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ABSTRACT

The outbreak of COVID-19 disease caused by SARS-CoV-2, along with the lack
of targeted medicaments, forced the scientific world to search for new antiviral
formulations. In the current emergent situation, drug repurposing of well-known
traditional and/or approved drugs could be the most effective strategy. Herein, through
computational approaches, we aimed to screen 14 natural compounds from limonoids and
terpenoids class for their ability to inhibit the key therapeutic target proteins of SARS-
CoV-2. Among these, some limonoids, namely deacetylnomilin, ichangin and nomilin,
and the terpenoid B-amyrin provided good interaction energies with SARS-CoV-2 3CL
hydrolase (Mpro) in molecular dynamic simulation. Interestingly, deacetylnomilin and
ichangin showed direct interaction with the catalytic dyad of the enzyme so supporting
their potential role in preventing SARS-CoV-2 replication and growth. On the contrary,
despite the good affinity with the spike protein RBD site, all the selected phytochemicals
lose contact with the amino acid residues over the course of 120ns-long molecular
dynamics simulations therefore suggesting they scarcely can interfere in SARS-CoV-2
binding to the ACE2 receptor. The in silico analyses of docking score and binding
energies, along with predicted pharmacokinetic profiles, indicate that these triterpenoids
might have potential as inhibitors of SARS-CoV-2 Mpro, recommending further in vitro
and in vivo investigations for a complete understanding and confirmation of their

inhibitory potential.



KEYWORDS - Terpenoids, limonoids, SARS-CoV-2, spike protein, protease,

docking, molecular dynamics



Introduction

At the end of year 2019 a novel coronavirus (SARS-CoV-2) with human-to-human
transmission and severe human infection, was identified [1]. COVID-19 outbreak was
first identified in Wuhan district of China in December 2019 and was declared a pandemic
by World Health Organization on March 11, 2020. Worldwide outbreak of the disease as
of May 2021 has affected all the countries across the globe and confirmed more than
160,000,000 cases and 3,400,000 deaths in the world and still counting [World Health
Organization COVID-19 dashboard — total reports. Situation as of may 2021.

https://covid19.who.int Date: 2021 Date accessed: may 21, 2021].

SARS-CoV-2 belongs to the f coronavirus subgroup of Coronaviridae family with
peculiar features to infect human host leading to pulmonary disorders and gradually
resulting in death. Due to the absence of specific antiviral therapeutics, main treatment
strategy for COVID-19 is supportive care, which is supplemented by the combination of
broad-spectrum antibiotics, antivirals, corticosteroids and convalescent plasma [2]. There
is extensive ongoing research globally in formulating suitable therapeutic approaches to
control the effects of the SARS-CoV-2. Many efforts have been applied to screen existing
drug libraries as potential treatments for fighting this terrible viral infection. However,
SARS-CoV-2 targets that may be exploited for development of novel therapeutics have
been identified. The envelope-embedded surface-located spike glycoprotein controls the
virion-host tropism that involves the entry of the virions into the host cells [3]. In
particular, the receptor binding domain (RBD) of the trimeric spike glycoprotein,
containing 195 residues where the active site is located, interacts with the transmembrane
protein of the human host called angiotensin-converting enzyme (ACE)-2, abundantly

expressed in lung tissue [3]. In addition, after internalization, virus's genomic positive-



sense RNA is quickly translated into two polyproteins, the so-called replicase-
transcriptase complex, that play a key role in replication and further transcription. The
newly formed polyproteins are immediately autocatalytically proteolyzed into smaller
proteins by two viral proteases, the 3C-like protease (3CLpro), otherwise known as main
protease (Mpro), and the papain-like protease (PLpro). In particular, Mpro is essential for
the transcription/replication of the RNA. For all these reasons, spike and Mpro proteins
are considered attractive targets for drug development.

Terpenoids, derived from mevalonic acid, are composed of a plurality of isoprene
structural units, widely found in nature. These compounds constitute one of the most
important classes of natural products (or secondary metabolites), with more than 50,000
compounds isolated from plants. Many of them play an important and peculiar ecological
role in the interaction between plants and the environment, such as participating in plant
defence systems (many of them are used as pesticides). In recent years, it has been
demonstrated that some terpenoids play an important role in health promoting effects such
as antitumor, anti-inflammatory but also antibacterial, antiviral and antimalarial [4-7].
Several of them have been experimentally proven to inhibit the effects of severe acute
respiratory syndrome coronavirus [8, 9], so supporting their interest against SARS-CoV-

2 and invoking a drug repositioning of these compounds.

Computational approaches, prior to biological evaluation, are well recognized to
represent important priority in order to screen promising potential drug candidates.
Recent international literature reveals, though virtual investigations, that some terpenoids
(in particular, the limonoid limonin, the pentacyclic terpenoids glycyrrhizin and oleanolic
acid, the pentacyclic molecule betulinic acid and the tetracyclic terpenoid B-sitosterol),

can have affinity for therapeutic target proteins of SARS-CoV-2 [10-13]. Taking into the



mind the chemical features of these molecules, a library of 14 phytochemicals, all
belonging to the class of terpenoids (six limonoids, namely tetranortriterpenoids, five
pentacyclic triterpenoids and three tetracyclic triterpenoids), were investigated in silico
for their capability to inhibit two of the main therapeutics target proteins of SARS-CoV-
2. These compounds were selected also for their easy availability from different natural
sources of Mediterranean area as well as from very common agro-industrial wastes. The
targets of SARS-CoV-2 chosen for molecular docking and dynamics studies in our
research were the crystal structure of spike RBD bound with ACE2 (6MO0J) [14], and the
crystal structure of Mpro (7BQY) [15]. In addition, selected molecules were assessed for
their potential clinical use through computational approaches for the evaluation of their

oral bioavailability and pharmacological analysis.

