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COVID-19 mainly spreads through cough or sneeze droplets produced by an infected
person. The viral particles are mostly present in the oral cavity. The risk of contracting
COVID-19 is high in the dental profession due to the nature of procedures involved that
produce aerosols. Along with other measures to limit the risk of infection, pre-procedural
mouth rinses are beneficial in reducing the viral particles in the oral cavity. In this study, the
antiviral efficacy of essential oil components has been determined specifically against
SARS-CoV-2 by molecular docking and conceptual DFT approach. Based on the binding
affinities of the components against the receptor binding domain of the S1 glycoprotein,
cuminal, carvacrol, myrtanol, and pinocarveol were found to be highly active. The
molecular descriptor values obtained through conceptual DFT also indicated the
above-mentioned components to be active based on the correlation between the
structure and the activity of the compounds. Therefore, pre-procedural mouth rinses
with these components included may be specifically suitable for dental procedures during
the COVID-19 period.

Keywords: COVID-19, SARS-CoV-2, pre-procedural mouth rinse, antiviral, dental, molecular docking,
conceptual DFT

INTRODUCTION

The outbreak of corona virus disease 2019 (COVID-19) in Wuhan, China, has impacted the world in
several ways (Lai et al., 2020). This disease, caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), has swiftly spread across 202 countries in the world due to its highly contagious
nature (Peng et al., 2020b). As per the World Health Organization (WHO) report, there have been
about 38 million confirmed cases of COVID-19, including one million deaths all over the world (as
on October 16, 2020) (https://covid19.who.int/). And in India alone, there are seven million cases
with about 100,000 deaths reported (as on October 12, 2020) (WHO Coronavirus Disease, 2020).
Despite undertaking serious measures to contain the disease globally, it is still on the rise with no
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FIGURE 1 | (A) Domains of S glycoprotein. (B) Structure of SARS-CoV-2.
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vaccine or drug to control the same. The virus spreads through
direct contact with cough and sneeze droplets from an infected
person or by touching contaminated surfaces and further by
touching the nose or mouth (Dhand and Li, 2020). Once a person
contracts the disease, the viral particles are mostly housed in the
nasal cavity, oropharynx, nasopharynx, and salivary secretions
(Han and Ivanovski, 2020; Krajewska Wojciechowska et al.,
2020). An infected person displays symptoms such as fever,
cough, and cold, a there have been reports indicating that
asymptomatic carriers also spread the disease (Qu et al., 2020;
Yu and Yang, 2020).

The nature of dental doctors’ work mostly involves being in
close proximity with patients and exposure to saliva and blood
from aerosols generated from regular dental procedures, which
puts them at high risk of viral infection (Li et al., 2020; Meng et al.,
2020; Peng et al., 2020a). The droplets may infect the dentist if
they are large in size; otherwise, they may remain suspended in
the air and cause long-distance transmission in case of smaller
droplets (Baghizadeh Fini, 2020). Several studies suggest that
SARS-CoV-2 spike protein (1273 amino acid residues) binds to
human angiotensin converting enzyme 2 (ACE-2) and utilizes it
as a cellular entry receptor for binding and replication (Gurwitz,
2020; Verdecchia et al., 2020; Ziegler et al., 2020). The spike (S)
protein is composed of two subunits, namely, S1 and S2. The
receptor binding domain (RBD) of the S1 protein (319-541
residues) binds to the ACE-2 cell receptor, followed by fusion,
which involves the S2 protein. The RBD lies in the C-terminal
domain of the S1 protein, which has more residues that directly
interact with the ACE-2 receptor when compared to the
N-terminal domain (Huang et al,, 2020). The domains of S
glycoprotein and structure of SARS-CoV-2 are depicted in
Figure 1. Hence, this region is a critical target for antibodies
or antiviral compounds. ACE-2 receptors are abundantly present

