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Abstract

In the year 2019-2020, the whole world witnessed the spread of a disease called COVID-
19 caused by SARS-CoV-2. A number of effective drugs and vaccine has been formulated
to combat this outbreak. For the development of anti-COVID-19 drugs, the main protease
(Mpro) is considered a key target as it has rare mutations and plays a crucial role in the rep-
lication of the SARS CoV-2. In this study, a library of selected lichen compounds was pre-
pared and used for virtual screening against SARS-CoV-2 Mpro using molecular docking,
and several hits as potential inhibitors were identified. Remdesivir was used as a standard
inhibitor of Mpro for its comparison with the identified hits. Twenty-six compounds were
identified as potential hits against Mpro, and these were subjected to in silico ADMET
property prediction, and the compounds having favorable properties were selected for fur-
ther analysis. After manual inspection of their interaction with the binding pocket of Mpro
and binding affinity score, four compounds, namely, variolaric acid, cryptostictinolide,
gyrophoric acid, and usnic acid, were selected for molecular dynamics study to evaluate
the stability of complex. The molecular dynamics results indicated that except cryptostic-
tinolide, all the three compounds made a stable complex with Mpro throughout a 100-ns
simulation time period. Among all, usnic acid seems to be more stable and effective against
SARS-CoV-2 Mpro. In summary, our findings suggest that usnic acid, variolaric acid, and
gyrophoric acid have potential to inhibit SARS-Cov-2 Mpro and act as a lead compounds
for the development of antiviral drug candidates against SARS-CoV-2.
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Introduction

A relatively new coronavirus, severe acute respiratory syndrome-related coronavirus
(SARS-CoV-2), emerged in December2019, causing coronavirus disease 19 (COVID-
19). As per the report, the first case of coronavirus is found in the city of Wuhan, Hubei
province. With a high rate of spreading, COVID-19 became a global pandemic affecting
the whole world [1, 2]. The 2019-CoV-2 epidemic was declared a ‘“Public Health Emer-
gency of International Concern (PHEIC)” by the World Health Organization (WHO) on
January 30 [3]. The name of the coronavirus comes from its crown-like appearance, and
these viruses are giant viruses having a single ss-RNA-positive sense genome enclosed in
a membrane envelope. Generally, the membrane is covered with spike glycoprotein which
is responsible for its appearance. Mainly coronaviruses are divided into four categories:
alpha, beta, gamma, and delta. SARS-CoV, the middle east respiratory syndrome virus
(MERS-CoV), and the novel SARS-CoV-2 are all members of the beta-coronavirus fam-
ily (SARS-CoV-2) [4]. Even if all three viruses belong to the same classes, genes of SARS
CoV-2 share less than 80% similarity (nucleotides) with other SARS-CoV and are more
contagious than MERS-CoV and SARS-CoV [5, 6].

The genome of the SARS-CoV-2 virus is approximately 30,000 nucleotides in length.
The viral genome encodes several structural and functional proteins such as RNA-depend-
ent RNA polymerase (RdRp), papain-like protease and coronavirus main protease (Mpro),
as well as glycosylated spike protein (S), an envelope protein (E), membrane protein (M),
and nucleocapsid protein (N). After invading the host cell, the viral genome is released, and
the genome is then translated into polypeptides by the host cell protein translation com-
plex [1]. The viral proteases PLpro and Mpro ultimately cleave the polyproteins into effec-
tor proteins [7]. The crystal structure of Mpro (6lu7) was obtained by a co-crystallization
along with a peptide-like inhibitor termed N3 (PRD_002214). The enzyme Mpro is dimeric
in nature, where each monomer is composed of three domains domain I (8§-101 residues),
domain II (102-184), and domain III (201-301). The first two domains are antiparallel
beta-barrel, and the third one is the alpha-helical which is required for enzymatic activity.
It has a similar structure to cysteine protease, although it lacks the third functional catalytic
residue in the active site. Hence, Histidine 41 (His *!) and Cysteine '*3 (Cys'*) are found
in the pocket between domains I and II [8], whereas amino acids T2, LY, H*, F140, C145,
H'6*, M'%5 P18 and H'7? form a hydrophobic surrounding in the pocket” [9].

The concept of therapeutic repurposing is being frequently employed to find prospective
COVID-19 disease treatments. The practice of repurposing pharmaceuticals can dramati-
cally minimize the cost, time, and dangers associated with medication development [10].
Although several molecular docking investigations based on antiviral drugs are typically
used to treat HIV, phytochemicals, antimalarial medicines, spices, or marine items have
been established to uncover a possible inhibitor of Mpro activity [11]. Unfortunately, no
particular medicines for COVID-19 disease are available to date, and research into the dis-
ease’s therapy is currently insufficient. As a result, it is critical to locate approved drugs
that may limit SARS-CoV-2 viral proteins, as well as their appropriate association and con-
centration for the treatment of COVID-19 patients.