Materials and Methods

Molecular docking and scoring

Two different docking target structures were retrieved from the Protein Data Bank [16]
and used in this study, i.e. the crystal structure of SARS-CoV-2 spike RBD bound to
ACE2 (6MO0J — 2.45A resolution) [14] and the crystal structure of Mpro in complex with
the inhibitor N3 (7BQY — 1.70A resolution) [15]. By means of AutoDock Tools 1.5.6, all
water molecules were removed from target structures, ACE2 was removed from 6M0J,
missing residues were built, hydrogen atoms were added and Kollman charges were
assigned. Structures of ligands were generated using ChemOffice v12.0 Ultra software
package and optimized using the MM2 force-field. AutoDock Tools 1.5.6 was then used

to set the rotatable bonds and to assign Gasteiger-Marsili atomic charges for the ligands.



Autogrid4.2 was used to generate the two receptor grid-boxes for 7BQY and
6MO0J. 7BQY grid-box was set as a cube, centred on the covalently bound ligand N3,
whose x, y, and z dimensions were set to 70 points, with a 0.375 A spacing. For 6MOJ,
the grid-box was centred on the whole protein, and x, y and z dimensions were set to 126
points, with a grid spacing of 0.375 A.

Lamarckian Genetic Algorithm (LGA) implemented in AutoDock4.2 was adopted
to perform docking simulations. Each docking experiment consisted of 150 docking runs
with 150 individuals and 2.5 x 103 energy evaluations. Other parameters were left to their
default values. For 7BQY, the accuracy of the docking protocol was validated by
redocking the native ligand N3. The ligand was successfully redocked with a RMSD of
1.99 A, compared to the experimental bound conformation, with an AutoDock-predicted
binding affinity of -9.82 kcal/mol, and showed the same network of interactions observed
in the experimentally solved co-crystal structure.

For each ligand, predicted bound conformations were clustered using a RMSD
cut-off of 2.0 A. The best 5 cluster representatives were then rescored using Prime MM-
GBSA (Schrodinger Release 2019-3: Prime, Schrodinger, LLC, New York, NY, 2019).
Similar to previously reported studies [17], for MM-GBSA calculations, all residues
withing 5 A from ligand atoms were treated as flexible, solvation was treated implicitly,
minimization was used as sampling method and OPLS3e [18] was used as force-field.
For each ligand, the complex with the best Prime-predicted AGuvina Was used for the

following molecular dynamics simulations.

Molecular dynamics simulations



Molecular dynamics simulations of the selected phytochemicals in complex with
SARS-CoV-2 spike and Mpro proteins were set and run using Desmond MD System [19],
using a previously reported protocol [20, 21]. MD simulations were run in explicit
solvent, using the TIP3P water model [22] in a periodic boundary conditions
orthorhombic box. Systems were neutralized by Na* and CI™ ions, which were added until
a concentration of 0.15 M was reached. A series of minimizations and short MD
simulations were carried out to relax the model system by means of a relaxation protocol
consisting of six stages: (i) minimization with the solute restrained; (ii) minimization
without restraints; (iii) simulation (12 ps) in the NVT ensemble using a Berendsen
thermostat (10 K) with non-hydrogen solute atoms restrained; (iv) simulation (12 ps) in
the NPT ensemble using a Berendsen thermostat (10 K) and a Berendsen barostat (1 atm)
with non-hydrogen solute atoms restrained; (v) simulation (24 ps) in the NPT ensemble
using a Berendsen thermostat (300 K) and a Berendsen barostat (1 atm) with non-
hydrogen solute atoms restrained; (vi) unrestrained simulation (24 ps) in the NPT
ensemble using a Berendsen thermostat (300 K) and a Berendsen barostat (1 atm). After
the systems were relaxed, 120ns-long MD simulations were carried out at a temperature
of 300 K in the NPT ensemble using a Nose—Hoover chain thermostat and a
Martyna—Tobias—Klein barostat (1.01325 bar), applying a 1kcal/mol harmonic constrain
on the backbone heavy atoms. Time steps were set to 2fs, 2fs and 6fs for bonded, near
and far interactions, respectively. No SHAKE nor LINCS approximations were applied.
Analysis of the simulations were carried out using VMD [23] and the Simulation
Interaction Diagram and the Simulation Event Analysis utilities embedded in the

Schrodinger Maestro molecular modelling interface (Schrodinger Release 2019-3:



Maestro, Schrodinger, LLC, New York, NY, 2019). Molecular representations were made

using open source PyMOL v.1.8.4.0.

ADMET screening of natural compounds

The molecules were screened using the online tool
(http://biosig.unimelb.edu.au/pkcsm/prediction) to  predict  their  important
pharmacokinetic properties. ADMET properties include absorption: Caco-2 permeability,
water solubility, human intestinal absorption, P-glycoprotein substrate, P-glycoprotein I
and II inhibitors, skin permeability; distribution: steady state volume of distribution
(VDss), fraction unbound, blood-brain barrier (BBB) permeability, central nervous
system (CNS) permeability; metabolism: CYP2D6/ CYP3A4 substrate; excretion: drug
total clearance [24].

The drug-likeness properties were screened using the online tool molinspiration

(https://www.molinspiration.com/cgi-bin/properties) based on Lipinski Rules of five.

Molinspiration supports for calculation of important molecular properties such as LogP,
polar surface area, number of hydrogen bond donors and acceptors. The calculation of
LogP is based on the formula satisfying lipophilicity, hydrophobicity and polarity of the
compound, which also measure the ability of compound that could bind to the

hydrophobic sites of target protein [25].

Results and discussion
Selection of phytochemicals
The biologically important 14 phytochemicals, belonging to the limonoids and

triterpenoids class (Table 1), have been selected since their easy availability from



different natural sources and their reported several biological activities, such as
antibacterial, anti-inflammation, antioxidation, antitumor, anti-HIV, hepatoprotective,

and immunological adjuvant properties [26, 27].