in the salivary glands and lungs (Xu et al., 2020). Therefore, dental
professionals must exercise extreme care in terms of safety to
prevent nosocomial infection. Dental societies and associations
have laid down guidelines to control the transmission of the
disease by suggesting dental professionals either completely stop
providing dental services or postpone elective treatments and
provide primary care through telemedicine services. Only
emergency treatments are permitted to be performed by
wearing personal protective equipment (PPE) and treating the
patients with pre-procedural mouth rinse (PPMR) as a
precaution to avoid any possible infection (Jevon and Shamsi,
2020; Nimbulkar et al., 2020). Recent studies have acknowledged
the effectiveness of PPMR components such as povidone-iodine,
0.12%-chlorhexidine  gluconate, cetylpyridinium chloride,
chloroxylenol, benzalkonium chloride, and cetrimide/
chlorhexidine in dental care to limit the viral load prior to
treatment (Herrera et al, 2020; Meng et al, 2020). Certain
essential oil (EO) components such as menthol, thymol,
eugenol, and eucalyptol are common active ingredients in
mouth rinses (Vlachojannis et al, 2013; Alshehri, 2018).
Essential oils are a complex mixture of aromatic compounds
that are known for antimicrobial activity against a host of
microbes (Bakkali et al, 2008). The activity of these
compounds is mostly related to their structure. Previously,
numerous studies have proven the efficacy of EOs against
many viruses such as herpes simplex virus (type 1 and type 2),
influenza virus adenovirus type 3, and poliovirus (Minami et al.,
2003; Koch et al., 2008; Swamy et al., 2016; Tariq et al., 2019). The
study of synergistic activity among the EO components may lead
to better antimicrobial activity. The main advantage of using EOs
for therapy, against synthetic drugs, is that they fall under the
GRAS (generally regarded as safe) category, whereas synthetic
drugs have to undergo various levels of safety and toxicity testing,
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TABLE 1 | 2D structures of the ligands (EO components).

Compound name Structure Compound name Structure
a-Terpinene CHz Carvacrol CHs
H,C
OH
H3C
CH, CH,
H CHs CH,
H
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CHj
CH
H,C—O H;C 3
(0]
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H
CH
HC'  CHy
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H3CA<
° CH3
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H
OH
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CHj
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Eucalyptol fe) Limonene
CHjy
CHj
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(Continued on following page)
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TABLE 1 | (Continued) 2D structures of the ligands (EO components).

Compound name Structure

Fenchol CH
HO 3CH3
H,C
3 Hy
H,C \
Geraniol
H
HO CH,
HsC HsC /CHZ
Ocimene -
HsC
H
CHj
H,3C
p-Cymene
CHj
OH
Pinocarveol Q:CHZ
HsC
CHj
(@)
H,C
Pulegone ° >:&><CH3
H
HsC
CHj
HsC OH
Thymol
CHj;

which is time-consuming. EOs are generally used for therapeutic
benefits in complementary and alternative medicine (CAM) to
treat infectious, non-infectious, and psychological disorders.
Hence, in this study, we aim to identify EO components that
are comparable or better in terms of activity, in comparison with
the ones that are commonly used.

In silico techniques such as molecular docking and conceptual
DFT have been employed in this study. The EO components have
been docked to the RBD of the spike glycoprotein (S1) since this
protein is a key target for many inhibitors because of its
involvement in ACE-2 binding. The major objectives of this
study are to determine the best set of inhibitors of spike
protein based on the binding affinity calculations and to assess
the activity of the top inhibitors based on their structure-activity
relationship obtained by conceptual DFT calculations.

Pre-Procedural Mouth Rinses for Dental Settings

Compound name Structure

Menthol HO
H;C
CH3
H,;C
CH
*CH,
Myrtanol HO
H;C
CH3
Sabinene
H,C
CH,
HsC
Sylvestrene
H,C
HsC CHj
HO
Terpinen-4-ol
HsC CHj
Thujene
CHj3
H;C
CHj
CHj
H4C
Zingiberene s \
CH

3

MATERIALS AND METHODS

Selection and Preparation of Protein

Structure

The target protein considered for this study is the RBD of the
SARS-CoV-2 S1 subunit, since it is primarily involved in
interaction with ACE-2. The 3D structure of this protein
possessing PDB ID 6M0] was retrieved from the Protein Data
Bank (http://www.rcsb.org/). Initial preparation of the protein
structure involved removal of water molecules and co-crystal
ligands such as NAG, Cl, Zn, and ACE-2 structure which was
bound to the RBD using PyMol software (http://www.pymol.org/
). The protein was further prepared for docking by adding
charges, energy minimization, fixing side chains and atom
bumps, and using PyRx virtual screening software.
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TABLE 2 | Binding affinities of the EO components with the RBD of S protein along with the H-bond and hydrophobic interactions made with the amino acid residues. EO

components with better binding affinities are represented in bold.