Consequently, in order to create novel therapeutics against COVID-19, we used
computational screening to look for coronavirus-fighting compounds in lichen species,
which might be a great natural source. Antiviral, antibacterial, and antifungal activi-
ties have been reported in some lichen species [12]. Many scientific studies have shown
that lichen metabolites might be a potential source of antiviral drug candidates [13]. As
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a result, we conducted virtual screening to identify possible natural anti-SARS-CoV-2
drugs to see if lichen chemicals may also protect SARS-CoV-2. A very important role is
played by Mpro or 3-chymotrypsin-like protease in the replication process of the virus.
Polyproteins ppla and pplb are cleaved by Mpro, resulting in the formation of func-
tional proteins such as endoribonuclease, exoribonuclease, and RNA polymerase. As
Mpro is directly related to virus replication, targeting Mpro for new therapeutics drug
development can be a new strategy to combat the spread of virus [14]. Hence, we have
selected the viral Mpro enzyme as a drug target to find new SARS-CoV-2 inhibitors
(Fig. 1). Targeting viral replication has shown to be a successful therapeutic develop-
ment technique. SARS-CoV-2 Mpro is involved in the conversion of polyproteins into
structural and nonstructural proteins. Natural products or their semi-synthetic deriva-
tives are a major source of clinically used drugs, and lichens are an extremely important
and unexplored source of natural products.

Two of the benefits of targeting Mpro are as follows: (a) while the rate of mutagen-
esis in viruses is significant, rare mutations occur in the major protease because any
change here might be damaging to the virus [15]; (b) in humans, the lack of closely
comparable homologs with identical specificity of cleavage [16]. In the following
study, we evaluated the inhibitory capability of lichenic bioactive compounds against
Mpro using molecular docking and a molecular dynamics approach. We have assessed
the basic ADMET properties of all the lead compounds. Again, we have studied the
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Fig.1 SARS-CoV-2 replication is inhibited by protease Mpro inhibitors. SARS-CoV-2 releases its genomic
RNA after infecting the host cell. Polyproteins ppla and pplab are produced during translation and are
cleaved into the primary protease Mpro and nonstructural proteins (nsps). Nsps is required for the assembly
of the viral replication transcription complex (RTC) in order for RNA synthesis to take place. When inhibi-
tors like usnic acid, variolaric acid, gyrophoric acid, and remdesivir function in the cell, they bind to Mpro
and inhibit its activity, resulting in virion assembly failure, which results into the host cell that was unable
to release new complete virions
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toxicological properties of selected compounds, and the antiviral activity of selected
compounds has been analyzed using PASS prediction.

Methods
Target Protein Retrieval from Databases and Target Preparation

The three-dimensional crystallographic (method: X-ray diffraction) structure of target pro-
tein Mpro was retrieved using the Protein Data Bank (PDB) (https://www.rcsb.org/) in PDB
format [17]. The “Prepare protein” methodology in the BIOVIA Discovery studio was used
for receptor preparation. At physiological pH 7.4, heteroatoms and water molecules from the
crystal structure were eliminated and addition of polar hydrogens. The prepared protein struc-
ture was saved in pdbqt format using the PyRx tool for further docking analysis. Further, the
prediction of binding sites of protein was made through the literature survey, additionally, with
the help of online platform CASTp (http://sts.bioe.uic.edu) [18].

Determination and Preparation of Ligands

Through an extensive literature survey, bioactive compounds from lichens have been chosen,
which show photoprotective nature, and are known to possess anti-inflammatory, antioxidant,
antimicrobial properties [19]. The structures of bioactive compounds were obtained in SDF
format from the PubChem database (https://pubchem.ncbi.nlm.nih.gov). The structures are
then converted to PDB format and saved as pdbqt files utilizing the National Cancer Institute’s
internet server online Structure File Generator and SMILES (Simplified Molecular Input Line
Entry System) Translator (https://cactus.nci.nih.gov/translate/). These ligands were prepared
using Autodock tools, charges of polar hydrogen were assigned, and nonpolar hydrogens were
combined. Finally, for molecular docking, the compounds were converted in pdbqt format.

