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ABSTRACT. Across the world, COVID-19, a positive single-stranded RNA virus member
of corona virus family, is spreading its tentacles due to lack of drugs at present causing
15% mortality worldwide due to cough, fever and respiratory problems cause more than.
Due to its vital role in polyprotein processing necessary for coronavirus reproduction, the
main viral proteinase (Mpro/3CLpro) has recently been regarded as a suitable target for
drug design against SARS infection. The present in silico docking study was designed to
evaluate the effect of potent 12 bioactive molecules present in essential oils of eucalyptus
plant leaves. In the present study, molecular docking studies were conducted using a 1-
click dock. Docked complex analysis was carried out using the Biovia Discovery studio,
Chimera and VMD tools. Active sites were obtained from CAST P analysis. The calculated
parameters such as RMSD, docking score indicated effective binding of bioactive essential
oil molecules, especially Jensenone, to COVID-19 proteinase. Active site prediction
further validated the role of active site residues in ligand binding. Molecular interactions
results indicated that Mpro/eucalyptol complexes form hydrophobic interactions, hydrogen
bond interactions and strong ionic interactions. Therefore, eucalyptus essential oil bioactive
compounds may represent potential treatment potential to act as COVID-19 Mpro inhibitor.
However, further research is necessary to investigate their potential medicinal use.
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INTRODUCTION

COVID-19 continues to spread rapidly and affect people across the globe, it is important
to look at how bioactive compounds and functional foods may prove beneficial in the fight
against viral diseases. So, there is a need to submit research pertaining to the role of bioactive
compounds and functional foods in the management of COVID-19 and related viruses. This
global pandemic has provided us with a unique and urgent opportunity to advance research and
explore how bioactive compounds and functional foods can be used to boost the immune system
and fight off viral diseases. Symptoms are flu-like and can include fever, muscle and body
aches, coughing, and sore throat. Symptoms may appear 5-6 days after infection. As of April
14, 2020, over 2,000000 cases of COVID-19 have been confirmed worldwide, over 18,000 of
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which have resulted in death. At present, no specific therapies for COVID-19 are available and
research regarding the treatment of COVID-19 is infancy. However, the measures that have
been implemented remain limited to preventive and supportive therapies, designed to prevent
further complications and organ damage (Lu, 2020). Some preliminary studies have
investigated potential combinations that include anti-malarial drug hydroxychloroquine and
nelfinavir. Anti-HIV vaccines can be used to treat COVID-19 infections also. From COVID
19, protein namely Mpro/chymotrypsin-like protease (3CLpro), was cited as a key target to
combat COVID 19 replication (Liu and WANG, 2020). Mpro/3CLpro enzyme has been
implicated in spike, membrane, envelop, nucleoprotein, replicase, and polymerase activity of
viruses. Therefore, based on its vital role in various replication related biological processes in
COVID 19, Mpro/3CLpro enzyme has been considered as a suitable target for viral inhibitor
development as an approach toward SARS.

Essential oils, among the category of secondary metabolites, from aromatic plants, are
highly volatile complex mixtures of various chemical molecules belonging to terpenes,
oxygenated derivatives, aliphatic hydrocarbons, esters, alcohols and other aromatic compounds
(GOODGER et al., 2016, YANG et al., 2018). The terms “essential oil”, “volatile oil”, or “etheric
oil” are used to designate liquid substances emerged from specialized glands from plant cells.
The essential oil contains a number of complex bio-structures formed by different molecules,
each having specific bioactivity (antimicrobial, antiviral, fungicidal, insecticidal and
herbicidal). The broad spectrum and versatility of essential oils have been ascribed to different
bio-structures and unique chemical composition that act synergistically. Their chemical
composition is greatly influenced by environmental factors that can affect the secretion of
secondary metabolites from aromatic plants. Essential oils by virtue of having antimicrobial
and antioxidant activities have great potential in the cosmetic and pharmaceutical industries.
Therefore, during time, great attention has been paid to essential oils that may be developed as
medicines (RODRIGUEZ et al., 2020). Essential oils have been used empirically as antimicrobial
or antiviral agents to combat microbial infections, however, a little is known about its
mechanism of action.

In the present study, we investigated essential oil molecules from the eucalyptus plant
as potential inhibitor candidates for COVID-19 Mpro. Eucalyptus (family: Myrtaceae) is one
of the most widely spread genera, commonly referred to as the Tasmanian gum plant. It is fast
growing, evergreen, native to Tasmanian and South-East Australia. It is used to extract Oleum
Eucalypti (eucalyptus oil) that is extracted in many countries like China, India, South Africa,
Brazil and Tasmania, as a raw material in the pulp, cosmetic, pharmaceutical, food beverage,
aromatherapy and phototherapy. This study will pave a way to other researchers with
opportunities to find out the right drug to combat COVID-19.

