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ABSTRACT

Coronavirus disease 2019 (COVID-19) is a result of a retroviral infection of SARS-CoV-2. Due to its viru-
lence and high infection rate, it is a matter of serious concern and a global health emergency.
Currently available COVID-19 vaccines approved by regulatory bodies around the world have been
shown to provide significant protection against COVID-19. But no vaccine is 100% effective at prevent-
ing infection, also they have varying efficacy rates and different side effects. However, the main prote-
ase (Mpro) of SARS-CoV-2 has been identified as a key drug target due to its essential role in viral
infection and its minimal similarity with human proteases. Cordyceps mushrooms have been found to
have various therapeutic properties that could effectively combat SARS-CoV-2, including improve lung
functioning, anti-viral, immunomodulators, anti-infectious, and anti-inflammatory. The present study
aims to screen and evaluate the inhibitory potential of the bioactive molecules from the Cordyceps
species against the Mpro of SARS-CoV-2. The bioactive molecules were screened based on their dock-
ing score, molecular interactions in the binding pocket, ADME properties, toxicity, carcinogenicity, and
mutagenicity. Among all the molecules that were tested, cordycepic acid was the most effective and
promising candidate, with a binding affinity of —8.10 kcal/mol against Mpro. The molecular dynamics
(MD) simulation and free binding energy calculations revealed that the cordycepic acid-Mpro complex
was highly stable and showed fewer conformational fluctuations. These findings need to be investi-
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gated further through in-vitro and in-vivo studies for additional validation.

1. Introduction

SARS-CoV-2 belongs to the family of large coronaviruses that
commonly cause respiratory disease in humans and some
animals (Zhang & Holmes, 2020). It bears a strong resem-
blance to the SARS-CoV that previously infected humans.
The first case of SARS-CoV-2 was reported in Wuhan, China
in late 2019 (Huang et al., 2020) and it rapidly spread to
other major cities of China and other countries. In such an
unprecedented situation with a high incidence of infections,
the World Health Organization (WHO) declared the outbreak
of this novel coronavirus a global pandemic on March 11,
2020. This declaration starts a new challenge for the devel-
opment and production of new inhibitors against SARS-CoV-
2 to end this pandemic. However, the development of an
effective therapy, such as development of small molecules
and the search for natural products that can be effectively
used against SARS-CoV-2, is a challenging task for the scien-
tific community. As of 5:43PM on May 17, 2023, the world-
wide cumulative count of confirmed COVID-19 cases has
reached 766,440,796, accompanied by a total of 6,932,591
reported deaths. Consequently, the calculated mortality rate
for COVID-19, based on these figures, is approximately
0.904%.

Genomic studies have shown that SARS-CoV-2 is closely
related to other viruses, such as SARS-CoV and MERS-CoV,
with a sequence similarity of 82.1% (Khan et al., 2020) which
reaches up to > 90% for structural proteins and key enzymes
(Ghosh et al., 2020). However, the drugs and other treatment
used to fight against SARS-CoV and MERS-CoV were unsuc-
cessful against SARS-CoV-2 (Naqvi et al., 2020). The viral gen-
ome is a positive single-stranded RNA that encodes for
several structural and non-structural proteins (Low et al.,
2021). The four major structural proteins are the spike pro-
tein (S), which is required for recognition and binding to the
receptor, an envelope protein (E), which aids in assembly
and maturation, membrane protein (M), which aids in assem-
bly and budding, and nucleocapsid protein (N), which is
required for replication and packaging. The spike protein of
the mature virus consists of two non-covalently linked func-
tional subunits, S1 and S2. The S1 subunit is responsible for
binding to the angiotensin-converting enzyme-2 (ACE-2)
receptor on host cells, which leads to the formation of endo-
somes and the fusion of viral particles. The S2 subunit, on
the other hand, contains a fusion peptide that facilitates the
anchoring of the virus to the host cell membrane, which is a
critical step in the infection process, as shown in Figure 1.
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Figure 2. Gene arrangement in SARS-CoV-2. (A) Viral encoded non-structural proteins (nsp), structural and accessory proteins. (B) Membrane topology of nsp.

Once a virus particle is internalized, its envelope is
removed, and its genome is exposed to the host cell cyto-
plasm (Ruan et al., 2003). In the cytoplasm, positive-sense
single-stranded RNA of the SARS-CoV-2 produced two large
polyproteins, ppla, and pplab, from the conserved ORFla
and ORF1ab genes as shown in Figure 2. These polyproteins
are processed by two viral cysteine proteases: Papain-like
protease (PLpro), which is responsible for proteolytic

cleavage of nsp 1-4, and main protease (Mpro), which cata-
lyzes proteolytic cleavage of nsp 5-16 (Zou et al., 2020).
SARS-CoV-2 Mpro, also known as 3CLpro or main prote-
ase, is an enzyme that plays a critical role in the replication
of the virus. It is a homodimeric cysteine protease with a
molecular weight of approximately 33.8kDa per monomer.
Each monomer of the Mpro consists of three domains:
Domain | (residues 8-101), Domain Il (residues 102-184), and



Domain Il (residues 201-303). Domains | and Il both include
beta-barrels that have a chymotrypsin-like structure. These
barrels also contain a catalytic dyad consisting of histidine 41
and cysteine 145 (Chan et al,, 2020; Qiu & Xu, 2020). Domain
Il comprises five alpha helices and is involved in the dimer-
ization of Mpro. This dimerization process is required for the
synthesis of twelve nsp (Nsp5-Nsp16) (Fang et al., 2008;
Kneller et al., 2020), including the most critical proteins, such
as helicase and RNA-dependent RNA polymerase (RdRp).