Compound name Binding affinity (kcal/mol)

a-Terpinene -4.3 —
Anethole -4.8 -
Camphene -4.4 —
Carvacrol -4.9 Serd59
Caryophyllene -4.7 —
Cinnamaldehyde -4.6 Tyrd73
Cinnamyl acetate -4.7 Arg4d54

Citral -4.0 Ser459
Citronellal -4.4 Ser459
Citronellol -4.4 Arg454

Cuminal -4.9 Arg457, Serd59
Estragole -4.7 Argd57
Eucalyptol -4.2 Lys458

Eugenol -4.9 Arg457, Phed56
Fenchol -4.6 —
Geraniol -4.6 Arg454, Phed56
Limonene -4.6 -
Linalool -4.7 Asp467, Serd69
Menthol -5.0 —
Myrtanol -5.3 Ser459, Lys458
Ocimene -4.0 —
p-Cymene -4.8 —
Pinocarveol -5.0 Serd69
Pulegone -4.8 Ser459
Sabinene -4.3 -
Sylvestrene -5.1 —
Terpinen-4-ol -4.8 Arg457, Asp467
Thujene -4.8 —
Thymol -5.4 Arg457, Phe456
Zingiberene -5.2 -

Subsequently, the protein was converted to the PDBQT file
format to render it readable by AutoDock Vina in PyRx
software (Trott and Olson, 2010; Dallakyan and Olson, 2015).

Selection and Preparation of Ligands

The ligands chosen for this study are the components of certain
EOs which are known to possess high antimicrobial activity
against a broad range of microorganisms. Thymol, eucalyptol,
menthol, and eugenol are widely used in most of the pre-
procedural mouth rinses used by dentists (Baptista-Silva et al.,
2020). These components are majorly present in thyme,
eucalyptus, and clove essential oils. Therefore, other essential
oil components are chosen along with these standard compounds
for comparison purposes.

The 3D structure of the ligands was obtained from the
PUBCHEM database (https://pubchem.ncbinlm.nih.gov/) in the
SDF (structure data file) format. PUBCHEM is a database
maintained by the NCBI, which consists of chemical and structure
information of compounds that can be freely downloaded along with
descriptive datasets. The ligand molecules were imported to the PyRx
software using OpenBabel control (O'Boyle et al., 2011). They were
prepared by adding charges and optimized using the universal force
field (UFF). Furthermore, the ligands were also converted to the
PDBQT format, as required by AutoDock Vina. The 2D images of the
ligands are presented in Table 1.

H-bond interactions

Hydrophobic interactions

Tyrd49, Tyrd51, Tyrd53, Leuds5, Phed56, LeudB1, lled68, Thra70, lled72

Binding Site Selection and Molecular
Docking

Prior to docking, selection of the appropriate binding site for the
ligands is of paramount importance for deriving reliable inference
from docking results. One particular binding site has been well
characterized by Choudhary et al., 2020; Kulkarni et al., 2020; and
Prajapat et al., 2020. Therefore, the site on the RBD with residues
Tyr453, Arg454, Leu455, Lys458, Ser459, Ser469, Glu471, Pro491,
Leu492, GIn493, and Tyr489 was chosen for docking of ligands.
This site of the RBD of S1 protein is also involved in binding to
ACE-2.

Molecular docking is performed in silico to assess the affinity
of binding between a macromolecule and a set of small molecules
based on the scores generated by the software for every
interaction. In this study, docking was performed using
AutoDock Vina in PyRx virtual screening open source
software. AutoDock Vina is an upgraded version of AutoDock
4.0 in terms of speed and accuracy of binding mode prediction. In
the PyRx software, the protein and ligand molecules to be docked
are selected under the Vina Wizard control. The grid which
appears on the protein is modified in dimensions according to the
area around the binding site. The “Run Vina” control is selected
to start the docking process. The results can be viewed under the
“Analyze Results” tab and can also be exported in the CSV format
to the working directory.

Frontiers in Chemistry | www.frontiersin.org

March 2021 | Volume 9 | Article 642026


https://pubchem.ncbi.nlm.nih.gov/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Yadalam et al. Pre-Procedural Mouth Rinses for Dental Settings

FIGURE 2 | Docked poses of cuminal (green), carvacrol (blue), myrtanol (teal), and pinocarveol (yellow) in the binding site of the RBD of S glycoprotein. The
hydrogen bonding between ligands and amino acid residues is depicted.

FIGURE 3 | Ligands docked in the binding site of the RBD of S protein.
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TABLE 3 | Statistics of DFT based molecular descriptors of selected EO components.