MATERIAL AND METHODS

Proteins/Macromolecules

COVID-19 3CLpro/Mpro structures were obtained from the Protein Data Bank
(https://www.rcsb.org/). The native ligands for 3CLpro/Mpro structures are shown in Fig 1.
The 3-dimensional (3D) structure of Eucalyptus essential oil molecules (Fig. 1) were obtained
from PubChem (https://pubchem.ncbi.nim.nih.gov/).

Determination of Active Sites

The amino acids in the active site of a protein were determined using the Computed
Atlas for Surface Topography of Proteins (CASTp)
(http://sts.bioe.uic.edu/castp/index.ntml?201l).
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Molecular Docking

Docking studies of essential oil bioactive molecules over COVID-19 Mpro were studied
using 1-click docking (https://mcule.com/apps/1-click-docking/) software.

Binding Mode of Docked Complexes

The docked complex structure output formats were submitted into Biovia Discovery
Studio Visualizer 2020 and Chimera tools in order to study 3D conformations, surface analysis
and to map the interaction of the resulting docked complex (https://projects.biotec.tu-
dresden.de/plip-web/plip/index).

Admet SAR

AdmetSAR is a comprehensive web-based tool for predicting ADMET properties of
candidate molecules (http://Immd.ecust.edu.cn/admetsar2/). It predicts the pharmacokinetic
properties such as Absorption, Distribution, Metabolism, Excretion and Toxicity.
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Fig 1: Molecules from Eucalyptus essential oil used in this study.

RESULTS AND DISCUSSION

Corona viruses (CoVs) are a group of viruses that infect animals and humans. CoV
infections affect animals in various ways, like respiratory, fever, cold, digestive, and liver
systems of humans and animals (RODRIGUEZ et al., 2020). It is the main protease (Mpro) found
in the CoV associated with the severe acute respiratory syndrome (SARS), which can be
accessed in PDB, and was suggested to be a potential drug target for 2019-nCov (Lu, 2020). In
CoV, the Mpro protein is involved in virus proteolytic maturation and has been examined as a
potential target protein by inhibiting the cleavage of the viral polyprotein to prevent the spread
of infections replication. Since SARS-CoV Mpro and the 2019-nCoV Mpro are 96% identical,
so these proteases may be used as potential therapeutic targets (Liu and WANG, 2020). In this
study, we focused on structural biology aspects of Mpro/3CL pro protein which is based on the
availability and retrieval of a receptor structure from PDB database.
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The ligands, as shown in Fig. 1, were docked to main protease (Mpro) or 3C-like
protease (3CLpro) using the 1-click software. The various docking 3D representations and
interactions are shown in Fig 2. Using 1-click docking tool, Mpro/3CLpro protein revealed four
different poses.

Protomer A Protomer B

Figure 2: Three-dimensional docked structure (A) and surface view (B) of SARS-CoV-2 Mpro
with Jensenone. One protomer of the dimer is shown in light blue, the other one in red.
Domains are labeled by Roman numbers.

Chain termini are labeled N and C for ligand interacting Protomer A (blue).

Based on the dock score and the pose with the highest negative values indicated maxi-
mum binding affinity is shown in Table 1. Among all molecules, Jensenone exhibited the
highest affinity with Mpro/3CLpro protein with maximum docking score followed by Cis-p-2-
Menthen-1-ol. The high affinity of drug compounds depends on the amount and the type of
bonding that occurs with the active site of the protein. As indicated in Fig. 1 Jensenone forms
many chemical bonds with a pocket are present in domains I and Il of Mpro, including hydrogen
bonds and hydrophobic bonds. Domains | and Il, representing residues 10-99 and 100-182,
respectively, are six-stranded antiparallel B-barrels that harbor the substrate-binding site
between them. A globular cluster of five helices, Domain Il (residues 198-303), is involved in
regulating dimerization of the Mpro, mainly by a salt-bridge interaction between both
protomers. The tight dimer formed by SARS-CoV-2 Mpro has a contact interface, predomi-
nantly between domain Il of protomer A and the NH2-terminal residues (N-finger”) of protomer
B, with the two molecules oriented perpendicular to one another (Fig. 2). It was cited that for
Mpro enzyme catalytic activity, dimerization is essential because the N-finger of each of the
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two protomers interacts and thereby helps shape the S1 pocket of the substrate-binding site. To
reach this interaction site, the N-finger is squeezed in between domains Il and 111 of the parent
monomer and domain Il of the other monomer.