Mpro play a very crucial role in the viral replication, as
well as in the transcription of subgenomic RNA that required
for the synthesis of viral structural proteins. Mpro is widely
conserved among coronaviruses and exhibits a high degree
of homology with other members of the same family such as
MERS-CoV and SARS-CoV. It has been experimentally
observed that inhibition of Mpro suppresses the infection
rate of SARS-CoV-2 (Wong & Saier, 2021). For example, a
bisulfate-based prodrug GC376 interact with Mpro and inhib-
its SARS-CoV-2 infections (Vuong et al., 2020). Similarly, boce-
previr, a clinically approved drug of hepatitis C virus interact
with Mpro and inhibits the infection of SARS-CoV-2 (Fu et al.,
2020). It is also found that the virus may penetrate different
host cells via distinct receptors. However, the activity of
Mpro is required by the virus in all the cell types for prolifer-
ation and maturation (Perrier et al., 2019). Due to such sig-
nificant involvement, Mpro has become a potential target for
drug development against SARS-CoV-2. Several drugs that
target the Mpro protease of SARS-CoV-2 like GC376,
PF-07321332, AT-527, Ebselen, and Nafamostat are currently
in clinical trials for the treatment of COVID-19.

Previous studies have shown that natural products could
be a potential inhibitor of SARS-CoV-2. For example, the
inhibitory effect of bioactive tea molecules against SARS-
CoV-2 was investigated. In this study, it was reported that
Oolonghomobisflavan-A is a potent inhibitor of the Mpro,
based on molecular docking, molecular dynamics and free
binding energy calculations (Bhardwaj et al., 2021). Similar
study on bioactive tea molecules against Nsp15 SARS-CoV-2,
reported that three molecules present in tea, namely barrige-
nol, kaempferol, and myricetin, are the potential lead mole-
cules that showed the highest inhibitory potential against
the non-structural protein-15 of SARS-CoV-2.(Sharma et al.,
2021). Some previous reports also revealed that curcumi-
noids showed stable and high binding affinity towards
Nsp15 SARS-CoV-2 and could be admitted as potential inhibi-
tor (Singh et al,, 2022). Various studies have highlighted the
effectiveness of plant-derived molecules in inhibiting the
infection of SARS-CoV-2 virus. These molecules have been
found to exhibit strong antiviral properties that can poten-
tially block the viral entry and replication mechanisms, thus
preventing the onset of COVID-19. In addition to their
potency, these plant-based inhibitors have also been recog-
nized for their low toxicity levels, making them a safer alter-
native to synthetic drugs. Such findings indicate the
potential for plant-based treatments to offer a viable solution
in the fight against the ongoing COVID-19 pandemic (Khan
et al,, 2021, 2022; Trivedi et al., 2022). Among various natural
sources, mushrooms have their own importance. From
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ancient time humans has used mushrooms for treating vari-
ous diseases (Papaj et al., 2022). Cordyceps mushrooms, in
particular, are reported to have immunomodulatory (Ng &
Wang, 2005), anti-infectious (Muller et al., 1991), anti-inflam-
matory (Kim et al., 2006), anti-tumor (Nakamura et al., 2006),
and anti-viral properties (WenJuan et al, 2010). Cordyceps
has significant role in the treatment of respiratory diseases
like chronic obstructive pulmonary disease, bronchitis and
asthma. It has also been reported to induce proliferation of T
cells, cytotoxic activity of natural killer (NK) cells, activates
macrophages and secretion of Th1 cytokines.(Wook Baik
Bundang Jesaeng Hospital et al., 2015). One of the previous
studies reported that how cordycepin (3’-deoxyadenosine), a
bioactive molecule of the Cordyceps species can be used as
an activator for the adenosine receptors that helps to
enhance immunity against SARS-CoV-2 (Du et al,, 2021).

In the era of this pandemic, Cordyceps may be a key
therapeutic option to reduce the infection of SARS-CoV-2.
The present study aims to screen and evaluate the inhibitory
potential of the bioactive molecules from the Cordyceps spe-
cies against the Mpro of SARS-CoV-2. The first objective of
the study is to analyze the binding affinity of the molecules
with Mpro using molecular docking. Second, to evaluate
drug-likeness properties based on the Lipinski rule of five of
the screened molecules. Third, to analyze the toxicological,
carcinogenic, and mutagenic properties of the studied mole-
cules. Finally, the in-depth analysis of protein-ligand com-
plexes using molecular dynamics simulations and binding
free energy calculations.

