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Evaluation of the inhibitory activities of thyme compounds against corona-
virus disease-19 (COVID-19) by molecular docking and molecular dynamic
simulation

Saba Hadidi*

Inorganic Chemistry Department, Faculty of Chemistry, Razi University, Kermanshah, Iran

Abstract

We have explored the inhibitory capability of Thymus vulgaris compounds against ACE2 protein
-the host receptor for SARS-CoV-2, papain-like and main protease of the SARS-CoV-2 through molecular
simulations. The docking results showed that the compounds had a greater capability to inhibit ACE2 and
papain-like protease in comparison to the main protease. The majority of compounds (61.7%) bind to the
S2 active pocket of ACE2. The most powerful anticoronavirus activity is expressed in the order: Terpin-
olene > Thymol > Bicyclogermacrene. Pi interactions play key roles in the binding of three compounds
to the active sites of ACE2 enzyme. 34 out of these 60 compounds were fitted in the PLpro active site.
a-humulene followed by (+)-Spathulenol, and (-)-B-Bourbonene showed strong capacity to inhibit PLpro
binding site. Except for (+)-Spathulenol which also formed H-bond with Asp165 and Tyr274 amino ac-
ids, a-humulene and (-)-B-Bourbonene conjugate with PLpro were stabilized mainly through alkyl and pi
interactions. According to the Mpro docking results, 58.3% of thyme compounds could block the active
site. The binding energy order was (-)-Spathulenol at highest, then Bicyclogermacrene, (+)-3-cadinene,
(+)-Spathulenol, and Viridiflorol, followed by (-)-B-Caryophyllene oxide. Cys145, His41, Met49, and
Met165 are key residues in the interaction of these ligands with the enzyme binding site. The weakest in-
teraction with all three enzymes was observed for (R)-(-)-1-Octen-3-ol and (3S)-Oct-1-en-3-ol. Based on
the molecular dynamics simulation lowest conformational change was detected for ACE2 in the present of
Terpinolene. (-)-Spathulenol and a-Humulene had the least and most displacement compared to its initial
positions, respectively.
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1. Introduction

The SARS CoV-2 pandemic is one of the
most dangerous infectious diseases which cause
considerable threat to human health worldwide
(1). Nowadays, this illness draws the attention of
many researchers as a global health crisis at indi-
vidual and public health levels. A huge number
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of scientists are currently trying to find effective
solutions and methods to detect, prevent and cure
SARS-CoV-2. Using Plant essential oils and medi-
cine derived from natural herbs are two suitable
ways for treatment of various diseases (2, 3). Thy-
mus vulgaris (thyme) is a Mediterranean aromatic
of the Labiatae family (4), which can be used for
medicinal purposes due to its properties such as,
antimicrobial, anthelmintic, antibroncholitic, an-
tispasmodic, sedative, diaphoretic, carminative,
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antitussive, and diuretic properties (5-8). Thymus
vulgaris is commonly utilized in folk medicine in
the treatments of several kinds of diseases includ-
ing, bronchopulmonary disorders, respiratory tract
infections, gastroenteric, laryngitis, and inflamma-
tion (4, 9-11). This herb can be effective in cases
of assorted intestinal infections and infestations,
like gram-negative and gram-positive bacterium.
Several studies confirmed anti-microbial activities
of Thymus vulgaris against different bacterial spe-
cies such as Helicobacter pylori, Staphylococcus
aureus, and Salmonella typhimurium (12-15). The
obtained results indicated that Thymus vulgaris
plays a significant role in stopping the growth of
the microorganism species examined (16, 17). It
has been reported that the flavonoids in thyme is
able to relax tracheal and ileal smooth muscles
(18, 19). The thyme extract and volatile oil can
relax tracheal and ileal smooth muscles by inhibit-
ing phasic contractions and through p2-receptors
(20-22). Moreover, this herb can act as an appe-
tite stimulant and improve liver functioning (17).
The antioxidant properties of thyme oil can be at-
tributed to a biphenyl compound and a flavonoid
isolated from thyme which is capable of protecting
red blood cells against oxidative damage via in-
hibition of superoxide anion production (23-26).
A group of researchers confirmed the antiviral ac-
tivity of Thymus vulgaris against Herpes simplex
virus. The experimental results depicted that this
herb is able to inhibit the growth of Herpes sim-
plex virus type 1 (HSV-1), type 2 (HSV-2) and an
acyclovir-resistant strain of HSV-1 (27). Further-
more, it has been reported that drinking infusions
or decoctions of Medicinal plants such as Thymus
vulgaris and Eucalyptus aerial parts have a cru-
cial role in treatment of respiratory tract infections
(28-32). Various species of Thymus can be found
in many countries which are different in type of
components and content. However, normally they
contain flavonoids, thyme, carvacrol, and phenol
compounds (33). The study aimed to evaluate the
ability of Thymus vulgaris components in inhib-
iting Angiotensin-converting enzyme 2 (ACE2)
protein in human body. In this process Thymus vul-
garis causes SARS-CoV-2 to lose its host receptor
and destroy its protein (Covid-19 main protease).
It is noteworthy to note that the ACE2 protein is
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the host receptor of the SARS-CoV-2 and SARS-
CoV (34-36). The significant point is that if the
ACE?2 protein can be inhibited by Thymus vulgaris
components, the SARS-CoV-2 could be prevented
and cured. In this investigation we used molecu-
lar docking and molecular dynamic simulations to
predict and determine the capability of these com-
ponents to inhibit ACE2 protein in human body as
weel as papain-like protease and main protease of
SARS-CoV-2.