Molecular Docking Analysis

A molecular docking approach has been made in order to determine the molecular interac-
tion between selected compounds and main protease (Mpro); docking was performed using
the PyRx tool. PyRx is a virtual screening tool that employs Vina as well as Autodock 4.2
[20, 21]. Previously prepared target protein SARS-CoV-2 Mpro and prepared ligand mole-
cule were loaded into the PyRx tool, and the former is remarked as a macromolecule, and
later is commented as ligand. A grid box was set around the receptor having a dimension
of (x, —10.729; y, 12.4176; z, 68.816122). All the ligands were docked, and the maximum
exhaustiveness was computed for all of them. All other parameters in the software are in the
default mode. For all the rigid-based docking studies, all the bonds in the ligand are inflexible
and allowed to rotate freely. The docking results outcome was analyzed and ranked according
to their dock score value.

Drug Likeness, Pharmacokinetic, and Oral Toxicity Evaluations

All selected compounds were submitted to ADMET (absorption, distribution, metabo-
lism, excretion, and toxicity) analyzed with Swiss ADME to examine drug likeness and
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pharmacokinetics characteristics (http://www.swissadme.ch/) [22]. Those molecules which
follow the Lipinski rule are further subjected to toxicity prediction. OSIRIS Property
Explorer software was used to evaluate the toxicity risks (mutagenicity, tumorigenicity,
irritation, and reproductive effect) as well as the physicochemical qualities (drug likeness
and drug score) of the hit compounds [23].

Docked Structure Analysis and Visualization

BIOVIA discovery studio and PyYMOL have been used to visualize protein and ligand mod-
els. The clusters from the previous stage were used to create a model. Amino acids engag-
ing with the ligand, hydrogen bonds (H-bonds), and the individual atoms involved were
examined in each ligand cluster. Each cluster’s interacting amino acids with the target were
recorded. BIOVIA Discovery Studio was used to create 2-dimensional and 3-dimensional
diagrams of the docked protein-ligand structure.

PASS Prediction for Antiviral Activity

The PASS online version (http://way2drug.com/PassOnline/) was used to obtain the bio-
logical activity spectra of selected bioactive compounds [24]. PASS software was used
to assess the natural potential of a drug-like compound. Before chemical production and
testing, PASS software can predict numerous biological activities of compounds based on
the structure of those molecules. A substance’s estimated activity is estimated as probable
activity (Pa) and probable inactivity (Pi). Substances with a Pa value greater than Pi are
regarded as suitable for specific medical usage [25]. The compounds were assessed using
the SMILES [26].

Molecular Dynamics Simulation

The ligand complexes of SARS-CoV-2 Mpro and screened compounds with the best bind-
ing conformations among the poses predicted by the molecular docking tool were submit-
ted to 100 ns of MD simulation. All MD simulations were performed using GROMACS
2020.3 version [27]. The protein-ligand complex PDB obtained after the docking studies
was used to build the system topology. The CHARMM-GUI [28] webserver was used to
build the simulation system with the Charmm-36 [29] force field being used for describ-
ing the motions of the protein atoms. Each of the protein-ligand systems was solvated in a
rectangular simulation box of dimensions 90 A, 80 A, and 65 A and charges neutralized by
adding Na™ and CI~ ions by Monte Carlo [28] ion placing method. Energy minimization
was performed using a steepest descent algorithm [30] for 10,000 steps with the LINCS
[31] algorithm being used for constraining bonds with hydrogen. Later the energy mini-
mized system was equilibrated in a two-step process, first in a canonical ensemble for 100
ps with Nose-Hoover temperature coupling to bring the system temperature to desired tem-
perature of 310.15 K, followed by an NPT equilibration step for 500 ps using Parrinello-
Rahman pressure coupling [32], with the pressure maintained at 1 atm. The Newtonian
equations of motion were integrated by the leapfrog algorithm [33], and production simu-
lations were performed under NPT conditions for 100 ns, with the columbic interactions
being calculated using the particle-mesh Ewald [34] method and Lennard-Jones interac-
tions calculated with a 1.2 A cutoff.

@ Springer


http://www.swissadme.ch/
http://way2drug.com/PassOnline/

Applied Biochemistry and Biotechnology

Results and Discussion

Estimating the physicochemical characteristics and bioavailability of effective lead compounds
has been crucial in the outcome, and identification of new chemical compounds as unique and
possible leads to the target. Computational chemistry and biology, molecular modelling, virtual
screening, and MD simulations play a crucial role in understanding biological roles and struc-
ture-based drug discovery. These all play essential roles in the search for new and promising
lead molecules for protein targets linked to human diseases [35]. The large-scale virtual screen-
ing’s efficiency, on the other hand, is mainly dependent on determining a precise target, selecting
appropriate chemical compound databases, and critically assessing the pharmacokinetic profiles
of lead compounds. The identification of various small chemical inhibitors of SARS-CoV Mpro
was made possible by a thorough understanding of the strong similarities in amino acid sequence
and structure between SARS-CoV and SARS-CoV-2 Mpro.