Therefore, the affinity of these molecules was higher compared with other compounds
(Liu and WANG, 2020). Further, as indicated in Table 1, almost all the essential oil molecules
formed hydrogen bonds and hydrophobic interactions with active site amino acids of
Mpro/3CLpro proteins of COVID-19 (Figs 3 and 4). CAST-P server also revealed the presence
of four major cavities having active sites residues in Mpro/3CLpro proteins of COVID-19 (Fig.
5). Several compounds, such as flavonoids, terpenoids and phenolics from essential oils, have
been reported to show antiviral bioactivities (GOODGER et al., 2016; ZAKARYAN et al., 2017).
We investigated that Eucalyptus essential oil components like Jensenone or Eucalyptol (1,8
cineole) as a potential inhibitor of the COVID-19 Mpro. Hydroxy groups (-OH), ketone groups
(=0) and ether groups (-O-) in Jensenone and other compounds are predicted to play roles
amino acid residue interactions at the active site of COVID-19 Mpro. Plip identified
interactions such as hydrophobic residues interactions, hydrogen bond interaction and van der
Waals interactions within the peptide-protein complexes. According to the Plip server and
Biovia studio results as shown in Table 1 and Fig. 3, Mpro protein formed complexes with
ligands molecules from eucalyptus essential oil by forming various interactions. For instance,
eucalyptol formed hydrophobic interactions with GLU14. Result of the present study shown
that LEU25 was a critical residue for binding of Jensenone to Mpro protein. PHE138
participated in hydrophobic interaction with Citronellal. Similarly, hydrogen bond interactions
were also detected. GLY 141, SER142 and GLU164 amino acids were responsible for Cis-p-2-
Menthen-1-ol binding with COVID-19 protein. It was postulated that these protein-protein
interactions might inhibit the formation of the beta-barrel motif of Mpro/3CLpro. As shown in
Table 1 and Fig. 3, ALA44 reside was involved in binding with Geranyl acetate. Notably, only
in Phenethyl phenylacetate, Pi-sulfur bond interaction was observed (Fig. 3). C-H interactions
were also detected in Eucalyptus and Citronellal Mpro complexes. It was observed that the
majority the H-bonds and hydrophobic interactions were observed with amino acids in the
COVID-19 Mpro active sites. Further studies may help to understand the role of these residues
in drug binding mechanism.

In silico pharmacokinetic analysis of eucalyptus was conducted using ADMET. The
pharmacokinetics of a drug depends on its absorption, distribution, metabolism, excretion and
toxicity. Previously several ligands and drug candidate compounds have been selected, as per
criteria of Lipinski’s rule of five (LIPINSKI, 2004). So, the ligands that did not incur more than
two violations of Lipinski’s rule (rule of five; RO5) could be used in molecular docking
experiments with the target protein.

The drug scanning results (Table 2) showed that herbal ligands used in this study was
accepted by Lipinski’s rule of five. Topological polar surface area (TPSA) data indicated that
ligands are good at permeating cell membranes. For drug molecules to penetrate the blood-
brain barrier (BBB) (and thus act on receptors central nervous system), a PSA less than 90
angstroms squared is usually needed.
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Table 1: Docking analysis of Eucalyptus essential oils molecules.

Total no
active sites
residues
Docking Hydrogen Hydrophobic  involved in
Model name score () RMSD bonds interactions  interactions
Amino Amino acid
acid residues
residues
Eucalyptol 4.0 0 - CYS143 3
HIS161
GLU164
Citronellol 4.2 0 SER1 MET163 4
CYS143
HIS161
GLU164
Citronellal 4.2 0 GLY142 PHE138 4
SER143 MET13
CYS144 GLU164
Phenethyl phenylacetate 4.7 0 GLY142 GLU14 3
SER143
CYS144
Geranyl acetate 3.7 0 THR23 LEU25 3
ALA44 HIS39
Limonene 3.7 0 - HIS39 3
MET163
GLU164
4-terpineol 5.0 0 HIS161 HIS39 5
CYS143 META47
GLU164
P-cymene 3.8 0 - MET163 2
GLU164
Alpha-pinene 4.0 0 - ASN140 3
CYS143
GLU164
Toruatone 4.3 0 GLU164 MET47,163 4
THR23
GLU164
Jensenone 54 0 SER142 THR23 6
CYS143 LEU25
HIS161 HIS39
GLU164
Cis-p-2-Menthen-1-ol 51 0 LEU139 LEU25 6
GLY141 CYS143
SER142
HIS12
GLU164

Highlighted residues indicate part of active sites of Mpro protein.
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Figure 3: Docking analysis visualization of Mpro protein with different Eucalyptus oil molecules.
A - Citronellol, B - Citronellal, C - Phenethyl phenylacetate, D - Geranyl acetate,
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Figure 3 continued: E - Limonene, F - 4-terpineol, G - P-cymene, H - Alpha-pinene,



Figure 3 continued: | - Toruatone, J - Jensenone, K - Cis-p-2-Menthen-1-ol, L — Eucalyptol.
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Negative Volume

Pocket ID Area (SA) Volume (SA) Color Active residues
1 1689.804 2332.004 | Red ~|  Supplementary Tablel
2 1470.951 1288.702 | Yellow ~|
3 266.905 290.309 | Blue ~|
4 283.081 148.253 | Green ~|

Fig 5: Active sites of Mpro protein.