2. Material and methods
2.1. Molecular docking simulation

The 3D structures of 60 compounds of
thyme as ligands were obtained in .mol format from
ChemSpider database (http://www.chemspider.
com) (37) and converted into .pdb format through
BIOVIA Discovery Studio Visualizer 2016 (38).
The structures were optimized with semi-empiri-
cal PM6 method using ORCA software (39). Crys-
tal structures of the SARS-CoV-2 main protease
(PDB ID: 6LU7), papain-like protease (PDB ID:
5Y3e), and human entry receptor ACE2 (PDB
ID: 1R42) were downloaded from RCSB PDB
database (http://www.rcsb.org/pdb) (40). Before
docking calculation, the enzymes were edited by
removing the solvent molecules, ions, and unnec-
essary protein chains. The polar hydrogen atoms
and Gasteiger charges were included in the recep-
tor structure and then the protein in PDBQT for-
mat was used as an input for the AutoDock Vina
program (41). The remaining parameters were set
as default. For each target protein, the specific grid
size (X, y, and z) points, and the grid center (X, v,
and z dimensions) were set with a grid spacing of 1
A to cover the active site residues. For each of the
docking cases, the best energy docked conforma-
tion was extracted from the 20 minimum energy
conformers from the 500 runs and the binding af-
finity was determined through kcal/mol. BIOVIA
Discovery Studio Visualizer 2021 and LigPlot+
(42) were visualized to post-docking analysis of
output, giving details of the locations of binding
sites, hydrogen, and hydrophobic interactions of
the docked ligand in various confirmations.

2.2. Molecular dynamic simulation
The molecular dynamics (MD) simulation

Trends in Pharmaceutical Sciences 2022: 8(2): 95-106.




Table 1. Active sites residues of ACE2 enzyme.

Arg273, Phe274, Pro346, Asp367, Leu370, Thr371, His374, Glu375, Glu402, Glu406,

S1 pocket

Inhibitory activity of thymus vulgaris against COVID-19

Ser409, Leud 10, Ala413, Phe438, GIn442, Thr445, Tle446, Thrd49, Thr453, Phe512,
Tyr515, Arg518, Thr519, GIn522

S2 pocket

Phe340, Pro346, Thr347, Ala348, Asp350, Gly352, His374, Glu375, His378, Asp382,

Tyr385, Phe390, Arg393, Asn394, His401, Glu402

was carried out for the most promising compounds
Terpinolene, o-Humulene, and (-)-Spathulenol
against ACE2, PLpro, and Mpro, respectively, us-
ing Groningen Machine for Chemical Simulation
(GROMACS) version 2020.2. Topology parameter
for protein was generated With amber99sb force
field and ligands topology was obtained from the
Winmostar software. The protein-ligand system
was embedded into a cubic box of 10 A dimension
using SPCE water model. The overall system was
neutralized by adding Na™ or CI- ions (0.15 M).
An initial minimization was performed for 100 ps
in two phases i.e. (canonical) NVT equilibration
and (thermal-isobaric) NPT equilibration at a uni-
form temperature and pressure of 310 K and 1 bar.
Once ready, the systems were simulated for 50 ns
in NPT ensemble and the trajectories were calcu-
lated with a time step of 2 fs and snapshots were
saved at every 50 ps. The structural behaviour of
receptors in the absence and presence of the ligand
molecules were investigated through Root mean
square deviation (RMSD) and Root mean square
fluctuation (RMSF).