Table 1. Selected terpenoids compounds

Compound Molecular formula Molecular weight
LIMONOIDS
Nomilin Ca8H3409 514.56
Deacetylnomilin C23H3409 514.52
Obacunone Ca6H3007 454.51
Limonin C26H3008 470.52
Ichangin C26H3209 488.52
Ichangesin C25H32,07 444.52
TRITERPENOIDS
Oleanolic acid C30Has03 456.71
Oleanolic aldehyde C30H4302 440.70
B-amyrin C30Hs500 426.72
Glycyrrhizin C4He2016 822.93
Betulinic acid C30H4303 456.70
Masticadienoic acid C30H4603 454.70
Tirucallol C30Hs500 426.72
B-sitosterol Ca9H500 414.71

Among these, six components are limonoids, namely tetranortriterpenoids with a
4,4,8-trimethyl-17-furanyl steroidal skeleton, bearing several oxygenated functions
(Figure 1). They are one the most representative class of secondary metabolites present
in the Rutales order and particularly in the Rutaceae, Meliaceae and Simaroubaceae
families [28, 29]. To date, 36 aglycons and 17 glucosides limonoids have been isolated
from Citrus fruits and their hybrids [28, 30]. Limonin, nomilin, and obacunone (Figure
1) are the main aglycons, whereas limonin 17/4-D-glucopyranoside is the predominant
glucoside. Limonoid aglycons are responsible for the delayed bitterness of Citrus juices,

due to hydrolysis of the corresponding glucosides [31].
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Limonin Ichangin Ichangensin
Figure 1. Limonoids subjected to this study

The main biological activity associated to these compounds is their insect
antifeedant property [32, 33]; furthermore, their antitumoral activities have been reported
from in vitro and in vivo studies [34]. These natural products are also readily available
from waste products (seeds, peel, molasses, etc.) of the Citrus-processing industry, and
there is increasing commercial interest in their exploitation. Brazil and the United States
of America, the two main Citrus-processing countries, produce ca. 2-10° tons of waste
products annually [35]. In Italy, the second Citrus-processing country in Europe, ca. 700
000 tons/year of Citrus waste are produced [http://orangefiber.it/en/impact/ (accessed on
march 2021)].

The other triterpenoids reported in Table 1 and Figure 2 are five pentacyclic
triterpenoids: oleanolic acid, oleanolic aldehyde, betulinic acid, P-amyrin and

glycyrrhizin, the last one more precisely structurally defined as a saponin [36]. All the
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aforesaid compounds are widely distributed in foods and plants, occurring as free acids,
as aglycones or as glucosides. These compounds show a set of interesting biological

activities as evidenced by several studies [7, 37-40].
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Oleanolic acid

Tirucallol B-Sitosterol

Figure 2. Pentacyclic and tetracyclic triterpenoids.
The last three components of the list are tirucallol, masticadienoic acid and -
sitosterol, three tetracyclic triterpenoids widely distributed in the plant kingdom and

particularly present in lipid-rich plants. B-Sitosterol is the most important and the most
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widespread of the three aforesaid compounds; it is recognized as safe and considered a
potential nutritional complement [41]. These three compounds, as the above mentioned
pentacyclic derivatives, show several biological activities such as antimicrobial, anti-

inflammatory, antitumoral [42-44].

Molecular Docking of selected compounds and MD Simulations

Conserved binding sites, such as S1°, S1, S2 and S4 are found in the active site of Mpro
(figure 3). These subsites recognize and bind specific residues of the peptide substrate to
determine the initiation of proteolysis and production of non-structural proteins for the
formation of the replication-transcription complex [45]. The S1 binding site is formed by
Phe-140, Asn-142, Ser-144, Cys145, His-163, His-172, and Glu-166 side chains, and
Leu-141, Gly-143, His-164, and Met-165 backbones. The side chains of His-41, Val 42,
Asn-119, Thr-25, Cys-145, Gly-143 together with the backbone of Thr-26 define S1’ site.
The side chains of Tyr-54, Asp-187, Met-49, and His-41 and the backbone of Arg-188
define subsite S2. The last subsite S4 is created by the side chains of Met-165, Leu-167,
Pro-168, Ala-191 and GIn-192, together with the backbones of residues Glu-166, Arg-

188, and Thr-190 [46].
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Figure 3. Molecular surface of SARS-CoV-2 Mpro active site in PDB 7BQY, coloured
according to the binding subsites S1 (yellow), S1” (green), S2 (cyan) and S4 (magenta).
Reference compounds N3 (PDB 7BQY) and 1 (PDB 7L11) are represented in salmon and
white sticks, respectively. This figure was made using open source PyMOL v. 1.8.4.0.

Hydrophobic patches are found at the Mpro binding site, in particular at S1, S2 and S4
subsites, and hydrophobic interactions have been extensively targeted in several studies
to improve binding affinities of inhibitors towards Mpro [46-49].

His41 and Cys145 form the catalytic dyad in the active site [5S0] and His164 is essential
for enzyme activity. His163, His172 and Glu166 are believed to provide the opening gate
for the substrate in the active state of the protomer [51], and Thr24, Thr26 and Asn119
are predicted to play roles in drug interactions [52, 53].

Generally, cysteine proteases catalyze the hydrolysis of peptide bonds through the
nucleophilic attack of the cysteine thiol, deprotonated by an adjacent histidine residue, on
the substrate carbonyl carbon. In this step, substrate fragment will be released as well as
an amine terminus, then the histidine residue will restore to its deprotonated form,
forming a thioester intermediate link between the new carboxy-terminus of the substrate
and the cysteine thiol. Finally, on the remaining substrate fragment, there will be a

carboxylic acid moiety generated by the hydrolyzation of the thioester bond. Free enzyme
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is regenerated here too. The mechanism of action of a covalent inhibitor, such as N3,
containing carbonyl groups [54] or Michael acceptors [55], consists in blocking the
activity of the cysteine protease covalently, modifying the catalytic Cys145 residue in the
S1’ region [48]. Several publications reported covalent inhibitors that target the catalytic
cysteine, while other studies identified non-peptide and non-covalent inhibitors, such as
compound 1 [47] (figure 3), that claim the active site region hampering the proteolytic
activity of the enzyme. Our studies are directed to the identification of non-peptide/non-
covalent inhibitors of SARS-CoV-2 Mpro from natural sources. To this end, the selected
14 phytochemicals were screened against SARS-CoV-2 Mpro by a stepwise protocol
employing molecular docking simulations , MM/GBSA rescoring and MD simulations.
In particular, the docking simulations were employed to obtain up to five distinct docking
poses for each phytochemical, that were then rescored through a MM/GBSA approach.
For each ligand, the best bound conformation, in terms of predicted binding free energies
(AGping), was selected for MD simulations. (see materials and methods). Docking and
MM/GBSA rescoring analysis results are summarized in table 2. On the basis of their
predicted ligand-interactions within the binding cavity of SARS-CoV-2 Mpro, the
limonoids (i.e. ichangin, ichangensin, deacetylnomilin) show several hydrogen bonds
with key residues of SARS-CoV-2 Mpro, and, similarly to the terpenoids oleanolic
aldehyde and p-sitosterol, they interact with the catalytic dyad. MM/GBSA calculations
suggest that the binding to Mpro might be thermodynamically favourable for many of the
herein studied phytochemicals. On the other hand, masticadienoic acid, betulinic acid,
oleanolic acid and glycyrrhizin did not result into a favourable binding evaluation and