Target Protein Retrieval from Databases and Its Preparation

SARS CoV-2 Mpro is a multifunctional protein involved in viral RNA transcription and
replication, which function as proteinases that cleave the polyprotein, Replicase polypro-
tein lab. It was chosen as a candidate protein for a purpose. Using the RCSB Protein Data
Bank (PDB ID: 6L.U7), the protein sequence was obtained in FASTA format [17].

Rao and colleagues developed N3, a Michael inhibitor that effectively reduced the prote-
olytic and catalytic activity of SARS CoV-1 Mpro and MERS CoV Mpro in 2005 [17, 36].
Using experimental experiments, they established that N3 reduces the enzymatic activity
of SARS CoV-2 Mpro via a two-step irreversible inactivation process. The protein was
prepared using BIOVIA Discovery studio’s “Prepare protein” methodology. At physiologi-
cal pH 7.4, heteroatoms and water molecules were removed from the crystal structure, and
polar hydrogens were added. Prediction of binding sites of protein was made by CASTp,
based on current Computational Geometry theoretical and algorithmic discoveries. It has
several advantages: (1) The bulk solvent-pocket demarcation is specifically defined, (2) all
derived parameters were rotationally isotropic and do not require modelling or the use of
dot surfaces or grid points, and (3) all derived parameters were circumferentially invari-
ant yet do not require discretization or the use of dot substrate surface or grid points. The
identification of a Mpro binding site in the chain, denoted by residue, was validated by a
literature review and CASTp: “Thr**, Thr®, Leu®’, His*!, Cys*, Thr®>, Ser*®, Met*, Pro>,
Ser'®, Phe!®?, Leu'!, Asn'®2, Gly'®3, Ser!*, Cys!%S, His!®*, His!®3, Met'®, Glu'®®, His!"2,
Phe'®!, GIn'®®, Thr'®°, and GIn'**” [37].

Docking Analysis

The molecular docking methodology was confirmed virtually by docking the inhibitor
ligand N3 into a binding pocket predicted from the target protein Mpro’s crystal struc-
ture. The result displays various types of ligand-receptor interaction together with their
respective binding energy (Kcal/mol). The lowest binding energy or highest docking
score selected for further evaluation was the best and most stable binding mode. Table 1
shows all bioactive compounds, along with their PubChem compound ID, molecular
formula, and receptor molecule docking score (Kcal/mol). The docking score of all the
selected lead compounds ranges from —6.4 to —8.6 kcal/mol. The docking score is high-
est (lowest binding energy) of usnic acid (—8.6), followed by fumarprotrocetraric acid
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(—8.3) and norstictic acid (—8.3), and so on. The comparison of the docking score of all
the selected lead compounds with that of remdesivir showed a docking score of —8.0.
So, by taking the minimum threshold (—8.0 Kcal/mol) value into consideration for fur-
ther studies, selection was made on the basis of docking scores of the compounds above
—8.0 Kcal/mol. In comparison to the remdesivir, the reference molecule, many of the
screened hits had reduced and significantly enhanced binding energy against Mpro, the
target protein. According to the molecular docking findings, the screened compounds
could work the same way as the reference molecule. These compounds may cause con-
formational changes in the receptor protein Mpro, inhibiting its function as proteases
and limiting viral propagation into the cell protoplasm.

Drug Likeness, Pharmacokinetic, and Oral Toxicity Evaluations

Understanding a compound’s pharmacokinetic behavior and toxicity is critical for
determining whether or not it is suitable for human administration. Drug-likeness

Table 1 Molecular docking between Mpro and screened compounds: a summary

SIno Common hit compounds Molecular formula PubChem compound ID  Binding
energy (kcal/
mol)

