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Abstract

The novel coronavirus disease (COVID-19) has spread throughout the globe, affecting millions of people. The World Health
Organization (WHO) has declared this infectious disease a pandemic. At present, several clinical trials are going on to
identify possible drugs for treating this infection. SARS-CoV-2 MP™ is one of the most critical drug targets for the blockage
of viral replication. The aim of this study was to identify potential natural anthraquinones that could bind to the active site
of SARS-CoV-2 main protease and stop the viral replication. Blind molecular docking studies of 13 anthraquinones and
one control drug (Boceprevir) with SARS-CoV-2 MP™ were carried out using the SwissDOCK server, and alterporriol-Q
that showed the highest binding affinity towards MP™ were subjected to molecular dynamics simulation studies. This study
indicated that several antiviral anthraquinones could prove to be effective inhibitors for SARS-CoV-2 MP™ of COVID-19 as
they bind near the active site having the catalytic dyad, HIS41 and CYS145 through non-covalent forces. The anthraquinones
showed less inhibitory potential as compared to the FDA-approved drug, boceprevir. Among the anthraquinones studied,
alterporriol-Q was found to be the most potent inhibitor of SARS-CoV-2 MP™. Further, MD simulation studies for MP™-
alterporriol-Q system suggested that alterporriol-Q does not alter the structure of MP™ to a significant extent. Considering
the impact of COVID-19, identification of alternate compounds like alterporriol-Q that could inhibit the viral infection will
help in accelerating the process of drug discovery.
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Abbreviations Introduction

CoV Coronavirus

COVID-19 Coronavirus Disease 2019 December 2019 saw the emergence of an array of severe

SARS-CoV-2 Severe Acute Respiratory Syndrome pneumonia cases caused by a coronavirus (CoV) in
Coronavirus 2 Wuhan, China (Huang et al. 2020). CoV is an envel-

LY L Main Protease oped positive-stranded RNA virus, portrayed by club-like

MD Molecular Dynamics spikes on their surface and belongs to the group Corno-

RMSD Root Mean Square Deviation naviridae of the Nidovirales order (Fehr and Perlman

RMSF Root Mean Square Fluctuation 2015). The genomic sequencing of the 2019 CoV showed

Rg Radius of Gyration that it 96.2% alike to a bat coronavirus and shares 79.5%

sequence similarity to SARS-CoV (Dai et al. 2020).
Hence the International Committee on Taxonomy of
Viruses named this novel coronavirus as severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), and
the associated pneumonia was named as COVID-19 on
11th of February, 2020 by the World Health Organiza-
tion (WHO). The pandemic has spread to more than 210
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on 18th May, 2021 (https://www.who.int/publications/).
As COVID-19 is new to the immune system of humans,
people throughout the globe are at risk of becoming sick
on exposure to SARS-CoV-2 (Rahimi and Talebi Bezmin
Abadi 2020). Therefore, considering the global threat
due to this viral infection, several clinically effective vac-
cine have been made to treat COVID-19, and altogether
more than 300 vaccine projects are going on (Forni et al.
2021). Prophylactic vaccines are the only way to suc-
cessfully contain and eradicate pandemic viruses, but the
development of vaccines is time consuming as compared
to the conventional medicines (Calina et al. 2020). More-
over, risk factors of COVID-19 vaccine efficacy particu-
lar to the elder people and children cannot be ignored
(Calina et al. 2020; Miiller et al. 2021; Ryzhikov et al.
2021). Antivirals have the potential to minimise the mor-
bidity and mortality associated with viral infections, thus
global preparedness programmes that enhance our ability
to produce or repurpose existing antivirals are critical.
Several drugs such as hydroxychloroquine (Gautret et al.
2020), remdesivir, chloroquine (Wang et al. 2020), favi-
piravir (Cai et al. 2020; Khambholja and Asudani 2020),
ivermectin (Caly et al. 2020), and several other small
molecules (Fu et al. 2020; Ghosh et al. 2021) have been
found to inhibit the viral disease. SARS-CoV-2 contains
the 3C-like protease (3CLP™), also known as the main
protease (MP™), which consists of a catalytic domain
(highly conserved) from the SARS virus and is essential
for controlling several CoV functions (Hall and Ji 2020).
One vital function is the replication of the virus, making
it one of the best-characterized target for drug develop-
ment (Adeola Falade et al. 2021), hence targeting the
MP™ would prevent the virus from building its proteins
(Baildya et al. 2020).