thus were excluded from further studies.
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Table 2. Molecular docking and MM/GBSA rescoring analysis results for phytochemical

compounds against 7BQY.

Compound Lowest Interacting Type of Bond H-bond Distance
binding AAGhind® Amino Acid A)
energy” (kcal/mol)

(kcal/mol)
His41 Hydrophobic
Alal9l Hydrophobic
Met49 Pi-Sulfur
His172 C-H Bond 2.85
Pro168 C-H Bond 2.74
Met165 C-H Bond 2.46
. . His163 H Bond 1.70
Native Ligand N3 -9.82 0 Phel40 H Bond 233
His164 H Bond 2.87
Glul66 H Bond 1.74
GIn189 H Bond 1.81
Thr190 H Bond 1.82
Cysl145 H Bond 2.58
Gly143 H Bond 2.47
Cysl145 Hydrophobic
His41 Hydrophobic
Oleanolic-aldehyde -8.58 9.38 Metd9 Hydrophobic
Glul66 H Bond 2.51
His164 C-H Bond 2.53
Prol168 Hydrophobic
B-amyrin -8.79 10.47 His163 Hydrophobic
His172 Hydrophobic
GIn192 H Bond 2.22
Met49 Hydrophobic
irucallol His41 Hydrophobic
Tirucallo! -8.77 14.66 Met165 Hydrophobic
Prol168 Hydrophobic
His41 Hydrophobic
Pro168 Hydrophobic
Leul67 Hydrophobic
B-sitosterol -9.36 16.13 Met165 Hydrophobic
Met49 Hydrophobic
Cysl145 Hydrophobic
Gly143 H Bond 2.55
Cysl145 Hydrophobic
Met49 Hydrophobic
Prol68 Hydrophobic
. Asnl42 C-H Bond 2.49
Ichangin -8.40 18.57 Aspl87 C-H Bond 208
His41 H Bond 2.80
GIn189 H Bond 2.61
Glul66 H Bond 2.46
Cysl145 Hydrophobic
Ichangensin -8.15 20.37 Prol168 Hydrophobic
Met165 Hydrophobic
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His41 H Bond 3.08
Met49 H Bond 2.50
Met165 Hydrophobic
H Bond, 1.98
Obacunone -7.98 2151 Thr26 C-H Bond 251
Serd6 H Bond 1.92
Glul66 H Bond 2.69
His41 Hydrophobic
Leu27 Hydrophobic
Thr26 H Bond 2.40
Deacetylnomilin 835 24.45 Cyslds H Bond 283
Glul66 H Bond 2.62
H Bond, 1.95,
Glyl43 C-H Bond 2.76
His172 C-H Bond 293
Leu27 Hydrophobic
Cys145 Pi-Sulfur 3.75
Asnl42 C-H Bond 243
His163 C-H Bond 243
Thr26 C-H Bond 2.53
Limonin -7.79 29.21 H Bond, 1.94,
Glu166 C-H Bond 2.80
H Bond, 1.70,
Serd6 C-H Bond 3.04
Serl44 H Bond 3.10
GIn189 H Bond 221
Cysl145 Hydrophobic
His163 Hydrophobic
Leul4l C-H Bond 3.02
Nomilin -8.51 30.96 Met165 C-H Bond 2.78
Ser144 H Bond 2.78
Glul66 H Bond 1.94,3.40
Asnl42 H Bond 2.50
His41 Hydrophobic
Met49 Hydrophobic
Met165 Hydrophobic
Leul67 Hydrophobic
o Pro168 Hydrophobic
Masticadienoic-acid -8.73 4223 Cys145 Hydrophobic
Alal91 C-H Bond 2.65
Thr25 C-H Bond 2.49
Thr26 H Bond 1.89
GIn192 H Bond 1.93
His41 Hydrophobic
Met49 Hydrophobic
Betulinic-acid -8.15 45.20 Thr23 C-Hi Bond 208
Metl65 C-H Bond 237
Thr26 H Bond 1.82
Glul66 H Bond 3.24
His163 Hydrophobic
Cys145 Hydrophobic
Oleanolic-acid -8.21 46.03 Prol168 Hydrophobic
Alal91l C-H Bond 2.55
GIn192 H Bond 1.76
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GIn189 H Bond 2.81,2.96

His41 Hydrophobic
Cysl145 Hydrophobic
Leu27 Hydrophobic
Thr24 H Bond 1.80
Glycyrrhizin 9.47 136.42 Thr25 H Bond 1.86
Thr45 H Bond 1.97
Serd6 H Bond 1.88
Glud7 H Bond 2.69
Thr26 H Bond 2.13
Asnl19 H Bond 2.01

2 AutoDock-predicted lowest binding energy.

® Prime MM/GBSA-predicted binding free energy. Values are reported as AAGyina compared to N3 value,
that was set to zero.