1 1,7-Dihydroxy-3-methylxanthone C,,H,,O, 9,991,950 =7.0

2 Atranorin C,oH,404 68,066 -7.4

3 Barbatic acid C,9H,,0, 167,666 =13

4 Brassicasterol CyH,60 5,281,327 =73

5 Chloroatranorin C,4H;,ClOg 68,065 =72

6 Cryptostictinolide C;oH;604 23,634,471 -8.0

7 Emodin C;5H,(05 3220 =7.1

8 Ergosterol CysHy,O 444,679 =73

9 Evernic acid C;7H60; 10,829 -7.0

10 Fumarprotocetraric acid C,H, (0, 5,317,419 -83

11 Gyrophoric acid CyH,,0,¢ 135,728 -8.0

12 Lobaric acid C,5H,504 73,157 —6.4

13 Lutein C4Hs60, 5,281,243 -7.0

14 Norstictic acid CgH,0q 5,379,540 -8.3

15 Parietin C,6H ;505 10,639 =72

16 Protocetraric acid Ci5H 404 5,489,486 =73

17 Pulvinic acid CsH;,05 54,682,513 -7.4

18 Ramalic acid CsH ;504 5,320,886 -7.1

19 Salazinic acid CsH,040 5,320,418 -8.1

20 Stictic acid CoH 40y 73,677 -8.2

21 Sekikaic acid C,,H,04 12,315,460 -6.7

22 Thamnolic acid CoH 40y, 4,316,933 —6.6

23 Thiophanic acid C,,Hq,CL,0 325,789 =74

24 Usnic acid CsH,604 5646 -8.6

25 Variolaric acid Ci6H 004 12,444,681 -8.0

26 Vulpinic acid CoH ;405 54,690,323 -7.1

27 Remdesivir C,,H;35N;OgP 121,304,016 -8.0
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studies also help to understand drug behavior [38]. Pharmacokinetic properties were
obtained from the SwissADME online server, and Osiris software was used to retrieve
various toxicological data for lead compounds. The drug likeness was determined
using the Lipinski rule of five, which is an empirical thumb method for determining
drug likeness. According to the rule of Lipinski’s ROS5, most “drug-like” molecules
contain a number of hydrogen bond donors: 5, number of hydrogen bond acceptors:
10, LogP 5, and molecular weight: 500.

Among 26 selected compounds, only eight compounds (cryptostictinolide, fuma-
rprotrocetraric acid, gyrophoric acid, salazinic acid, stictic acid, norstictic acid,
usnic acid, and variolaric acid) showed binding energy of more than —8.0 kcal/
mol and were subjected to the ADMET analysis (Table 2). All the above-men-
tioned compounds follow Lipinski’s rule except fumarprotrocetraric, which has
12 hydrogen bond donors and violates Lipinski’s rule no 2. The molecular weight
of each compound is less than 500. As a result, their internal mobility, diffusion,
and absorption may be enhanced. All of the compounds had a TPSA value of less
than 200 (220-182), suggesting high bioavailability. The topological polar surface
area (TPSA) and atom molar refractivity (AMR) values were higher in all of the
compounds. Among all selected compounds, the greatest AMR value (119.19) was
found in gyrophoric acid, whereas the highest TPSA value was found in fumarpro-
trocetraric acid (193.96). The essential features of TPSA and AMR are associated
with drug absorption, transport, and penetration mechanisms [39].

All compounds show a good bioavailability score with a value of 0.55 or 0.56,
but fumarprotocetraric acid and gyrophoric acid show a bioavailability score of 0.11,
respectively. The solubility of a molecule facilitates drug development activities such
as designing and formulation [40]. Gastrointestinal absorption of cryptostictinolide,
norstictic acid, usnic acid, and variolaric acid was high. In the case of fumarprotoce-
traric acid, gyrophoric acid, and salazinic acid, gastrointestinal absorption was low.
All the screened compounds do not show any blood-brain barrier permeability, and
there are no PAINS alerts for any of the selected compounds. The penetration of sub-
stances through the blood-brain barrier (BBB) reveals their ability to pass the BBB.
Fumarprotrocetraric acid was found with one violation of Lipinski’s rule; we have
eliminated that compound from further studies.

All the seven screened compounds which did not violate any Lipinski rule were
subjected to their toxicity prediction through Osiris software. The toxicity risk predic-
tor looks for fragments in a molecule that could indicate toxicity. These alerts suggest
that the depicted structure may be hazardous to the given risk category. The results
clearly reveal that all compounds except stictic acid, norstictic acid, and salazinic acid
would be safe and expected to show no toxicity regarding mutagenicity, tumorigenic-
ity, irritation, and effect on the reproductive system. According to the data shown in
Table 3, the following are the toxic effects of the above-mentioned compounds: stic-
tic acid (highly toxic-reproductive), norstictic acid (highly toxic-reproductive), and
salazinic acid (highly toxic-reproductive). Simultaneously, most of the compounds
performed well in screening, with the best drug score values (DS =0.36-0.46), com-
pared to the other compounds in Table 3 with lower values. In this step, we have
eliminated those compounds which were showing carcinogenic behavior, such as
norstictic acid, stictic acid, and salazinic acid. It reveals that the compounds chosen
have the optimum pharmacokinetic qualities needed to develop promising and effec-
tive options for inhibiting SARS CoV-2 main protease.
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Structural Analysis and Visualization

