw soware 17.0.0.206 then converted
to a 3D structure and protonated at pH 7, GB/VI as electrostatics
parameter and dielectric points was adjusted at 2. The partial
charges of the compounds were adjusted and its energy was
minimized using Merck Molecular Forceeld (MMFF94s)
method to a gradient 0.05.

Flexible ligand-rigid receptor docking was done with MOE-
DOCK by running the docking and dening the receptor
atoms as receptor + solvent, site of placement was dened as
MDB le that contain the conformers of ligands and placement
method was adjusted to triangle matcher.

The obtained poses were subjected to London dG as the
scoring function and forceeld renement using the same
scoring function. The interaction between the ligands and
receptors binding site were generated and the results of docking
were recorded as pose score (S) and Root Mean Square Devia-
tion (RMSD).
3.6. Molecular dynamic simulation

Molecular dynamic simulations (MDS) for the generated
ligand–enzyme complexes were carried out by the Nanoscale
Molecular Dynamics (NAMD) 2.6 soware,35 using the
CHARMM27 force eld.36 Hydrogen atoms were added to the
protein structures using the psfgen plugin including the Visual
Molecular Dynamic (VMD) 1.9 soware.37 Then, the whole
© 2021 The Author(s). Published by the Royal Society of Chemistry
generated systems were solvated using water molecules (TIP3P)
and 0.15 M NaCl. At rst, the total energy of the generated
systems was minimized and gradually heated to reach 300 K
and equilibrated for 10 ns. Aerwards, the MDS was continued
for 50 ns, and the trajectory was stored every 0.1 ns and further
analyzed with the VMD 1.9 soware. The MDS output was
sampled every 0.1 ns to calculate the root mean square devia-
tion (RMSD). The parameters of compounds (1 and 2) were
prepared using the online soware the VMD force eld ToolKit
(ffTK).37 Binding free energies (DGbinding) were calculated using
the free energy perturbation (FEP) method.38 The web-based
soware Absolute Ligand Binder was applied to generate the
input les for NAMD soware which was performed the simu-
lations required for DGs calculations.

4. Conclusion

In conclusion, this study provides the rst report regarding the
metabolic prole of L. tubiorum aerial parts. The total 70%
ethanol plant extract was subjected to chromatographic and
spectroscopic methods to isolate and characterize of two gallic
acid derivatives (4 and 8) together with apigenin (6) and ve
avonoid derivatives of myricetin (1–3, 5 and 7) for the rst time
from the plant under investigation. The results showed that L.
tubiorum aerial parts are a rich source of myricetin derivatives.
Based on the in silicomolecular docking and dynamic studies of
RSC Adv., 2021, 11, 32346–32357 | 32355
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the isolated plant components against the main protease (Mpro)
and spike glycoprotein SARS-CoV-2 receptors, it can be sug-
gested that myricetin 3-O-(200-galloyl)-glycoside derivatives (1
and 2) in L. tubiorum aerial parts could be as potential COVID-
19 drug candidates. Hence, this nding proves that the value of
this screening study can lead to the rapid discovery of drugs
from natural sources and prioritized them a potential multi-
target acting on pandemic COVID-19. More in vitro and in vivo
biological studies are necessary to strengthen our in silico
results.
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