To evaluate the dynamical behaviour of the phytochemicals bound to Mpro, we
performed 120ns-long molecular dynamics simulations for all the complexes in explicit
solvent, using the Desmond software (see materials and methods). MD simulations
analysis results are reported in tables 3-4, figures 5-7 and S1-S3, while figure 4 depicts
the bound conformations of the ligands during the MD trajectory, sampled every 12 ns.

a) Oleanolic aldehyde b) Beta amyrin c) Tirucallol d) Ichangin e) Ichangensin

Sl
2 N
o

f) Obacunone

g) Deacetylnomilin

Ons 12ns 24ns 36ns 48ns 60ns. 72ns 84ns 96ns. 108ns 120ns

e ! ' | ' [ [ [ [ [ |
Figure 4. Bound conformations of the studied phytochemicals, represented in sticks and

coloured according to the simulation time.
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The intermolecular interaction energies, averaged over the MD simulation time,
are reported in table3, together with Root Mean Square Deviation (RMSD), H-bonds and
centres of mass (CM) distance analyses. RMSD values and ligand/protein CM distances
suggest that some phytochemicals such as B-amyrin, tirucallol, ichangin, obacunone,
deacetylnomilin and limonin might bind tightly within the SARS-CoV-2 Mpro binding
site with a RMSD ranging between 0.54 and 3.0 A; other phytocompounds such as
oleanolic aldehyde, ichangensin and nomilin rearrange their binding pose in the Mpro
cavity by equilibrating in the new binding mode at 5 ns, 32 ns and 12 ns, respectively
(figures 5 and S2). After the equilibration, these latter compounds stand stable, with
RMSD standard deviations of 0.56, 1.49 and 0.34 respectively, up to 120 ns. On the other
hand, [-sitosterol totally loses interactions with the binding site during molecular

dynamics.

ik Mt” S

i nv?',w i Y AL T A NS N L) A “l“ ' o

0 12 24 36 48 60 72 84 96 108 120
Simulation Time (ns)

—Oleanolic aldehyde =~ ——Beta amyrin Tirucallol Ichangin
——Deacetylnomilin ——Limonin —Nomilin
Figure 5. RMSD of phytochemicals in complex with SARS-Cov-2 Mpro as a function of

MD simulation time.
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The most promising results were obtained for the limonoid series, indeed deacetylnomilin
showed an average RMSD of 0.74 A and an average interaction energy with Mpro of -
66.581 kcal/mol, while ichangin showed an average RMSD of 1.56 A and an average
interaction energy of -51.045 kcal/mol. On the other hand, nomilin, despite having an
average RMSD of 3.75 A due to the above discussed change of pose, showed an
interesting interaction energy of -53.804 Kcal/mol, indicating a strong interaction with
the Mpro cavity. Among the terpenoids, the best results were obtained from f-amyrin,
that showed a mean RMSD of 1.34 A and an interaction energy with Mpro of -44.209
Kcal/mol. Oleanolic aldehyde and ichangensin do not hold promise as inhibitors, because
of their high RMSD values, as well as obacunone, limonin and tirucallol that show

unfavorable interaction energies when compared to the best ones in the set.

Table3. MD simulations analyses results, including average number of intermolecular
hydrogen bonds, average distances between protein and ligand CM, RMSD values,
average interaction energies.

Ilﬁ:::catgizn RMSDb Average A\:erage number of Liganq/Protein
Compound . ) intermolecular CM distances®
Energy* A) RMSD®" (A) hvdrogen bonds® "
(keal/mol) ydrogen bonds @
Oleanolic- 32176£4.044 441 454+0.82 0.75 2146 +0.52
aldehyde
B-amyrin -44.209 + 3.160 1.34 0.83 £0.21 0.92 18.83 £ 0.24
Tirucallol -34.072 +£3.276 1.21 2,20+ 1.22 0 21.22+0.65
B-sitosterol -19.568 +7.674 37.67 20.65+13.13 0.06 23.06+5.25
Ichangin -51.045 £ 6.712 0.92 1.56 + 0.60 1.47 18.73 £0.42
Ichangensin -38.054 +£9.359 5.28 5.13+£2.52 1.06 20.45+1.55
Obacunone -43.221 +4.548 3.00 2.55+0.82 1.35 20.38 £0.35
Deacetylnomilin -66.581 + 4.835 0.54 0.74 £0.17 3.30 18.58 +£0.17
Limonin -41.610 +£5.228 2.55 247+0.48 0.94 19.95+0.45
Nomilin -53.804 = 6.259 4.40 3.75+1.04 1.95 19.14 £ 0.40

2 Averaged over MD simulation time.
®RMSD is calculated on heavy atoms.
¢RMSD between first (0 ns) and last (120 ns) simulation snapshot.

21



To explore the interactions between ligands and SARS-CoV-2 Mpro, further information
was obtained using the Simulation Interaction Diagram (SID) utility in Maestro and the
collected data is reported in Table 4. Moreover, we monitored the change in Solvent
Accessible Surface Areas (SASA), RMSF, radius of gyration, for each Protein/Ligand
complex in respect to their unbound counterparts. (Figures 6, S1, S3). The analysis of the
change in SASA upon ligand binding clearly highlights that ligand binding is mainly
driven by hydrophobicity, and to a lesser extent to H-bonding. Poorly significant
variations in accessible polar surface area, RMSF and radius of gyration are instead

observed in our simulations (Figures 6, S1-S3).

Table4. Binding pocket residues interacting with ligands during the 30-120 ns time

window of the MD simulations.

Oleanolic- B-

Subsite . Tirucallol Ichangi Icha i Ob Deacetylnomilin  Limonin Nomilin
aldehyde  amyrin
Phe140 X X X
Leul4l X
Asnl42 X X X X X
St Hisle4 X X X X X
Glul66 X X X X X X X
His172 X
Thr25 X X X
His41 X X X X
, Thr26 X X X X X
St Gly143 X X X
Cys145 X X X
Leu27 X
Met49 X X X X X X X
© Argl88 X X X
GIn189 X X X X X X
Cys44 X
Met165 X X X X X X X X
Leul67 X X
" Pro168 X X X X X
Thr190 X X X X
Alal91 X X X
GIn192 X X X X X
Thr24 X X X
Ser46 X X X X X
Vall86 X X
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Figure 6. Solvent Accessible Surface Area (SASA) variations upon ligand binding.