The analysis of docked protein-ligand complexes of screened hits with the Mpro,
as well as the interacting residues accommodated in the binding pocket, is shown
in Fig. 2. PyMOL and BIOVIA Discovery Studio 2019 were used to visualize the
3D interactions of the protein-ligand complex (docked structure). PyMOL was
used to determine the amino acid residues of the Mpro proteins that bind ligands
and the docked poses of the screened compounds with Mpro. Those compounds
with the lowest binding energy, which follows all of the Lipinski rules and do not
have any carcinogenic properties, were investigated further to determine interac-
tion residues of the target protein. Lists of the four selected bioactive compounds
along with their 2-dimensional structure, total no of hydrogen bonds, total num-
ber of polar contacts, the probable receptor protein-interacting amino acid residue
along with their bond length, residue with hydrophobic interaction, and the infor-
mation regarding the docking results are provided in Table 4. Usnic acid (dock
score —8.6 kcal/mol) was the most stable ligand-protein interaction with the best
and highest docking score (Fig. 3). It has six polar contacts with the target protein
Mpro’s Gly'**(2.07), Ser!*4(2.580), Met!%(2.99), Glu'%¥(2.8), Glu'®®(2.43), and
Arg'88(2.52) residues. All of the ligands’ binding residues were compared to the
recognized drug remdesivir. Remdesivir interacts with the following amino acid
residues: Gly143, Ser!'#, Cysl45, Met*, Glu'%®, His*', and Met!®. It was observed
that screened bioactive compounds interact effectively with various amino acid res-
idues in Mpro domains I and II. The 2-dimensional and 3-dimensional diagrams of
docked protein-ligand structure were generated by using BIOVIA Discovery Stu-
dio (Fig. 4). The “display 2D diagram” revealed amino acid residues implicated in
critical interactions and other key contacts that bind the ligand within the active
crevice.

A) (B)

Fig.2 SARS-CoV-2 Mpro’s main binding cavity. A The superimposed structures of docked protein-ligand
complexes of screened hits with the Mpro, as well as the interacting residues accommodated in the binding
pocket are shown. B Amino acid residues that interact with the Ligands and the type of interaction; amino
acids were represented by a three-letter code with the specified position. a Mpro-variolaric acid, b Mpro-
gyrophoric acid, ¢ Mpro-usnic acid, d Mpro-remdesivir
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Table 4 After the virtual screening, 2D structure details between the molecular target (Mpro) and top hits
were revealed

f
No of h Nd:()o ho
Common hit . . hydrog Interacting amino acid 4 . P
2-dimensional structure . bic
compounds en residue (bond length) . .
interactio
bonds
n
Cryptostictinoli ’ Gly143(2.05), Eel;ii;’
P p 4 Ser144(2.27), gis "
g Met165(3.64) metd9
Thr26(2.24),
7 Thr125(2.03),
T /dk Asn142(2.46), Met49,
Gyrophoric acid - /éiL o Asnl42(2.48), Metl65,
/@i& Glu166(2.60), His4l,
; GIn189(2.98), lys145
Thr190(2.73)
o ) Ser144(2.62), Cys Met165,
. 145(2.68) His41
Variolaric acid oH °
Gly143(2.07),
8 Ser144(2.580Met165(2.9
° 9,
Usnic acid Ho o 6 Met165
Glul68(2.8),
beo 4 Glul68(2.43),
© Argl88(2.52)

NN Gly143(3.06), Ser 144 .
IS T His41
Remdesivir %\ I 5 (3.42), Cys1452.72), MZ49’
i %AC Cys145(3.39), ’

Glu166(3.35) Met165

The H-bond forming residues were outlined, whereas the others are hydrophobic bond forming residues

PASS Prediction for Antiviral Activity

Through the online PASS version, biological activity spectra of selected lead compounds
were procured. All the predictions were analyzed, interpreted, and used in a flexible man-
ner, as shown in Table 5. All four secondary metabolites show antiviral activity against the
HIV virus and herpes virus. Gyrophoric acid and variolaric acid show antiviral activity

@ Springer



Applied Biochemistry and Biotechnology

Fig.3 SARS-CoV-2 Mpro’s main binding cavity. A The structures of docked protein-ligand complex
of usnic acid with the Mpro, as well as the interacting residue accommodated in the binding pocket, are
shown. B Amino acid residues that interact with usnic acid and the type of interaction are highlighted along
with amino acids represented by a three-letter code with the specified position

against the picornavirus as well as rhinovirus. Including the above two compounds, usnic
acid also showed antiviral activity against rhinovirus and influenza virus [41, 42]. Tra-
choma virus was inhibited by cryptostictinolide and gyrophoric acid. Cryptostictinolide
and variolaric acid show antiviral activity against the hepatitis B virus. The probability of
activity is more significant than the probability of inactivity against the virus in all com-
pounds (Table 5).