2. Materials and methods
2.1. Protein structure and its preparation

The X-ray crystal structure having resolution 1.59A of the
Mpro (PDB ID 5R7Z)(Douangamath et al., 2020) was retrieved
from the PDB (Protein Data Bank). The protein preparation
wizard of the Schrodinger suite was used in default mode to
incorporate zero bond order for metal, assign proper bond
orders, generate disulphide bonds and add missing hydro-
gen atoms to the target protein. All water molecules are
removed in the radius of 3 A from HET groups. Missing loops
and side chains were added using the prime module of the
Schrodinger suite. PROPKA program used for evaluate the
pKa of protein residues at pH 7.0. The target protein was fur-
ther optimized to form an H-bond network. The OPLS3e
force field was employed to minimize the energy with the
RMSD of 0.30A.

2.2. Ligand preparation

The 3-dimensional structures of the bioactive molecules were
retrieved from the PubChem database. All the ligands were
prepared using LigPrep (Schrodinger Release 2022-2). Epik
program of Schrodinger suit was used to generate ionization
states of the ligands at pH 7.0£2.0. A maximum of 32 ster-
eoisomers were generated for each ligand, and energy
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minimization was carried out using the OPLS3e force field
(Table 1).

2.3. Grid generation

The ‘Glide’s Receptor Grid Generation’ program of the
Schrodinger suit was used to create the grid box around
the binding site of the co-crystallized native ligand with the
dimensions of X: 11.38 Y: 2.69 Z: 23.14 with van der Waals
scaling factor of 1.0 and partial charge cutoff at 0.25.

2.3.1. Molecular docking

The ligand set, which included co-crystallized ligand, was
prepared and subjected to molecular docking against Mpro
using the extra precision mode (XP) with flexible ligand sam-
pling in the Maestro Glide docking module (Friesner et al.,
2006). The docking utilized the OPLS3e force field, with a
van der Waals scaling factor of 0.80 and a partial charge cut-
off at 0.15. The molecules were assessed based on their
docking scores, indicating their interaction affinities, and sub-
sequently chosen for additional analysis.

2.3.2. Assessment of ADME properties

e SwissADMEdatabase and DrulLiTo software was utilized
(Daina et al., 2017) to calculate the ADME properties of the
compounds, along with their associated properties. To evalu-
ate the drug-likeness of the compounds, the Lipinski rule of
five was applied, which is based on molecular weight, LogP
value, hydrogen bond donors, and hydrogen bond
acceptors.

2.4. Assessment toxicity, carcinogenicity and
mutagenicity using QSAR

In this study, pkCSM database was employed to evaluate the
toxicity of the screened molecules (based on molecular dock-
ing and ADME assessment) (Pires et al., 2015). To predict the
carcinogenicity and mutagenicity of the compounds, Tox-
tree 3.1.0 software was used to encode the Benigni/Bossa
rulebase (Benigni et al., 2008).

2.5. Molecular dynamic (MD) studies

In the present study, Chemistry at Harvard Macromolecular
Mechanics 27 (CHARMM27) was used for molecular simula-
tion program to investigate the molecular dynamics of the
docked complex. CHARMM27 is a widely used and highly
versatile tool (Brooks et al.,, 2009). Additionally, e Nanoscale
Molecular Dynamics (NAMD) version 2.8 (Nelson et al., 1996)
and the Transferable intermolecular potential with 3 points
(TIP3P) model for water (Jorgensen et al, 1983) was
employed for—. The topology and parameters of the ligand
are generated using SwissParam (Zoete et al., 2011), and
TIP3P water molecules were added to fully cover the entire
complex surface, which had approximate dimensions of
98.5 X 98.5 x 69.7. To neutralize the net charges of the

system, we added sodium (4) and chloride (0) counterions.
After setting up the solvent environment, each complex sys-
tem consisted of approximately 67,300 atoms. Molecular
dynamics (MD) simulations for 100 ns, first equilibrating the
equations of motion for 50,000 steps (100 ps) in a constant
temperature and constant volume (NVT) ensemble at 300K,
followed by the NPT ensemble for an additional 50,000 steps
(100 ps). During the production dynamics phase, the isobaric-
isothermal, constant temperature and constant pressure
(NPT) ensemble with a 2fs time step and saved coordinates
every picosecondwere used for analysis. To visualize the pro-
tein-ligand complex and analyze the MD trajectory, Visual
Molecular Dynamics (VMD) version 1.9.1 software was
employed(Humphrey et al., 1996).

2.6. Binding free energy (Agpinq) studies

The Molecular Mechanics-Generalized Born Surface Area
(MMGBSA) and Molecular Mechanics Poisson-Boltzmann
Surface Area (MMPBSA) methods, both incorporated in the
MMPBSA.py module of AMBER18 (Miller et al., 2012), were
utilized to estimate the free energy of binding for the
docked complex. After analyzing 100 frames from the trajec-
tories, the net energy of the system was calculated using the
following equation:

AGBinding = AGComplex — AGReceptor - AGLigand

3. Results and discussions
3.1. Molecular docking

Study utilized the GLIDE module of Schrodinger to perform
docking studies with a prepared target protein, 5R7Z, and a
dataset comprising bioactive molecules from Cordyceps spe-
cies. In order to set up the docking grid, we centered it
around the co-crystallized ligand, which had the following
coordinates: X: 11.38, Y: 2.69, Z: 23.14. To assess the potential
binding affinity of each molecule, a docking score was
assigned, and only those with a score of —5.0kcal/mol or
lower were considered appropriate for further analysis
(Table 2).