As already mentioned, interesting results were obtained for deacetylnomilin, that

beside showing the best average interaction energy (i.e. -66.581 kcal/mol), maintained
several stabilizing interactions with the binding site residues and formed hydrogen bonds
with Thr26, His41, Asn142, Gly143, Cys145, Glul66, His172 and GIn189 in the 30-120
ns time range of the MD simulation (figure 7A). Deacetylnomilin was found to durably
interact with S1 and S1° (table 4 and figure 8A). Good results were also obtained for
ichangin, that showed a favourable average interaction energy (i.e. -51.045 kcal/mol) and
during the last 90ns of simulation interacted with key residues of the SARS-COV-2 Mpro
binding site, engaging in hydrogen bonds with His41, Asn142, His164, Glu166, GIn189
and GIn192 (figure 7B). Ichangin was found to durably interact with S2 and S4 (table 4

and figure 8B). Nomilin, which changed its bound conformation after about 12 ns,
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showed a good average interaction energy (i.e. -53.804 Kcal/mol), mainly due to
interactions with S1 and S4 residues and hydrogen bonds with Asn142, Glul166, Thr190
and GIn192 during the 30-120 ns MD simulation time range (table 4, figures 7C and 8C).
On the other hand, among the terpenoid series, only B-amyrin showed good mean
interaction energy (i.e. -44.209 Kcal/mol) and interacted through a hydrogen bond with
GIn192 and through several hydrophobic interactions with the S4 subsite residues (table

4, figures 7D and 8D).

\/

1 =
[ -
LY 14
GLY 143 /
4

A

HIS 41

Figure 7. Snapshots of phytochemicals bound within Mpro binding pocket at 120 ns of
MD simulation. (A) Deacetylnomilin; (B) Ichangin; (C) Nomilin; (D) B-amyrin. Ligands
are represented in balls and sticks, Mpro backbone is shown in ribbons, sidechains as
lines, and residues involved in h-bond interactions with the ligand are shown in sticks.
Hydrogen bonds are highlighted by green dashed lines.
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In conclusion, docking poses of B-sitosterol, tirucallol, oleanolic aldehyde,
limonin, ichangensin and obacunone were found to interact with some residues in Mpro
binding site, but the interaction energies recorded during the MD simulations did not
result of particular interest. Conversely, the MD simulations of several limonoids, namely
deacetylnomilin, ichangin and nomilin, and the terpenoid B-amyrin provided good
energies of interaction with Mpro. Of note, deacetylnomilin and ichangin showed direct
interaction with the catalytic dyad, while nomilin and B-amyrin did not, but, given
importance of each subsite [45] in the proteolytic mechanism of the enzyme it would be
interesting to study the influence of tight single-subsite site binders on the enzymatic
activity. Accordingly, it would be worth investigating these compounds as inhibitors of

Mpro in further in vitro and in vivo experiments.
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Figure 8. Snapshots of phytochemicals bound within Mpro binding pocket at 120 ns of
MD simulation. (A) Deacetylnomilin; (B) Ichangin; (C) Nomilin; (D) f-amyrin. Ligands
are represented in green sticks, compound 1 is represented in white sticks as reference.
Molecular surface is coloured according to the binding subsites S1 (yellow), S1° (green),
S2 (cyan) and S4 (magenta). This figure was made using open source PyMOL v. 1.8.4.0.

Molecular Docking and MD Simulations of selected compounds with SARS-CoV-2 spike

protein.

The molecular docking and scoring analysis results for selected phytochemical
compounds against the spike protein (PDB 6M0J), including Autodock-predicted lowest

binding energies, and Prime-predicted MM/GBSA free energies of binding (AGpind) are

presented in Table 5.
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Table5. Molecular docking analysis results for phytochemical compounds against 6M0J,
including MM/GBSA binding free energies (Kcal/mol).

Nf)-R'BD Lowest RBD Lowest AG Bind® Interacting
Compound binding energy* binding energy® . . Type of Bond
(kcal/mol) (kcal/mol) (keal/mol) Amino Acid
Leu455 Hydrophobic
Tyr505 Hydrophobic
Ichangensin - -7.13 -46.277 Tyr453 H Bond
Glu406 H Bond
Arg403 H Bond
Gly496 H Bond
) Tyr505, Hydrophobic
fB-sitosterol - -7.78 -43.371 Thrs00 H Bond
Leud5s, Hydrophobic
Tyr505, Hydrophobic
Limonin . 743 -40.351 Gly496, H Bond
Tyrd53, H Bond
Glu406, H Bond
Arg403 H Bond
Leud92, C-H Bond
Phe490, Hydrophobic
Deacetylnomilin - -7.01 -38.216 Le452, Hydrophobic
Glu484 H Bond
Tyr505, Hydrophobic
Gly496, C-H Bond
- GIn493, C-H Bond
Nomilin - -8.24 -28.692 Asns0l, H Bond
Arg403, H Bond
Ser494 H Bond
Tyr449, Hydrophobic
Tyr495, C-H Bond
R GIn493, C-H Bond
Ichangin - -7.96 -29.975 Gly496, H Bond
GIn498, H Bond
Ser494 H Bond
Leud55, Hydrophobic
Tyr505, Hydrophobic
Tyr495, C-H Bond
Obacunone - -8.28 -26.082 GIndos, C-H Bond
Tyr453, H Bond
Arg403 H Bond
Tyr453, Hydrophobic
Leu455, Hydrophobic
L. GlIn409, H Bond
Glycyrrhizin - -9.95 78.387 Argd03, H Bond
Lys417, C-H Bond
Gly416 H Bond
Betulinic_acid® -9.37 -7.24 -
B-amyrin © -8.07 -7.82 -
Mflstlcadlenmc 908 842 )
acid®
Oleanolic acid® -9.72 -7.57 -
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Oleanolic

aldehydes -8.30 -7.40 -

Tirucallol® -7.65 -7.41 -

* AutoDock-predicted lowest binding energy.
® Prime-predicted MM/GBSA free energy of binding.
¢Preferred binding site other than RBD bound ACE2.