Molecular Dynamics Simulation

The molecular dynamics (MD) simulation for a time period of 100 ns was performed using
GROMACS 2020 with Charmm-36 force field to better understand the conformational
changes and stability of the protein-ligand complexes of the four hits that were identified.
The top scoring docking pose of usnic acid, gyrophoric acid, variolaric acid, as well as the
conventional inhibitor remdesivir, in complex with Mpro, was used for MD system prepara-
tion. After completion of the simulation, the trajectory was analyzed for root mean square
deviation (RMSD), root mean square fluctuation (RMSF), the radius of gyration (Rgyr),
number of hydrogen bonds, and solvent accessible surface area (SASA). To analyze the
structure’s flexibility during the simulation, we calculated the root mean square fluctuation
(RMSF) of individual amino acid residues in the protein. The RMSD value denotes the aver-
age variance between the atoms of the trajectory frames; the lower the RMSD, the closer
and more stable the two structures are. Because Mpro-Cryptostictinolide formed an unstable
complex during MD, it was dropped out for further analysis. As indicated by the RMSD val-
ues, the ligand-protein complexes remained constant throughout the simulation time.

The results from the analysis of MD trajectory are shown in Fig. 5. The stability
and quality of the system can be correlated to the structure’s deviation from its origi-
nal coordinates over simulation time. Using the rmsd tool in GROMACS, the RMSD
plot for the protein, Mpro-usnic acid, Mpro-gyrophoric acid, Mpro-variolaric acid, and
the standard inhibitor Mpro-Remdesivir was obtained. As shown in Fig. 5A, the RMSD
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His41

Interactions

[ conventional Hydrogen Bond 1 A
(d) [ Cerbon tvarogen Bond [ prawn
-

Fig.4 Biovia discovery studio was used to construct two-dimensional and three-dimensional diagrams
of docked protein-ligand complexes. a Mpro-variolaric acid, b Mpro-gyrophoric acid, ¢ Mpro-usnic
acid, d Mpro-remdesivir

value for Mpro was 0.1 nm, in the beginning of MD simulation and later got stabilized
(RMSD for protein and ligand was between 0.1 and 0.45 nm) during the simulation time
interval, with little fluctuation. The RMSD values for usnic acid was stable in the range

@ Springer



Applied Biochemistry and Biotechnology

Table 5 Prediction of antiviral activity of screened compounds by PASS online

Antiviral activity predic-  Cryptostictinolide =~ Gyrophoric acid Variolaric acid Usnic acid
tion by PASS online - -

Pa Pi Pa Pi Pa Pi Pa Pi
Antiviral (Rhinovirus) - - 0.128 0.128 0.289 0.277 0.364 0.138
Antiviral (Picornavirus) - - 0.340 0.170 0.186 0.182 - -
Antiviral (Trachoma) 0.082 0.069 0.090 0.056 - - - -
Antiviral (HIV) 0.318 0.007 0.165 0.051 0.222 0.022 0.097 0.042
Antiviral (Herpes virus) 0.393 0.038 0.322 0.076 - - - -
Antiviral (Hepatitis B) 0.278 0.040 - - 0.309 0.031 - -

Mpro-Usnic acid
Mpro-Gyrophoric acid
Mpro-Variolaric acid
o
Mpro-Remdesivir E A
(=]
Z
=
=
& . L .
o 50 100
Time (ns)
0.5 T
0.4
\P”‘VJ ""’W“f’” e oo
E o3 B
(=
a
é 0.2
Aol A g e
LAl ot ot Itk Ariedn g ".JL.‘T_,*
50 100
Time (ns)
T T T
E

P I I I I I
(@)

L
o 100 200 300
Residue

Fig.5 Molecular dynamics trajectory analysis of protein (Mpro) and protein-ligand complexes. A Protein
RMSD, B Ligand RMSD, C RMSF

of 0.1 to 0.15 nm, for gyrophoric acid was in the range of 0.12 to 0.26 nm, and for vari-
olaric acid was in the range of 0 to 0.1 nm indicating a stable binding of these ligands
with the binding pocket of Mpro. Moreover, the RMSD value of remdesivir was in the
range of 0.2 to 0.45 nm indicating a stable complex.