3. Result and discussion
3.1. Molecular docking simulations into ACE2 ac-
tive sites

Angiotensin-converting enzyme 2 (ACE2)
is a protein-coding gene on the surface of many
cell and tissue types in human body, including
lungs, arteries, heart, kidney, and intestines, but in
different quantities (43). Unlike children, a high
concentration of ACE2 enzyme was observed in
patients with hypertension, diabetes, and coronary
heart diseases (44-46). Studies have found that
ACE?2 acts as a human host receptor for the SARS-
CoV-2, thus, if the ACE2 active site is blocked,
the virus entering to the human cells can be pre-
vented (47). To this aim, molecular docking simu-
lation was used to evaluate the inhibitory activity
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of thyme compounds against S1 and S2 binding
pockets of ACE2 (Table 1).

A summary of the obtained results includ-
ing the binding energy, binding site, interaction
force, as well as interaction distance between 60
ligands and amino acids in ACE2 active sites are
available in the Supporting Information (Table
S1). The majority of compounds (61.7%) showed
inhibitory activity against S2 pocket with binding
energy in the range of -4.2 to -6.7 kcal/mol, while
compounds that bind to S1 pocket had higher bind-
ing affinity (-4.5 to -7.0 kcal/mol). Terpinolene,
Thymol, and Bicyclogermacrene exhibited the
best potential inhibitors toward S1 and S2 pocket,
respectively, while (R)-(-)-1-Octen-3-ol showed
the lowest docking score (-4.2 kcal/mol) followed
by (3S)-Oct-1-en-3-o0l (-4.5 kcal/mol), and Gerani-
ol (-4.7 kcal/mol) (Table S1). The inhibitory activ-
ity of Terpinolene that shows the highest binding
affinity (-7.0 kcal/mol) is attributed to hydropho-
bic type interactions with Phe438 as one of the
key residue at S1 active pocket. Three pi-alkyl and
one pi-sigma interactions were formed between
the aromatic side chain of Phe438 with C atoms
of methyl group, isopropyl substituent, and C6 of
cyclohexene ring, respectively (Figure 1).

Similar to Terpinolene, Thymol inter-
acts with Phe438 at S1 binding pocket, but with
a small difference in binding energy (-6.8 kcal/
mol). The aromatic side chain of Phe amino acid
is positioned over the ligand molecule, making
two pi-alkyl and a pi-pi stacking interactions with
C atoms of methyl and isopropyl groups as well
as benzene aromatic ring in Thymol, respectively
(Figure 2). Also thymol hydrophobically interacts
with Ala413 (Table S1).

The main interactions of Bicycloger-
macrene with amino acids in S2 pocket of ACE2
enzyme are Asp350, Asp382, Tyr385, Phe390,
Arg393, and, Asn394 with binding affinity -6.7

97




Saba Hadidi.

Interactions

- Pi-Sigma

|:] Pi-Alkyl

Figure 1. Terpinolene docked into ACE2 enzyme (left)
and amino acid residue involved in the interaction
(right), the dashed line shows type of interaction and
distance in A.

kcal/mol (Table S1). Conformational stability of
the ligand-protein complex is maintained by hy-
drophobic interactions. As shown in Figure 3, two
pi-alkyl bonds, a type of hydrophobic interaction,
were formed between methyl groups attached to
cyclopropane ring and benzene ring in Phe390.

3.2. Molecular docking simulations into papain-
like protease active site

The papain-like cysteine protease (PLpro)
is an essential coronavirus enzyme that plays a key
role in the virus replication cycle. This process
is initiated by the synthesis of ppla/pplab poly-
proteins that are translated from ORF1a/ORF1b
of the virus genome. Cleavage of these poly-pro-
teins release virus non-structural proteins which
orchestrate viral replication (48). PLpro is also
implicated in cleaving proteinaceous post-transla-
tional modifications on host proteins as an evasion
mechanism against host antiviral immune respons-
es (49). Targeting PLpro by antiviral agents may
inhibit both viral replication and the dysregulation
of signaling cascades in infected cells which lead