Ensuring the reliability and accuracy of molecular docking
simulations is crucial in drug design, and this necessitates
the validation of the docking protocol. Validation involves
comparing predicted binding modes and affinities with
experimental data or reference structures to identify poten-
tial sources of error and optimize the docking protocol
parameters to enhance its performance. Furthermore, valid-
ation can help to identify false-positive or false-negative
results and determine the sensitivity and specificity of the
protocol. In the present study, the docking protocol was
validated by extracting the native cocrystalized ligand from
5R7Z and redocked at the binding site, as illustrated in
Figure 3. The position, conformation, and orientation of the
redocked cocrystlized ligand were found to be similar to the
native structure obtained from the PDB. The accuracy of the
docking protocol was confirmed by the generation of the
same bonding interactions and an RMSD value of 0.7.
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Table 1. Bioactive molecules from Cordyceps species.

Sr. No. Name Source Structure
1. Adenosine Cordyceps militaris MH2
N
N \'\ \
N P
o
HO
" OH
L , r""’/
HO
2. Cephalospolide C Cordyceps militaris (@)

HO

OH 0

Cicadapeptin II Cordyceps heteropoda
HO,
bN
0

/\ 0
N o} 0 0 P
Ho H H H
"'m,, y " . N’/Im., N
: H
N
0

e

I

0o V\ 0
H
H;

\\\“\m

H
N 0

Cordycepic acid Cordyceps sinensis OH OH

Cordycepin Cordyceps militaris

(continued)
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Table 1. Continued.

Sr. No. Name Source Structure
NH»
N
N N
o
HO
I’//////OH
6. Ergothioneine Cordyceps militaris O
H
N O
) /
+
N
7. y-Aminobutyric acid Cordyceps militaris (@)
H2N N
OH
8. Guanosine

Cordyceps sinensis

(0]
N
HN | \
)\
H2N N
(e}
HO
", /OH
HO

(continued)

.\\\\\\Z

3.2. Interaction studies hydroxyethyl adenosine with docking scores of —7.149
kcal/mol and —6.941 kcal/mol, respectively. Cordycepic acid
binds tightly to five hydrogen bonds with residues GLU166
(2H-B), ARG188, GLN189, and THR190. Additionally, it interacts

Among the data sets that were docked, cordycepic acid dis-
played the best binding position, with a docking score of
—8.100 kcal/mol, followed by cicadapeptin 1l and N-2-
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Sr. No. Name Source Structure
9. Lovastatin Cordyceps cicadae HO (0}
o
¥ (0]
\= o ;
///,' A =
10. Myriocin Cordyceps cicadae
11. N-2-Hydroxyethyl-adenosine Cordyceps cicadae

HO

,‘\\\\\\Z

OH

‘s,
%,
{7

"

HO

with residues MET165, GLU166, LEU167, PRO168, GLN192, ALA
191, THR190, GLN189, and ARG188 through hydrophobic,
hydrophilic, and van der Waals interactions. Cicadapeptin I
interacts with the binding pocket of Mpro through five hydro-
gen bonds with residues ASN142, GLU166, THR190, and
GLN189. Furthermore, it forms a salt bridge with residue
GLU166. N-2-hydroxyethyl adenosine interacts with the active
site of Mpro through four hydrogen bonds with residues
HIE41, GLY143, GLU166, and ARG188. N-2-hydroxyethyl adeno-
sine also interacts with residue HIE41 through Pi-Pi stacking. A
Cys145-His41 catalytic dyad facilitates the processing of viral
polyproteins by Mpro. Of all the molecules, ten interacted with
the residues of the catalytic dyad and other critical amino acids

(continued)

in the catalytic site. The binding site residues involved in the
interactions between Mpro and bioactive molecules are com-
prehensively detailed in Figure 4A-J and Table 3.

3.3. Assessment of ADME properties

ADME properties play a crucial role in drug development, as
they determine how a drug is absorbed, distributed, metabo-
lized, and excreted in the body. These properties can affect a
drug’s efficacy and safety in humans. For example, if a drug
is not absorbed efficiently, it may not reach its target site in
the body, rendering it ineffective. Similarly, if a drug is
metabolized too quickly or excreted too rapidly, it may not
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Table 1. Continued.