Further, root mean square fluctuation (RMSF) analysis was carried out in order to
properly assess the dynamic behavior of the amino acid residues and the flexibility of
the protein structure during the interaction phase of the simulation [43]. As demon-
strated in Fig. 5C, the RMSF value of the protein complexes was within the range of 0.1
to 1 nm; the terminal part of the protein ligand complex showed higher RMSF value as
compared to the rest of protein indicating the stability of the complexes.
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Hydrogen bonding is a major protein ligand interaction involved in stabilizing a com-
plex. We calculated average number of hydrogen bonds occurring throughout the simu-
lation period using H-bond utility in GROMACS with a cutoff value of 0.35 nm. As
shown in the Fig. 6A, the majority of the hydrogen bonds obtained in the crystal struc-
ture were retained throughout the 100-ns simulation. However, Mpro-gyrophoric acid
complex showed major fluctuation in hydrogen bond number (6 to 4), and the minimum
fluctuation in hydrogen bond number was observed in Mpro-usnic acid complex (0 to 2)
throughout the 100-ns simulation.

Furthermore, we analyzed the solvent-accessible surface area (SASA), which deter-
mines the surface area of a biomolecule that is accessible by a solvent (biofluids) and
aids in determining the stability of the protein’s hydrophobic core. These hydropho-
bic interactions are important indications of protein tertiary structure compactness
[43]. The SASA profile of each protein complex was shown to be comparable with its
radius of gyration, as a slight drop in the SASA profile represents a relative expansion
of the protein surface area, resulting in a more variable radius of gyration. For protein
complexes (Fig. 6B), the values ranged from 140 to 155 nm? matching the complex

L g Mpro-Usnic acid
e Mpro-Gyrophoric acid
s M pro-Variolaric acid

s Mpro-Remdesivir

Number

150

Area (nm?)

140 - L . L - !

2.4

2.3

Rog(nm)

2.2

21

o

20 40 60 80 100

Time (ns)

Fig. 6 Molecular dynamics trajectory analysis of protein (Mpro) and protein-ligand complexes. A Protein-
ligand hydrogen bonds, B protein SASA, C protein radius of gyration
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system’s simulation time period (100 ns). The results were consistent with the SASA
profiles being reproduced with relatively minimal variances.

GROMACS was also used to estimate the complex’s radius of gyration (RoG), as shown
in Fig. 6C, in order to better comprehend the compactness and overall dimensions of the
protein structure. For the first run, the RoG values for the protein-ligand complexes were
consistent with the RMSD values, as well as steady and low, ranging between 2.2 and
2.35 nm. The results indicate that the RoG values were constant, with only minor varia-
tions within an acceptable range. Overall, it can be inferred that protein complexation with
hit compounds enhances the Mpro structure’s compactness/rigidity, resulting in higher
overall stability. The Mpro-usnic acid and Mpro-variolaric acid complexes seemed to have
lower RMSD values, minimum fluctuation in RMSF values, a good number of hydrogen
bonds, and low Rog (nm), indicating that they were forming a highly stable complex. Tak-
ing all of the findings into account, it is obvious that ligand interaction did not cause any
conformational changes in Mpro’s active site. As a result, these predicted compounds may
be able to limit Mpro’s catalytic activity.

Conclusions

Due to extensive outbreaks and a lack of therapy, COVID-19 has become a global problem.
Certain investigations indicating antiviral treatment strategies are in the works to combat
the life-threatening CoV infection. For the identification of new hit compounds as pos-
sible inhibitors for Mpro, a COVID-19 protein, several computational approaches were
used, such as virtual screening, drug-likeness analysis, toxicity prediction, and molecular
dynamics simulation (MDS). For this study, we screened an extensive library of lichen
metabolites. A total of 26 selected compounds were chosen as lead drugs targeting Mpro
based on molecular docking as well as binding affinity. The results indicated that all the top
hits were binding to a similar cavity and interacted with residues like His*!, Glym, Ser'#,
Cys'®, Met'®, and Glu'® of the main protease. The “H” atom of the phenolic hydroxyl
groups of the usnic acid has shown H-bond interaction with the Arg'®® and Glu'®® resi-
dues. The = electrons of the dimethyldibenzofuran-1,3-dione group made pi-pi interaction
with Met'® residue and conventional hydrogen bond interaction with Gly'** and Ser'*
residues of Mpro protein. Only seven compounds that obeyed Lipinski’s RO5 as well as
PAINS filter using comprehensive pharmacokinetic drug-likeness analysis have been found
. Four non-toxic compounds were predicted by the toxicity analysis because they showed
no mutagenicity, carcinogenicity, or other consequences and had improved binding affinity
toward Mpro. Finally, it has been found that usnic acid, along with three screened com-
pounds, has the most stable Mpro binding affinities based on MD simulation. Usnic acid
appears to be the most stable and efficient against SARS-CoV-2 Mpro among all screened
compounds. These findings showed that these potent lichen bioactive compounds might be
considered new lead compounds for the fast development of COVID-19 therapeutic drugs.
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