Interactions

D pi-Alkyl

Figure 3. Bicyclogermacrene docked into ACE2 en-
zyme (left) and amino acid residue involved in the in-
teraction (right) the dashed line shows type of interac-
tion and distance in A.
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Figure 2. Thymol docked into ACE2 enzyme (left) and
amino acid residue involved in the interaction (right)
the dashed line shows type of interaction and distance

in A.

to cell death in surrounding, uninfected cells (50).
In this viewpoint, thyme compounds were docked
into PLpro active site (Pro248, Pro249, Tyr269,
Aspl65, Glul68, Leul63, Glyl64, GIn270,
Tyr274, Tyr265, and Thr302) for developing po-
tential antiviral agents directed against this prom-
ising target. The results indicate that 34 out of these
60 compounds were fitted in the active site with a
docking score of -4.5 to -7.1 kcal/mol (Table S2).
Best among them that show strong binding in the
pocket of enzyme are a-Humulene (-7.1 kcal/mol)
followed by (+)-Spathulenol (-7.0 kcal/mol), and
(-)-B-Bourbonene (-6.9 kcal/mol).

The results illustrate that Asp165, Pro249,
Tyr265, Tyr269, Tyr274, and Thr302 are key resi-
dues in the interaction of a-Humulene with en-
zyme binding site (Table S2). The 2D diagram
of a-Humulene binding to PLpro active pocket
showing a pi-alkyl interaction between Tyr265
and methyl group attached to C9 of bicycle ring at
distance 4.66 A and two alkyl interactions between
Pro249 and -CHj3 branch attached to C6 and aro-
matic center of C ring with a bond length of 4.22

TYR
A:265

PRO
A48

Interactions
|:| Alkyl,Pi-alky!

Figure 4. a-Humulene docked into PLpro enzyme (left)
and amino acid residues involved in the interaction
(right) the dashed line shows type of interaction and
distance in A.
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and 4.53 A, respectively (Figure 4).

(+)-Spathulenol, second highest and very
close binding score to a-Humulene, bind through
three different interactions with Asp165, Pro249,
Tyr265, and Tyr274 main residues (Table S2). One
O-H--O type hydrogen bond with distance of 2.45
A formed between the oxygen of the carboxyl
group of ligand and the hydrogen of the hydroxyl
group in Tyr274 residue. It also forms alkyl inter-
actions between, Pro249-C of methyl substituent
at position 7 and Pro249-C of methyl substituent
at position 1 with a bond length of 4.00 and 5.42
A, respectively. Docking pose of (+)-Spathulenol
displayed a pi-alkyl interaction with Tyr265 and C
of methyl substituent at position 7 at distance 4.02
A (Figure 5).

Figure 6 shows the docking pose for
(-)-B-Bourbonene and the interacting amino acid
residues in PLpro active site. From Figure 6, it can
be seen that (-)-f-Bourbonene interacts with two
amino acids by three types of interactions. These
are: two alkyl interactions between Pro249 with —
CHj3 attached to cyclobutane ring and the center of
cyclopentane ring at distances of 4.39 and 5.37 A,
respectively, two pi-alkyl and one pi-sigma inter-
action between Tyr265 and the center of cyclopen-
tane ring, isopropyl and methyl groups attached
to cyclobutane ring with a bond length 4.75, 5.19,
and 3.69 A, respectively.

3.3. Molecular docking simulations into main pro-
tease active site

The main protease (Mpro, also named
3CLpro) is one of the promising drug targets due
to its essential role in processing the polyproteins

T
‘ "
AAE e

Interactions

- Conventional Hydrogen Bond

|:| AlkylPi-Alkyl

Figure 5. (+)-Spathulenol docked into PLpro enzyme
(left) and amino acid residues involved in the interac-
tion (right) the dashed line shows type of interaction
and distance in A.
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that are translated from the viral RNA (51). The ac-
tive site of Mpro is located in the gap between do-
mains [ (residues 8-101) and II (residues 102-184),
which contains a CysHis catalytic dyad (Cys145
and His41) (52). The Cys residue is responsible for
Michael addition reaction and nucleophilic attack
in biological processes (53).