The docking experiments carried out on the whole spike protein showed that some
phytochemicals, i.e. B-amyrin, betulinic acid, masticadienoic acid, tirucallol, oleanolic
acid, and oleanolic aldehyde, preferentially bind to sites different from the RBD.
Recently, Hall and Ji reported four binding sites in the structure of the spike protein, three
of these, which can lead to a direct effect on the ACE2 binding disruption, are centred
on Arg403, Tyr489 and Asn437, while an allosteric site is centred on Phe342 [56]. The
presence of binding sites other than RBD could open new pathways for the selective
blocking of the spike protein but, since this is beyond the object of our study, we focused
on the RBD only.

Using the same protocol, we employed for the SARS-Cov-2 Mpro system, up to
five docking poses for each selected phytochemical were rescored in terms of free binding
energies (AGpind) through Prime MM/GBSA calculations, in order to determine the best
candidates for the MD simulations. MM/GBSA calculations results suggest that the
energies predicted for ichangensin, (-sitosterol, limonin, deacetylnomilin, ichangin,
nomilin and obacunone might be thermodynamically favourable, conversely
glycyrrhizin, resulted unfavourable, therefore it was not considered for molecular
dynamics simulation studies.

Recently, crucial residues involved in hydrogen bonding between ACE2 and
SARS-CoV-2 spike have been identified. In particular, the SARS-CoV-2 spike protein
was found binding to ACE2 receptor with 11 hydrogen bonds and 1 salt bridge. The major

hot spot amino acids involved in the binding, identified by interaction analysis after
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simulations, include Glu35, Tyr83, Asp38, Lys31, Glu37, His34 of ACE2 and GIn493,
GIn498, Asn487, Tyr505, Lys417, Thr500, Tyr489, Asn501, Tyr453 and Ala475 of
SARS-CoV-2 S-protein RBD [57].

About that, the nature of intermolecular interactions between amino acid residues of
crystal structure of SARS-CoV-2 spike protein RBD site and the best phytochemicals
poses were evaluated using Biovia Discovery Studio Visualizer 2021 (Table 5).

The docking pose of ichangensin at the SARS-CoV-2 spike protein RBD site
showed a Agping 0f -46.277 kcal/mol with four hydrogen bonds to the amino acids Tyr453,
Argd03, Glu406 and Gly496, with bond distances of 1.77 A, 1.99 A, 3.06 and 1.84 A
respectively. Ichangensin also formed a m-m stacking interaction between the furanic
moiety and Tyr505, and hydrophobic interactions with Leu455. B-sitosterol showed a
Agping of -43.371 kcal/mol through multiple van der Waals interactions with several
residues (i.e. Gly502, Asn501, GIn498, Gly496, Tyrd49, Serd94, Tyrd53, Tyr49s,
Arg403, Phe497) at the SARS-CoV-2 spike protein RBD site. Furthermore, it formed a
hydrogen bond with Thr500 with a bond distance of 2.68 A and also a n-Sigma interaction
with Tyr505.

The binding mode of limonin within the spike protein showed four hydrogen
bonds with Tyr453, Arg403, Glu406 and Gly496 with bond distances of 1.78 A, 2.10 A,
3.02 and 1.87 A, respectively. Moreover, limonin engaged in hydrophobic interaction
with Leu455 and n-x stacking interaction between its furanic moiety and Tyr505.

Deacetylnomilin showed a Agping of -38.216 (kcal/mol) and formed hydrophobic
interactions with Phe490 and Le452. Another residue, i.e. Leu492, formed a carbon
hydrogen bond with a bond distance of 2.80 A, and Glu484 formed two hydrogen bonds

at 2.07 A and 2.70 A bond distances with deacetylnomilin.
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Nomilin (Agping=-28.692 kcal/mol) formed three hydrogen bonds with Asn501,
Ser494 and Arg403 at2.83 A, 1.94 A and 1.98 A bond distances, respectively. The methyl
groups on the limonoid nucleus showed hydrophobic interaction with Tyr505.
Furthermore, GIn493 and Gly496 form carbon hydrogen bonds with bond distances of
2.66 A and 2.68 A respectively.

Ichangin docked into SARS-CoV-2 S-protein RBD with Agpina of -29.975
kcal/mol and showed three hydrogen bonds with Gly496, Ser494 and GIn498 at 1.81 A,
1.98 A and 2.18 A bond distances, respectively. Ichangin also formed a carbon hydrogen
bond with GIn493 at 2.75 A bond distance.

Obacunone showed Agping 0f -26.082 kcal/mol and formed two hydrogen bonds
with Tyr453 and Arg403 with bond distances of 2.34 A and 2.02 A respectively, and it
formed another two carbon hydrogen bonds with Tyr495 and GIn498 at 2.72 A and 2.75
A, respectively. Obacunone also formed hydrophobic interaction with Gly496 and
Leu45s.

To evaluate the dynamical behaviour of the phytochemicals bound to SARS-CoV-
2 spike protein RBD site, we performed 120ns-long molecular dynamics simulations for
all the complexes in explicit solvent, using the Desmond software. Unfortunately, no
ligand-SARS-COV-2 spike protein complex was stable during the 120ns MD
simulations. In conclusion, despite the seemingly interesting results of molecular
docking, the selected phytochemicals lose all contact with the amino acid residues of the
spike protein RBD site during the MD simulations, therefore they scarcely could interfere

with the formation of the spike protein/ACE2 complex in biological systems.

In silico ADMET study
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The 9 phytochemicals showing docking poses with some residues in binding site of
SARS-CoV-2 Mpro, were selected for in silico ADMET study. In fact, information
regarding absorption, distribution, metabolism and excretion properties of a molecule is
important in order to support its clinical use. Results obtained are showed in Table 6.
The Rule of Five (or Lipinski’s rule) is able to predict absorption or permeation
of a potential drug candidate combining specific parameters [58]. According to this, poor
oral bioavailability is more likely when there are more than 5 H-bond donors, 10 H-bond
acceptors, the molecular weight is greater than 500, and the calculated Log P is greater
than 5. In general, an orally active drug has no more than one violation of these criteria.
However, Lipinski specifically states that the Rule of 5 only holds for compounds that

are not substrates for active transporters [58].
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Table 6. In silico physicochemical and pharmacokinetic parameters of the selected terpenoids