Sr. No. Name Source Structure
12 Ophiocordin Cordyceps ophioglossoides OH
H
N
(0]
N
H auntl
OH
HO
13. Uridine Cordyceps militaris
(@) N (0]
H
14. Verticiol Cordyceps sinensis

OH

reach a sufficient concentration in the body to produce the
desired effect, or it may accumulate to toxic levels.
Therefore, evaluating ADME properties is critical in determin-
ing the optimal dose, route of administration, and dosing fre-
quency of a drug, as well as identifying potential safety
concerns before its approval for human use. This information
can help to ensure that the drug is safe, effective, and has a
higher chance of success in clinical trials. Overall, the assess-
ment of ADME properties is a crucial step in drug

(continued)

development that helps ensure the safety and efficacy of
new drugs. The Lipinski Rule of 5 is a tool used to predict
the likelihood of a compound becoming a successful drug.
Compounds that violate the rule are less likely to have good
pharmacokinetic properties and may have poor absorption,
distribution, metabolism, and excretion (ADME) properties.
This rule includes the number of hydrogen bond acceptors
(< 10), the number of hydrogen bond donors (< 5), molecu-
lar weight (< 500), and the log Po/w (< 5). A molecule with
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Sr. No. Name Source Structure
15. Cocrystal ligand H
N

/

HN

@)

Table 2. Docking scores.

No. Ligand Name Docking score (kcal/mol)*
1. Cordycepic acid —8.100
2. Cicadapeptin Il —7.149
3. N-2-Hydroxyethyl-adenosine —6.941
4. Myriocin —6.866
5. Uridine —6.479
6. Ophiocordin —6.419
7. Guanosine —5.92
8. Adenosine —5.919
9. Cordycepin —5.056
10. Lovastatin —5.034
11. Cocrystal ligand —5.542

*Results having docking score < -5.0.

more than one rule violation is not allowed in molecular
dynamic studies. Therefore, Lipinski Rule of 5 ADME analysis
is an essential part of drug discovery, as it helps identify
compounds that are more likely to be developed into suc-
cessful drugs, potentially saving time and resources.

Lipinski’s rule of five can help to determine whether a bio-
logically active molecule will have the chemical and physical
properties necessary for oral route. Among ten molecules ana-
lyzed, two molecules, Cicadapeptin Il and Ophiocordin violated
more than three rules. Log Po/w is a crucial parameter that help
to understand the pharmacokinetic properties of the molecule
and dictates how a drug should be formulated and dosed. Six
molecules, Adenosine, Cordycepic acid, Cordycepin, Guanosine,
N-2-Hydroxyethyl-adenosine and Uridine have negative log
Po/w values, which indicates they have a higher affinity for the
aqueous phase. Such molecules are readily soluble in the blood,
which increases their bioavailability. On the other hand, mole-
cules with low aqueous solubility (high positive log Po/w) will
be compromised in bioavailability; also, they will not be able to
cross the blood-brain barrier. Assessment of ADME properties
of all the molecules are summarized in the Table 4.

3.4. Assessment of toxicity, carcinogenicity and
mutagenicity using QSAR

Assessing the potential toxicity, carcinogenicity, and mutage-
nicity of new drugs is crucial to ensure their safety and

efficacy. Toxicity refers to the harmful effects a drug can
have on living organisms, including humans. Carcinogenicity
refers to the drug’s potential to cause cancer, while mutage-
nicity refers to its potential to cause genetic mutations.
Identifying these potential effects during the drug develop-
ment process is essential to ensure the drug’'s safety for
human use. This information can help in making informed
decisions about the drug’s development, including whether
to continue development, modify its structure or dosages, or
halt its development altogether. Overall, assessing toxicity,
carcinogenicity, and mutagenicity is critical for ensuring the
safety and effectiveness of new drugs and protecting public
health. To evaluate the toxic, carcinogenic, and mutagenic
potential of the screened molecules, the pkCSM database in
toxicity mode and Toxtree 3.1.0, using the Benigni-Bossa
rulebase, were employed. Among the ten molecules studied,
N-2-hydroxyethyl-adenosine, cicadapeptin Il, cordycepin, and
guanosine were found to be hepatotoxic, while myriocin,
adenosine, cicadapeptin I, cordycepin, and guanosine were
identified as genotoxic carcinogens. Additionally, cicadapep-
tin Il was classified as a non-genotoxic carcinogen. Four mol-
ecules from the cordyceps species, cordycepic acid,
lovastatin, ophiocordin, and uridine, were analyzed and
found to be non-toxic, non-carcinogenic, and non-mutagenic,
as illustrated in Figure 5 and Table 5.

3.5. Molecular dynamics and binding free energy
(AGbind)

Cordycepic acid was identified as the best lead molecule
among all screened bioactive molecules from Cordyceps spe-
cies based on docking scores, interaction studies, ADMET
properties, and carcinogenic-mutagenic profiling. To further
evaluate the dynamic behavior and stability of the
Cordycepic acid and Mpro docked complex, a 100ns
Molecular dynamics (MD) simulation was conducted. The MD
trajectory was used to calculate various parameters such as
root mean square deviation (RMSD), root mean square
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Figure 3. Validation of docking protocol using co-crystallized ligand.

fluctuation (RMSF), radius of gyration (Rg), total number of
hydrogen bonds (HB), and solvent accessible surface area
(SASA).