The Mpro docking results showed that 35
of the 60 thyme compounds (58.3%) were located
in the binding site with energies ranging from -3.7
kcal/mol to -5.6 kcal/mol. (Table S3). We found
that the binding energy order was (-)-Spathulenol at
highest, then Bicyclogermacrene, (+)-0-cadinene,
(+)-Spathulenol, and Viridiflorol, followed by
(-)-B-Caryophyllene oxide with a slight difference.
The interaction between (-)-Spathulenol with the
receptor binding site was stabilized by a conven-
tional hydrogen bond between —OH group of li-
gand with carbonyl group of Glul66 residue with
a bond length 2.28 A, two pi-alkyl interactions be-
tween His41 with cycloheptane ring and attached
~CHj group at distances 4.41 and 5.05 A, respec-
tively, and alkyl interactions between Cys145-C of
—CHj group attached to cyclopropane ring, Met49
with the center of cycloheptane ring, and Met165
with -CH3 group at position 4 with a range of 4.02
to 5.44 A (Figure 7).

Bicyclogermacrene, (+)-0-cadinene,
(+)-Spathulenol, and Viridiflorol were fitted in the
Mpro active pocket with similar binding energy
(-5.5 kcal/mol). From Figure 8, it is apparent that
two H-bonds formed, one between O atom of hy-
droxyl group in Viridiflorol and H atom of -NH
group in His163 and another one between H of —
OH group in ligand with S atom of Cys145 with a

Interactions

- Fi-Sigma

[ ey i
Figure 6. (-)-B-Bourbonene docked into PLpro enzyme
(left) and amino acid residues involved in the interac-
tion (right) the dashed line shows type of interaction
and distance in A.
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Figure 7. (-)-Spathulenol docked into Mpro enzyme
(left) and amino acid residues involved in the interac-
tion (right) the dashed line shows type of interaction

and distance in A.
bond length 2.70 and 2.57 A, respectively. More-

over, alkyl interactions between Viridiflorol and
receptor amino acids Cys145, Met165, and Met49
along with pi-alkyl interactions with His163 and
His41 played key roles in stabilizing the ligand-
receptor conjugate.

The interaction of (+)-Spathulenol with the
Mpro was seen in alkyl interactions; one between
Met165 and ~CH3 group attached to cycloheptane
ring, two between Met49 with the carbon center
of cycloheptane ring and methyl substituent of cy-
clopropane ring, and three between Cys145 with
cycloheptane ring, the center and —CH3 group of
cyclopentane ring. Also two pi-alkyl interactions
were observed between His41 with cycloheptane
ring and —CH3 group attached to cyclopropane
ring (Figure 9).

The major  interaction  between
(+)-6-cadinene and the protease was character-
ized by two alkyl interactions between Met49 and
C of methyl substituent at position 4 at distance
3.68 A and Met165 with the center of C ring with
a bond length 4.91 A. Also, a pi-alkyl interaction

CYs
Al45

WET
HIS A49

Interactions Ad1

[ akyhpi-akyl

Figure 9. (+)-Spathulenol docked into Mpro enzyme
(left) and amino acid residues involved in the interac-
tion (right).
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- Conventional Hydrogen Bond
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Figure 8. Viridiflorol docked into Mpro enzyme (left)
and amino acid residues involved in the interaction
(right) the dashed line shows type of interaction and

distance in A. N )
of methyl substituent at position 4 and His41 was

observed (Figure 10).

Bicyclogermacrene is surrounded by
Leul4l, Asnl42, Met49, His41, and Cys145 ami-
no acids in the Mpro active site. 4 alkyl interac-
tions between Cys145 and 3 methyl substituents as
well as the center of bicyclo ring at distance 3.95
to 5.44 A were characterized in the ligand-receptor
complex (Figure 11).

(-)-B-Caryophyllene oxide docked in the
covid-19 Mpro yielding a binding affinity of -5.3
kcal/mol. Significant binding was observed, with
5 alkyl interactions between both methyl substitu-
ents, the center of bicyclo and cyclobutane ring of
ligand with Cys145 as well as between C atom of
=CH, group and Met49 residue. Also two pi-alkyl
interactions were characterized between the center
of ring of His41 with C atom of =CH, group and
the cyclobutane ring (Figure 12).

3.4. Molecular dynamic simulations
Among the ligands screened through

HIS
: MET
MET. A4l A43

Interactions

[ APkt

Figure 10. (+)-d-cadinene docked into Mpro enzyme
(left) and amino acid residues involved in the interac-
tion (right) the dashed line shows type of interaction
and distance in A.