Compound Total Molecular Enomo  ELumo HOMO/
energy dipole LUMO
(Ey) moment gap (AE)
(in eV) (debye)
a-Terpinene -10631.09 0.49 -5.23 -0.26 4.97
Carvacrol -12645.87 1.45 -5.75 0.19 5.94
Caryophyllene  —15945.58 0.35 -5.95 0.53 6.48
Cuminal -12612.99 3.84 -6.83 -1.59 5.24
Eugenol -14658.45 1.50 -5.72 0.08 5.80
Menthol -12744.29 1.50 -6.90 2.01 8.91
Myrtanol -12710.09 1.64 -6.91 1.89 8.80
Pinocarveol -12676.80 1.70 -6.88 -1.50 5.38
Sylvestrene -10630.83 0.35 -6.13 0.77 6.91
Thymol -12645.82 1.45 -5.72 0.18 5.90
Zingiberene -15835.79 0.37 -7.96 3.89 11.86

Conceptual DFT
Conceptual DFT (CDFT) is a subfield of DFT (density functional

theory). This technique has been employed in this study to observe
the chemical behavior of a molecule based on the electron density
in the molecular orbitals (Geerlings and de Proft, 2008). DFT and
CDFT are mainly based on the Hohenberg-Kohn theorem
(Hohenberg and Kohn, 1964). About 10 different molecular
descriptors are calculated as a part of the CDFT study that
defines the molecular activity of the components. They are the
total energy, lowest unoccupied molecular orbital (LUMO), highest
occupied molecular orbital (HOMO), energy gap (AE), global
softness (o), absolute hardness (n), molecular dipole moment,
electronegativity (), electrophilicity index (w), and chemical
potential (y). These descriptors can provide prominent insights
into the structure-activity relationship of molecules.

RESULTS

Molecular Docking

Docking technique essentially aids in identifying the best
inhibitors to a particular protein based on the binding
affinity scores generated for various conformations of the
docked poses. Visualization tools such as PyMol further help
in locating the ligands in the binding pocket along with the
bonds exhibited with the neighboring residues. In this case, all
30 EO components were docked in the binding site specified
during the docking run. Among them, carvacrol, cuminal,
myrtanol, and pinocarveol displayed the best binding affinity
with the spike protein with scores of —4.9 kcal/mol, —4.9 kcal/
mol, —5.3 kcal/mol, and 5.0 kcal/mol, respectively, and they
formed hydrogen bonding with residues Ser459, Arg457,
Ser469, and Lys458. Thymol, eugenol, eucalyptol, and
menthol, which were also docked for comparison purposes,
scored —5.4 kcal/mol, -4.9 kcal/mol, —4.2kcal/mol, and
5.0 kcal/mol, respectively. Zingiberene and sylvestrene too
displayed good binding affinity with scores of —5.2 kcal/mol
and —5.1 kcal/mol, respectively, but these components did not
make any hydrogen bonds with the residues in vicinity. The
stability of all the ligands in the pocket may be attributed to

Pre-Procedural Mouth Rinses for Dental Settings

Absolute Global Electronegativity Chemical Electrophilicity

hardness softness x potential index
(L)] (0) (W (w)
2.49 0.20 -2.75 2.75 1.52
2.97 0.17 -2.78 2.78 1.30
3.24 0.15 -2.71 2.71 1.13
2.62 0.19 -4.21 4.21 3.39
2.90 017 -2.82 2.82 1.37
4.45 0.1 -2.44 2.44 0.67
4.40 0.11 -2.51 2.51 0.72
3.48 0.14 -3.15 3.15 2.71
3.45 0.14 -2.68 2.68 1.04
2.95 0.17 -2.77 2.77 1.30
5.93 0.08 -2.04 2.04 0.35

numerous hydrophobic residues present around the site. The
docking scores along with hydrogen bonding and hydrophobic
interaction information are tabulated in Table 2. It is clear from
this study that the components proposed as top inhibitors have
displayed almost similar or better activity when compared to the
EO components used in conventional PPMRs. Figure 2
illustrates the docked poses of selected inhibitors of SARS-
CoV-2 with the hydrogen bonding made by them with the
residues. Figure 3 illustrates the docked poses of all the 30
ligands in the binding pocket of the RBD of S protein.