The RMSD value is a significant parameter used in
molecular dynamics simulations to evaluate the stability of a
protein-ligand complex. It determines the distance between
the atoms of a simulated structure and a reference structure,
like a crystal structure. A low RMSD value suggests a stable
interaction between the molecules since the simulated struc-
ture is in close agreement with the reference structure.
Conversely, a high RMSD value suggests an unstable inter-
action due to structural deviation from the reference struc-
ture. The RMSD value is valuable in assessing the quality of a
molecular dynamics simulation and optimizing the simulation
parameters to obtain a stable structure close to the reference
structure. In this study, the stability of the protein-ligand
interaction was validated using the RMSD value. The simula-
tion showed an average backbone RMSD of 0.21 nm, ranging
from 0.04 to 0.29 nm. However, fluctuations were observed
throughout the production run, as depicted in Figure 6.

The root-mean-square fluctuation (RMSF) is an important
parameter used in molecular dynamics simulations to meas-
ure the mobility and flexibility of molecules. It measures the
average displacement of each atom in a molecule relative to
its average position during simulation and can be used to
identify flexible or rigid regions of a molecule. RMSF values
can also be used to monitor the structural stability of pro-
teins and other biomolecules, and compare flexibility
between different molecules. In this study the complex
slightly fluctuated between the residue 2400-2500 and 4200-
4300. The fluctuation in the terminal part is higher than that
in the central part, as shown in Figure 7. Such behavior was
expected because the central region, which has a more rigid
alpha-helix and beta-strand structures, fluctuates less than
the terminal region, where fluctuation is always at a higher
level due to the free ends. In the course of the simulation,
an average RMSF of 0.09nm was observed, with a range
spanning from 0.03 to 0.55 nm. According to the RMSF find-
ings, the complex is stable with low conformational
flexibility.

» Native
Cocrystalized Ligand

Redocked
Cocrystalized Ligand

B : Redocked Cocrystalized Ligand

The radius of gyration is a critical parameter in molecular
dynamics simulations that provides valuable information
about the compactness and conformational changes of a
molecule. It is calculated as the root-mean-square distance of
all atoms in a molecule from their center of mass, and it
reflects the size and shape of the molecule. The radius of
gyration can be used to monitor protein folding and unfold-
ing during simulation, as a decrease indicates a more com-
pact and folded conformation, while an increase indicates an
unfolded or extended conformation. In this simulation study
of 100 ns, the radius of gyration values started at ~2.14nm
and increased up to ~2.19nm, indicating the stability and
integrity of the complex. However, the proline at the 168th
position acted as a hinge or separator of the two beta sheets
(Figure 8).

Hydrogen bonds are essential for maintaining the stability
and structure of biomolecules during molecular dynamics
simulations. They can influence conformational changes,
which can alter the biomolecule’s function. Monitoring
hydrogen bond formation and breaking provides valuable
insights into the dynamics of a system. If hydrogen bonds
are stable, the protein or biomolecule maintains its structure,
while the breaking of hydrogen bonds may indicate unfold-
ing or conformational changes. In protein-ligand interactions,
hydrogen bonds are critical for binding affinity and specifi-
city. The formation of hydrogen bonds between a ligand and
a protein’s active site enhances binding, while their breaking
can reduce binding affinity. The study employed a cutoff
value for distance and angle of 3.5 A and 30°, respectively, to
calculate the number of hydrogen bonds formed between a
ligand and protein during a 100ns MD simulation. The
results showed that the ligand had a strong affinity for the
target protein, with a maximum of 6 hydrogen bonds
observed and an average of 2 hydrogen bonds formed
between the ligand and protein. The findings suggest that
the ligand is a potential candidate for drug development
against the target protein (Figure 9).

The Solvent Accessible Surface Area (SASA) method is a
popular technique utilized in molecular dynamics simulations
to assess conformational changes in a protein and its interac-
tions with solvent molecules. It computes the protein’s



OH GLN
189
/ E
PRO SER
168 a / 46
=y OH
167
OH

GLN
192 PRO

MET
) d ]
HO LEU

141
LEU /
27
ASN
\ 142

GLY
THR SER meme= 143
25 Cys = 144
145

C: N-2-Hydroxyethyl-adenosine

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS 1

|
<
e \i;';é)ﬁf,

THR
25

D: Myriocin

Figure 4. A: Cordycepic acid, B: Cicadapeptin Il, C: N-2-Hydroxyethyl-adenosine, D: Myriocin, E: Uridine, F: Ophiocordin, G: Guanosine, H: Adenosine, I: Cordycepin,

J: Lovastatin, K: Redocked Cocrystalized ligand, L: Cocrystalized Ligand.

surface area that can be accessed by the solvent molecules,
providing valuable insights into the protein’s dynamics and
stability in solution. In the current study, SASA was employed

to evaluate the conformational changes in the protein struc-
ture for 100 ns in MD simulation, as demonstrated in Figure
10. The average SASA value was calculated to be 149.2 nm?,
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indicating that the complex remained stable throughout the
simulation. This suggests that the SASA method is a reliable
tool for analyzing protein behavior in solution and can have
significant implications for protein-ligand interactions and
drug design.