Trends in Pharmaceutical Sciences 2022: 8(2): 95-106.
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Figure 11. Bicyclogermacrene docked into Mpro en-
zyme (left) and amino acid residues involved in the in-
teraction (right) the dashed line shows type of interac-
tion and distance in A.

docking studies, Terpinolene, a-Humulene, and
(-)-Spathulenol revealed high binding affinities to
ACE2, PLpro, and Mpro, respectively. Therefore,
these compounds were selected as the most effec-
tive inhibitors and used for further analysis using
MD simulations. The RMSD values of back bone
atoms in proteins and protein-ligand complexes
were calculated to investigate the protein structure
variation by ligand molecule. It was observed that
all simulations were stable as indicated by RMSD
plots (Figures 13A, B, and C). The ACE2, PLpro,
and Mpro showed an average RMSD of 1.64, 1.69,
and 2.39 A, which increased to 1.67, 2.73, and
3.39 in the present of Terpinolene, a-Humulene,
and (-)-Spathulenol, respectively. The least con-
formational change was detected for a complex of
ACE2 with Terpinolene.

A Larg deviation was obtained for a trajec-
tory segment between about 17 and 37 ns, but after
37 ns of simulation Terpinolene’s RMSD was sta-
bilized with an average of 0.47 A (Figure 13A). As
can be seen from Table 2, the Terpinolene’s bind-
ing position was stabilized after 25 ns with 46%
similarity in the binding site residues, in which
Ala413, GIn442, and Phe438 were seen as main
residues at S1 binding pocket of ACE2 in ligand-
protein complex (Figure 14). These observations
are in good agreement with the molecular docking
results presented in Figure 1.

With 12.5% similarity in the amino acids
of the binding site, a-Humulene had the most dis-
placement compared to its initial position (Table
3). Glul68 is the only amino acid from the active
site of PLpro that interacts with ligand by the van
der Waals force (Figure 15).

(-)-Spathulenol showed to be stable inside

Trends in Pharmaceutical Sciences 2022: 8(2): 95-106.
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" Interactions A4l

[ akylpi-akyl

MET
A49

Figure 12. (-)-p-Caryophyllene oxide docked into Mpro
enzyme (left) and amino acid residues involved in the
interaction (right) the dashed line shows type of interac-
tion and distance in A.

the binding pocket during all 50 ns simulation with

very low value of ligand’s RMSD 0.26 A (Figure
13C) and high percentage of binding site resi-
dues similarity (Table 4). A comparison between
Figure 7 and Figure 16 had clearly shown that
His41, Met49, and Met165 were main residues in

———ACE2
(A) e ACEZ—Te%Linolene
4 —— Terpinolene
<3
o
2, i
4
1
0 Tt T T T T
0 5 10 15 20 25 30 35 40 45 50
Time (ns)
5
(B) ——PLpro

—— PLpro-a-Humulene

— " Ji il
<3

e \
D)

=

4

T T T
5 10 15 20 25 30 35 40 45 50
Time (ns)

u u T u T T 1
0 5 10 15 20 25 30 35 40 45 50
Time (ns)

Figure 13. Plots of Root Mean Square Deviation (RMSD)
values for the backbone atoms of protein (black), protein-
ligand complex (blue), and ligand (red) from initial structures
throughout the 50 ns simulation as a function of time. (A)
ACE2, (B) PLpro, and (C) Mpro.
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Figure 14. Binding position and principal interactions
of Terpinolene with ACE2 peptide observed at time 50

ns of MD simulation trajectories.

GLU
h:168

SER
W K246
1:XB 7

6L
yaa0s e w8

Interactions

D van der Wadls 1.0
I:l Ayl
Figure 15. Binding position and principal interactions
of a-Humulene with PLpro peptide observed at time 50
ns of MD simulation trajectories.

0 Tyr279, Lys288, Pro289, Asn290, 11e291, Ala413, Thrd14, Pro415, 100
Phe428, Thr434, Asn437, Phe438, GIn442, His540, Lys541
10 11e291, Leu4 10, Ala413, Thr414, Pro415, Thr434, Glu435, Phe438, 53.3
Leu439, His540, Lys541, Tyr587
25 Ala413, Thr414, Pro415, Lys416, Glu435, Phe438, Leud39, GIn442, 46.6
His540, Lys541, Cys542, Asp543, Tyr587
50 1291, Ala413, Thr414, Pro415, Glu435, Phe438, Leu439, GInd42, 46.6
His540, Tyr587

(-)-Spathulenol-Mpro interaction process.