Conceptual DFT

Optimization of the EO components was performed using
Gaussian 16 (Frisch et al, 2016) with B3LYP function (Becke,
1988) and 6-31G(d) basis set. The energies of the molecular orbitals
represented as HOMO (Egoao) and LUMO (Eppao) were
calculated on the basis of Fukui’s theory (Fukui, 1982). The
values of each of the descriptors were derived for the selected
EO components. The HOMO and LUMO represent the ability of
the compounds in donating and accepting electrons, respectively.
The energy gap (AE) is the difference in energies between two
molecules orbitals, which is given by AE = E;ypo-Enomo- AE
essentially represents the energy needed to perform transition of
molecules from the HOMO to the LUMO, and hence, it is directly
proportional to the molecular reactivity (Mert et al., 2011). In this
study, larger AE values were attributed to a wide range of E; 0
values. Table 3 provides the statistics of DFT-based molecular
descriptors of selected EO components. It can be observed from the
table that cuminal showed the lowest AE, whereas zingiberene
displayed the largest AE. It is understood that the lower the energy
gap, the higher the activity of the molecules, which can be
correlated with the transition of molecules from the HOMO to
the LUMO. Carvacrol, caryophyllene, pinocarveol, and sylvestrene
also exhibited low AE. The electron density maps depicting the
density of electrons in different regions of the molecules are
presented in Figure 4. Mert et al, 2011, have pointed out that
the molecular dipole moment of a molecule is directly proportional
to its chemical reactivity. Cuminal has the highest dipole moment
with 3.84 debye, followed by pinocarveol with 1.70 debye and
myrtanol with 1.64 debye, which is higher than that of eugenol,
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Compound DFT optimized structure HOMO LUMO
2 1,1
Alpha-terpinene ‘{
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FIGURE 4 | Electron density maps of the HOMO and LUMO of selected essential oil components.

menthol, and thymol. Carvacrol and thymol scored 1.45debye.  efficiency of inhibition of the molecule. The lower the
Electronegativity of a compound is an index of the ability of a  electronegativity of a molecule is, the higher its efficiency of
molecule to accept electrons. It is an important indicator of  inhibition will be. Cuminal has the lowest electronegativity
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index (-4.21). This index for other components was almost in the
range of -3.15 to -2.82. The results of conceptual DFT are in
agreement with the docking results.

DISCUSSION

Due to the sudden outbreak of COVID-19, the standard
procedures of operation had to be modified in almost every
sector, especially in the field of medicine and dentistry since
they involve frontline care givers. Dental professionals have to
exercise extra caution because of the high risk of nosocomial
infection through aerosol-generating procedures. Although
physical protection from the virus by wearing safety gear such
as PPE is recommended, an effective antiviral PPMR may ensure
safety even in case the patient is infected but asymptomatic. Recent
literature suggests numerous mouth rinses that can effectively
reduce the viral load in the oral cavity. Povidone-iodine (PVP-
1) oral rinse has been found to be effective in various studies
conducted by Tessema et al., 2020; Bidra et al., 2020; and Pelletier
et al, 2021. Mouth rinses containing 1% PVP-I exhibited a
virucidal activity higher than 99.99%, which corresponds to a
reduction of viral load greater than 4 log;,. The use of PVP-I
has been contraindicated in patients with an allergy to iodine,
thyroid disease, and pregnancy. Chlorhexidine (CHX) is a broad-
spectrum antiseptic that has long been known to be effective
against herpes simplex virus (HSV), human immunodeficiency
virus (HIV), and hepatitis B virus (HBV) (Brookes et al., 2020). The
effectiveness of CHX specifically against SARS-CoV-2 has not been
well established yet. In comparison with PVP-I, hydrogen peroxide
(H,0,) has been found to be less effective by a study conducted by
Ather et al., 2020. Certain essential oil (EO) components such as
thymol, eugenol, menthol, methyl salicylate, and eucalyptol are
common major ingredients in mouth rinses recommended by the
American Dental Association (ADA) (Alshehri, 2018). The activity
of these components has been well established by several studies
against a wide array of microbes, including viruses. The main aim
of this study was to explore other components with comparable or
better activity than the existing ones by in silico methods.
Moreover, EO components are safe since they fall under the
generally regarded as safe (GRAS) category. Cuminal, myrtanol,
carvacrol, caryophyllene, pinocarveol, and sylvestrene were found
to have inhibitory effects against SARS-CoV-2. A number of recent
in silico studies have predicted the anitiviral activity of EO
components against SARS-CoV-2. Kulkarni et al, 2020,
performed a similar study with the same target protein and
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