MMGBSA (Molecular Mechanics-Generalized Born Surface
Area) and MMPBSA (Molecular Mechanics-Poisson
Boltzmann Surface Area) are widely used methods to esti-
mate the binding free energy of ligand-protein complexes.
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These methods consider various energy components,
including van der Waals, electrostatic, and solvation ener-
gies, to provide a comprehensive understanding of the
binding interactions. The binding energy, which refers to
the energy released during the formation of chemical
bonds or the interaction between a ligand (a molecule
that binds to a specific site on a protein) and a protein.
The strength of this interaction is measured by the bind-
ing energy, with a lower binding energy indicating a



JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS . 13

‘sy/ . MS\SER
d [ A A /
\ [ \
GLN'\% L27 km ' . ,
193}}_ ’9? -J‘ ﬁ,L;‘ ﬂ 140
163 164 \MET ’//E)H /
165 // &
la / 170
%\ LEU PRO
e o s
I: Cordycepin J: Lovastatin
MET MEI’X
4933 ”\Jl H \ (0]
N)J\
7
y
:’
’ _— T . o
o Nuay
” /137 ’—GL'U -
LAy v 16 $ w o
K: Redocked Cocrystalized ligand L: Cocrystalized Ligand
o Charged (negative) Polar === Distance -8 Pi-cation
) Charged (positive) )  Unspecified residue % H-bond —  Salt bridge
Glycine Water ¥ Halogen bond Solvent exposure
Hydrophobic Hydration site = Metal coordination
. Metal X Hydration site (displaced) @@  Pi-Pi stacking

Figure 4. Continued.

better interaction between the ligand and protein. In order
to verify the ligand affinity for the receptor protein com-
plex predicted by the docking simulation studies, the bind-
ing free energy of the complex was calculated. The

findings of the study revealed that electrostatic interactions
dominated the binding energy, with a value of
—44.616 kcal/mol, followed by van der Waals interactions
with a value of —26.254kcal/mol. The polar solvation
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Table 3. Interactions of bioactive molecules and Mpro.

Bond
Amino Length
No. Compound acid No. (A°) Bond Type
1. Cordycepic acid GLU166 1.78 Hydrogen Bond
GLU166 1.79
ARG188 2.29
GLN189 1.95
THR190 1.85
2. Cicadapeptin Il ASN142 2.1 Hydrogen Bond
GLU166 1.86
GLU166 245
GLN189 2.21
THR190 2.05
GLU166 2.87 Salt Bridge
3. N-2-Hydroxyethyl-adenosine HIE41 2.13 Hydrogen Bond
GLY143 1.87
GLU166 1.84
ARG188 2,67
HIE41 5.04 Pi-Pi Stacking
HIE41 541 Pi-Pi Stacking
4. Myriocin GLU166 2.18 Hydrogen Bond
GLN189 1.91
5. Uridine HIE41 2.31 Hydrogen Bond
GLU166 1.9
GLU166 2.1
GLN189 1.69
6. Ophiocordin CYS44 1.73 Hydrogen Bond
ASN142 2.57
GLN189 242
7. Guanosine HIE164 1.92 Hydrogen Bond
8 Adenosine HIE164 2.15 Hydrogen Bond
9 Cordycepin HIE41 234 Hydrogen Bond
ASN142 1.83
GLU166 1.89
GLU166 2.14
Hydrogen Bond
10 Lovastatin GLU166 177
11 Native Ligand GLU166 1.87 Hydrogen Bond
HIE41 517 Pi-Pi Stacking
12 Redocked GLU166 1.95 Hydrogen Bond
Native Ligand
HIE41 4.98 Pi-Pi Stacking
Table 4. Assessment of ADME properties.
Number Number
H-bond H-bond Mw Log
Bioactive acceptors donors (g/mol) Po/w Violation
Compound (<£10) (<'5) (<5000 (<5) (<1
Adenosine, 7 4 267.244 =272 0
Cicadapeptin Il 21 10 1006.68 2.187 3
Cordycepic acid 6 6 182173 =277 1
Cordycepin 6 3 251244  —1.94 0
Guanosine 7 5 283.243 236 0
Lovastatin 5 1 404.545 4.25 0
Myriocin 7 5 401.542 0.12 0
N-(2-Hydroxyethyl- 8 5 311297 —2.51 0
adenosine
Ophiocordin 12 7 550.521 15 3
Uridine 6 4 244204 —183 0

*Molecule with more than one violation of the rule is not allowed in the
molecular dynamic studies.

\ Aypoabouldied 21X0}0UdD

%
%
S
2
2 .
% e“\o\“l/
‘c-\“/og .
o
“.Ge =
o
o

Figure 5. Venn diagram of toxicity, carcinogenicity and mutagenicity.

energy, which represents the energy required to dissolve
polar molecules in a solvent, was unfavorable in the for-
mation of the cordycepic acid and Mpro complex, with
values of 26.580kcal/mol and 31.276 kcal/mol for MMGBSA
and MMPBSA, respectively. However, despite the unfavor-
able polar solvation energy values, the complex predicted
by MMGBSA had a net binding energy of
—30.070kcal/mol, indicating greater system stability than
the complex predicted by MMPBSA, which had a net
energy of —26.708kcal/mol. The results of the study,
including the binding free energies of the system for
MMGBSA and MMPBSA, are summarized in Table 6.