B-amyrin B-sitosterol Deacetyl-nomilin Ichangin Ichangensin Limonin Nomilin Obacunone Oleanolic aldehyde
Molecular Weight 426.729 414.72 472.534 488.533 444.524 470.518 514.571 454.519 440.712
miLopP 8.02 8.62 2.59 1.42 3.19 2.53 3.20 3.80 7.30
TPSA 20.23 20.23 115.58 135.81 98.51 104.58 121.65 95.35 37.30
#Rotatable Bonds 0 6 1 2 1 1 2 1 1
#Acceptors 1 1 8 9 7 8 9 7 2
#Donors 1 1 1 2 1 0 0 0 1
Surface Area 192.398 187.039 197.845 202.639 187.318 197.158 215.055 192.361 196.560
Water solubility et -6.531 -6.773 -4.275 4355 -4.139 -4.041 4325 -4.415 -6.212
Numeric
Caco2 permeability (log Papp in 1.226 1.201 0.742 0.821 0.82 0.922 1.023 0.867 1.203
10° cm/s)
:l':;e::;:;" absorption | N ) 93.733 94.464 91.75 85.412 100 100 100 100 95.02
Skin Permeability Nmerte 2811 2.783 2.92 2.8 -3.043 2.832 2.835 -3.004 -2.881
P-gl tei Categorical
suﬁs{:zfem an ?yff%i;a No No No Yes No No No No No
?_.g!.y coprotein I C?Zf%;)al Yes Yes Yes Yes No Yes Yes No Yes
¥ i Categorical
P gly coprotein [T ?;ffi/j\rrél Yes Yes No No No No No No Yes
VDss (human) (Z)""Z:;) 0.268 0.193 0.057 0.139 0.138 0.265 -0.046 0.113 0.093
Fraction unbound N 0 0 0.156 0.226 0.138 0.145 0.051 0.104 0
(human)
BBB permeability | "o (¢ 0.667 0.781 -0.704 -0.85 -0.545 -0.844 -1.064 -0.65 -0.076
CNS permeability Numerts 1o -1.773 -1.705 -3.054 -3.109 -3.047 3.07 -3.004 -2.976 -1.921
CYP2D6 substrate C?)‘,?;’;’/\’,;‘)”l No No No No No No No No No
CYP3A4 substrate C;';,fiz\',iff] Yes Yes Yes Yes Yes Yes Yes Yes Yes
Total Clearance Numerte 0% -0.044 0.628 0.165 0.18 0.165 0.088 0.068 0.159 -0.004
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As reported in Table 6, all the tested compounds followed Lipinski’s rules for
drug-likeness with no more than one violation.

As to in silico ADME analysis, the results may be interpreted based on the
marginal value compared with resultant value as following: high Caco-2 permeability is
predicted by a value > 0.90, and intestinal absorption less than 30% is considered as
poorly absorbed; human VDss is low if below 0.71 L/kg and high if above 2.81 L/kg; as
to BBB permeability drugs can cross BBB if logBB >0.3 while are poorly distributed if
logBB < - 1; as to CNS permeability, drugs with logPS > - 2 penetrate CNS whereas those
with logPS < - 3 are unable to penetrate.

Taken together our results suggest that the selected compounds have a good
pharmacokinetic profile and can be considered as drug candidates in pharmacological
treatment of COVID-19 infection. In particular, all the tested compounds appear to
possess a good oral bioavailability. The percentage of intestinal absorption of all the
compounds has been calculated with values ranging from 85% to 100% and confirmed

with Caco-2 permeability.

Conclusion

Currently, SARS-CoV-2 disease has become a big challenge worldwide since the
outbreak of this virus is rapidly spreading and producing millions of deaths. Essentially
no drugs are available for the prevention and treatment of the disease, and actual therapy,
based on repurposed drugs, despite some promising results, requires further clinical

studies to examine their mechanisms of inhibition, efficacy and safety in the treatment of
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COVID-19. For this reason, we aimed to evaluate the use some natural products which
can be helpful to support SARS-CoV-2 disease prevention and spreading.

The computational methodologies like molecular docking, drugs-likeness
prediction and in silico ADMET study are considered valid approaches to screen potential
molecules offering valuable time- and experimental cost-saving. In this study we totally
docked 14 phytochemical compounds with a structure belonging to the class of terpenoids
to determine their possible applications against SARS-CoV-2 based on specific targeting
of Spike protein and Mpro. Targeting Spike protein is an excellent strategy to prevent the
virus entry inside the organism, while inhibiting Mpro can be efficient as it could stop
viral replication.

Our in silico data showed that all the compounds tested appear not effective in
interfering with Spike protein/ACE2 complex since, despite the reported good binding
energy with the RBD site, they lose contact with the amino acid residues in 120ns-long
molecular dynamics simulations. However, some of them reported good binding affinities
against SARS-CoV2 Mpro so promising for their potential ability to inhibit virus
replication. In particular deacetylnomilin, ichangin, nomilin, and B-amyrin provided good
energies of interaction with Mpro with the first two showing direct interaction with the
catalytic dyad. Some of these compounds have been described for their antiviral activity.
B-amyrin (oleanane-type pentacyclic triterpenoid) is shown to have antiviral efficacy
against influenza A and HSV [59]. In addition, nomilin showed anti-HIV activity that
seems to be mediated by the inhibition of in vitro HIV-1 protease activity [60, 61].

In addition, in silico ADME study reported that pharmacokinetic attributes are in

favour of these compounds to be exploited as promising drug candidate for COVID-19
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treatment. One has to point out that terpenoids could act against COVID-19 also through

mechanisms different from the interaction with specific viral proteins [62].

Another interesting issue to be considered is that natural products, such as the
terpenoids investigated in our study, are multifactorial agents endowed with several
beneficial and useful properties. For example, many of them have anti-inflammatory
activity which could be useful to alleviate the respiratory distress syndrome mediated by
the cytokine storm [34, 63] and associated to the viral infection, and could serve as

codrugs to improve therapeutic efficacy of poorly bioavailable drugs [64] .

Additional in vitro and in vivo studies of the identified natural terpenoids against
SARS-CoV-2 need to be performed, although these data can support future research

toward natural product-based anti-COVID-19 therapeutics.
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