Due to poor pharmacokinetics parameters, most of the drugs in development failed
during clinical trials. For human therapeutic use, these properties such as absorption,
distribution, metabolism, excretion and toxicity (ADMET) are important in order to determine
the success of the compound. Some important chemical descriptors correlate well with ADMET
properties such as low molecular weight (MW) for oral absorption.

The distribution of the compound in the human body depends on factors such as the
blood-brain barrier (Log BB) permeability which was good with ligands. The ligands showed
positive results for the BBB profile. Most of the compounds were non-substrate to P-
glycoprotein (p-gp), which is an efflux transporter located at BBB. Consensus Log Pow
(indicative of lipophilicity), also known as octanol-water partition coefficient was in a good
range. It suggested that eucalyptol has optimal blood-brain-barrier penetration. It has been
reported that the excretion process that eliminates the compound from the human body depends
on the molecular weight. Similarly, rapid renal clearance is associated with small and
hydrophilic compounds. The metabolism of most drugs that takes place in the liver is associated
with large and hydrophobic compounds. Higher lipophilicity of compounds leads to increased
metabolism and poor absorption, along with an increased probability of binding to undesired
hydrophobic macromolecules, thereby the increasing the potential for toxicity. Gastrointestinal
tract absorption (GI) of eucalyptol was high (Table 2), as substances must get absorbed from
intestinal tract in order to exert a toxic effect throughout the whole body. Further, eucalyptol
was non-inhibitor to cytochrome P series (CYP1-3) of enzymes, which mainly found in the
liver and in the intestine involved in toxins detoxification from the body.
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Table 2: ADMET properties of ligands.

Ligand Lipin:ka: rule of five ADMET
Nom H. Num  Molar e Comzemsuz:  TPSA BEB P-gp CYPIA4 LogKp Loz 5
Molecular " “I H- refractiviry  bipophiliciey  absorpt  Log Pow permeant subitrate imhibiter (zkan (ES0L)
weight bend logP on permeason)
ACCepror: donors
TEUCALYPTOL ] 712 138 Hgh 167 923 Ym Ne Ne S30@ms 2R
1425 gmal A
CITRONELLOL 15627 gmol 1 1 087 1M High 19 ;?.3 Yo No No 448cms 284
CITRONELLAL 1425 gmel 1 0 9] 248 High 104 i'.'.u'.' Yo Ne Ne 452cas  -288
PHENETHYL M4030 gmel 2 0 71.60 285 High 3% 630 Ye No No S0as 387
PHENYLACETATE A
GERANYL 19629 gmel 2 0 60.13 283 Hgh 3 2630 Ye Ne Ne 468 @ms 2N
ACETATE A
LIMONENE 1368 gmal 0 0 112 am Low 337 ti,oo You Ne Ne 38 is -3
4 TERPINEOL 1425 gmel 1 1 4850 251 High 160 }1.:3 Yo Ne No 483 s 1T
P-CYMENE 1340 gmal 0 0 4599 251 Low 1% 0004 Y Ne Ne 4ms 36
ALPHA-PINENE 13683 gmol 0 0 4 263 Low 18 0.004 Y Ne No 385 @i -39
TORUATONE 2W036gmol 4 0 8047 n High 335 r.?s Yo Ne Ne $2as -3
JENSENONE 26625gmol 6 3 6790 0.76 High 130 11 :9 No No No 4B 289
04
CIS-P-2-MENTEEN-  1%425gmel 1 1 4850 246 Hgh 146 iu.:s Yo Ne Ne S4Tams 231
1-0L :
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CONCLUSION

Due to non-approved drugs at present, COVID-19 has emerged in the human

population, in China, and is a potential threat to global health, worldwide. The present study
focused on bioactive molecules from eucalyptus essential oil that may be used to inhibit the
COVID-19 infection pathway. Jensenone and Cis-p-2-Menthen-1-ol exhibited highest affinity
with Mpro protein. Therefore, we suggested that these molecules may represent potential
treatment options and found in medicinal plants that may act as potential inhibitors of COVID-
19 Mpro. However, further studies should be conducted for the validation of these compounds
using in vitro and in vivo models to pave a way for these compounds in drug discovery.
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