4. Conclusion

This study screened and evaluated bioactive molecules from
Cordyceps species for their inhibitory potential against the
SARS-CoV-2 main protease. The binding pattern of these
molecules with Mpro was investigated using molecular dock-
ing. Several bioactive molecules, including cordycepic acid,
cicadapeptin I, N-2-hydroxyethyl adenosine, myriocin, uri-
dine, ophiocordin, guanosine, adenosine, cordycepin, and
lovastatin, were found to have strong binding with Mpro.
These molecules were further evaluated based on ADMET
properties and carcinogenic-mutagenic profiling.

Cordycepic acid was found to be the most promising can-
didate and was subjected to molecular dynamics simulations.
The results of the MD simulations, including RMSD, RMSF,
Rg, number of H-bonds, and SASA, suggested that the
docked complex was highly stable. Furthermore, MMGBSA
and MMPBSA calculations of binding free energy were used
to validate the results and evaluate the binding affinity of
cordycepic acid to Mpro.

The study concludes that cordycepic acid is a novel inhibi-
tor of SARS-CoV-2 main protease. However, further in-vivo



JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS 15

8 g S S
v m 2 z ) E
g . : . |
a 8 -2 3
< = 5 % Z £ 2 2 M B
P nos m o I = e s o B 2z
g g E s £ & g < b
S .8 o = »n = o = 175) 2
= - S 2 Z =S ¢ =
z “ g = . ,
m &~ —
S . g = .
WJ m = .m = (=3 lm -
= 3 = 2
v Y = =
j o [
3 w 3 g <
e Iw 0 m © T NN Ot A~ © w — |an: m
") © v % 0 o o~ o< 83 & XE2IEZ [ T
Q s © ] o A c ©o ©o © © o . deaa Yadaa® . S . = =)
S = = ) N [ ~ o b T e N~ o o 8 3 % ¢ 8 79 -
g g g g - - - - - = o
(wu) GSNY WJ (wu) IS WJ (wu) Sy WJ puog-H Jo ‘oN m (zwu) vary Wl;
e i e [ i
ON ON ON 09 S87°0 ON ON Sl443 ¥06'L ON ON LsT'L ON aulpun
ON ON ON 661, S87°0 ON ON 186'€ 9’ ON ON £8%°0 ON utpiodolydo
ON ON ON 1SS0 8510 ON ON S6L°0 §e0'C ON ON 66£0— ON ulle1seno’
ON ON SOA ¥66'v S87°0 ON SOA 900°¢ SLET ON ON 8610 ON auisoueno
ON ON SIA 9eT’e S87°0 ON SIA 819°C S89°L ON ON 6560 ON uidasApio)
ON SOA SIA 908°L S87°0 ON SOA 189°€ £SST SOA ON 5050 ON II undadepedi)
ON ON SOA [4%43 G8C°0 ON ON 99¢€°¢ 798°L ON ON 8780 ON ouisouspy
ON ON SOA 8€L°0 S87°0 ON ON 12743 [45 %4 ON ON 7690 ON UDOUAW
auisouape
ON ON ON Sty S87°0 ON SOA 6L€ £86°L ON ON 9S.°0 SIA -IAY32AX0IPAH-T-N
ppe
ON ON ON €9/°'S S87°0 ON ON STy LE9°L ON ON 61T ON 21da34p10)
Apiusbeinyy Awpjusbourpied Apiusboupie Apixoy Apixoy uonezIsuds Apixoroleday (13vo1) (0S@1) Awdixol  Jouqiyul Jouqyul (uewny) Awdixol punodwo)
wnunwiydAy s JIX0}0UID-UON 5 JIX030U3D MOUUI  SIWIOJLAG | uns Aydixo| My Il DYy | DYy asop SINY
|ennuaiod dluoiyd) ey [e10 pa1eIa|0}
18y [_I0 X

“fd1uabeinw pue Aydjuabourdied ‘A1d1x0] JO JUSWSSISSY S d|qel



16 N. DESHMUKH ET AL.

Table 6. Binding free energies for Cordycepic acid and Mpro complex.

MMGBSA

Energy Component Average SD SEM
AVDWAALS —26.254 2.036 0.2036
AEEL —44.616 2.084 0.2084
AEGB 26.580 1.851 0.1851
AESURF 13.512 1.105 0.1305
AGGAS —70.870 2.979 0.2979
AGSOLV 40.8 1.759 0.1759
ATOTAL —30.070 1.841 0.1841
MMPBSA

Energy Component Average SD SEM
AVDWAALS —26.254 2.036 0.2036
AEEL —44.616 2.084 0.2084
AEPB 31.276 2342 0.2342
AENPOLAR —3.452 0.164 0.0164
AEDISPER 0.000 0.000 0.000
AGGAS —70.870 2.979 0.2979
AGSOLV 44.162 1.779 0.1779
ATOTAL —26.708 2.225 0.2225

and in-vitro analyses are required to investigate its inhibitory
potential against Mpro. Overall, the present study highlights
the potential of natural products, such as those derived from
Cordyceps species, as a source of potential inhibitors against
SARS-CoV-2 main protease.
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