The residue-based root mean square fluc-
tuation (RMSF) in the trajectory was calculated
to examine the flexibility of the peptide structure.
Higher RMSF values show greater flexibility
during the MD simulation. The RMSF result for
ACE2 with 596 amino acids shows the average
value of 11.95 A, which indicates the low flexibil-
ity of amino acids, except for Ile119 with RMSF
21.29 A (Figure 17A). Close observation of the
PLpro RMSF plot analysis confirmed that the fluc-
tuations balance at the beginning of the peptide is
less compared to the end. Also, the a-Humulene
interaction with Argl67, Glul68, Thr171, Val203,
Glu204, Met207, Tyr208, Met209, and Ser246
amino acids leds to a reduction in their fluctuation
(Figure 17B). The RMSF result for Mpro with 305

amino acids is plotted in Figure 17C, which shown
that the fluctuations balance at the middle (resi-
dues from about 60 to 140) and end (residues from
about 200 to 305) of the peptide is greater and in
the the beginning (residues from about 30 to 55)
and the middle (residues from about 160 to 200)
region in effect of binding of (-)-Spathulenol with
the peptide, the flexibility amount of the residues
is reduced.

4. Conclusion

In conclusion, the current study used mo-
lecular docking and molecular dynamic simulation
analysis to explore 60 substances in Thymus vul-
garis against the structural targets of SARS-CoV-2
(PLpro and Mpro) and human ACE2 receptor for
the prevention and treatment of COVIDI19 infec-

Table 3. Residues involve in a-Humulene-PLpro complex at different simulation times.

% Binding site residues similarity

(Relative to the initial position)

0 ns Met209, Pro248, Pro249, Tyr265, Asn268, Tyr269, Tyr274, Thr302 100
50 ns Argl67, Glul68, Thr171, Val203, Glu204, Met207, Thr208, Met209, 12.5
Ser246
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Table 4. Residues involve in (-)-Spathulenol-Mpro complex at different simulation times.

% Binding site residues similarity
(Relative to the initial position)

0 ns His41, Met49, Gly143, Cys145, His164, Met165, Glu166, Val186, Asp187, 100

Argl88, GIn189

50 ns Thr25, His41, Cys44, Met49, Pro52, Tyr54, His164, Met165, Val186, 72.7

Asp187, Arg188, GIn189, GIn192

Interactions

I:I wan der waals

p MET
I:I Al Pi-adkoyl EoEE =8 wlsp M:1E65
GLM
192

Figure 16. Binding position and principal interactions of (-)-Spathulenol with Mpro peptide observed at time 50 ns

of MD simulation trajectories.
tion. The top candidates were identified based on

binding position, binding affinity, interaction force
and other parameters that explain their ability to in-
hibit SARS-CoV-2. In contrast to Mpro, the com-
pounds were found to be more effective at inhibit-
ing ACE2 and PLpro. Terpinolene, a-Humulene,
and (-)-Spathulenol showed strong affinities for
ACE2, PLpro, and Mpro, respectively. Hydropho-
bic force including pi-sigma and pi-alkyl interac-
tions play key roles in Terpinolene—ACE2 binding
process. Unlike (-)-spathulenol binding to Mpro,
where hydrogen bonds contribute to the stabiliza-
tion of the ligand-receptor complex in addition to
hydrophobic interactions, o-Humulene interacts
with PLpro only by alkyl and pi-alkyl interactions.
(R)-(-)-1-Octen-3-0l and (3S)-Oct-1-en-3-0l had
the lowest interactions with all three enzymes.
MD simulations showed that the least conforma-
tional changes in the receptor were related to the
ACE2 in the presence of Terpinolene. a-Humulene
shifted the most from its initial position, while
(-)-Spathulenol was stable inside the binding pock-
et during all 50 ns simulation. This study brings
out a recommendation to use Thymus vulgaris in
preventing infections and limiting the spread of
SARS-CoV-2. However, preclinical studies should
perform on molecular mechanism to establish the
possible relationship of the results obtained in this

Trends in Pharmaceutical Sciences 2022: 8(2): 95-106.
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Figure 17. Root mean square fluctuation (RMSF) of
the backbone atoms of (A) ACE2 in complex with Ter-
pinolene, (B) o-Humulene-PLpro complex, and (C)
(-)-Spathulenol-Mpro conjugate during 50 ns of mo-
lecular dynamics simulations.

research with the observed biological activity of
this natural compound on SARS-CoV-2.
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