SARS-CoV-2 MP™ (Fig. 1) is a three-domain (I to III)
cysteine protease and is a homodimer. The domain I (8-101)
and II (102-184) consists of B-barrels mostly, and IIT (201-
306) is made up of mainly of a-helices (Khan et al. 2020).
The structure consists of a conserved non-canonical HIS41-
CYS145 dyad located within the cleft between domains I
and II (Dai et al. 2020). Moreover, it has been reported that
[LEU-GLN| (SER, ALA, GLY)] ({: cleavage site) is the
cleavage site in MP™ (Borkotoky et al. 2021). No human
protease has been found to have such cleavage selectivity,
and these functional characteristics make MP™ an appeal-
ing target for drug development investigations (Ullrich
and Nitsche 2020). Targeting the substrate binding site of
MP™ that harbors the catalytic dyad formed by HIS41 and
CYS145 has been the protocol for screening of molecules

! World Health Organization (2021) onward (continuously updated).
WHO Coronavirus Disease (COVID-19) Dashboard [online]. https://
www.who.int/publications/m/item/weekly-epidemiological-update-
on-covid-19%2D%2D-18-may-2021 [accessed 18 May 2021]

@ Springer

Fig. 1 Native crystal structure of main protease of SARS-CoV-2
(PDB ID: 6y84) highlighting the conserved catalytic dyad, HIS41 and
CYS145 as green and cyan spheres, respectively

for the inhibition of SARS-CoV-2 (Gil et al. 2020; Borko-
toky et al. 2021). The physicochemical properties of SARS-
CoV-2 MP™ as obtained from the ExXPASy ProtParam tool
(https://web.expasy.org/protparam/), listed in Table S1 indi-
cate that MP™ has a molecular weight of 33,796.64 Da, with
a GRAVY score of —0.019 and instability index of 27.65,
suggesting that the protease is stable. Furthermore, the total
number of positively (ARG +LYS) and negatively (ASP +
GLU) charged amino acid residues were observed to be 22
and 26, respectively, which indicates that it is hydrophilic in
nature capable of forming hydrogen bonds (Tahir ul Qamar
et al. 2020).

Natural-source compounds are progressively becom-
ing important therapeutic and pharmacological agents in
drug discovery and development (Atanasov et al. 2021).
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They have minimal sid-effects when administered, a unique
method of action, and a high level of chemical diversity,
which improves their therapeutic interaction with a wide
range of biological targets as compared to synthetic medica-
tions. Hence, here in this study anthraquinones that occur
naturally were screened for the their inhibitory potential
towards SARS-CoV-2 infection. Natural anthraquinones
are a class of aromatic compounds having low toxicity
and high bioactivity (Chien et al. 2015; Malik and Miiller
2016). One of the important properties of anthraquinones
is based on their antiviral activity (Barnard et al. 1992;
Cohen et al. 1996), which is needed in the current context
of the COVID-19 pandemic to be analyzed for their inhibi-
tory potential against the SARS-CoV-2 infection. Here, in
this report, we have analyzed the inhibitory potentials of
13 naturally occurring anthraquinones such as emodin, aloe
emodin, chrysophanic acid, tetrahydroaltersolanol C, aloin
A and B, rhein, rubiadin, alterporriol Q, damnacanthal,
hypericin, pseudohypericin and isopseudohypericin against
SARS-CoV-2 MP™ through blind molecular docking analy-
sis and compared their results with a FDA approved drug,
boceprevir, that has been shown to target MP™ and effica-
ciously inhibit SARS-CoV-2 (Fu et al. 2020). The other
antiviral drugs such as remdesivir, favipiravir, and sofos-
buvir targets RNA-dependent RNA polymerase (RdRp) of
SARS-CoV-2 (Allen et al. 2020; Jacome et al. 2020; Kokic
et al. 2021). Hence, boceprevir was chosen as the control
since it targets MP which falls in line with our objective of
MP™ targeting anthraquionones. Boceprevir is a drug used to
treat the Hepatitis C virus (HCV) (Behmard and Barzegari
2020). It is highly selective against the HCV serine protease
and has shown potential in the blockage of viral replication,
thus inhibiting the life cycle of HCV in vitro and in vivo
(Ascione 2012).

The antiviral activities of the above mentioned natural
anthraquinones along with their sources are listed in Table S2.
It is to be noted that isopseudohypericin has not been reported
for its antiviral property till date, but as Hypericum perfora-
tum extract has antiviral effects (Chen et al. 2019), and isop-
seudohypericin is isolated from H. perforatum, therefore, it
might have an antiviral effect; hence we studied its binding
efficacy with SARS-CoV-2 MP™. This work concentrates on
recognizing natural anthraquinones compounds with a par-
ticular objective to accelerate the process of identifying spe-
cific/alternate drugs for COVID-19 treatment.

Methodology
Geometry optimization of the compounds

The 3D coordinates of the compounds, boceprevir, emodin,
aloe emodin, chrysophanic acid, tetrahydroaltersolanol C,

aloin A and B, rhein, rubiadin, alterporriol Q, damnacan-
thal, hypericin, pseudohypericin and isopseudohypericin
were downloaded as a .mol file from ChemSpider (www.
chemspider.com) and geometry optimized further using
the Parametric Method 3 (PM3) in ArgusLab (Bitencourt-
Ferreira and de Azevedo 2019; Das et al. 2020b). The opti-
mized structures of boceprevir and the natural anthraqui-
nones are depicted in Fig. S1. The ChemSpider ID of the
compounds is listed in Table S2. The logP values were
obtained from SwissADME analysis (Daina et al. 2017).

Molecular docking analyses and visualization

The blind molecular docking method has become an
increasingly essential technique for drug discovery and
understanding protein-ligand interactions. The blind dock-
ing procedures carry out an unbiased search over the entire
surface of the protein/enzyme to identify binding sites.
Hence, blind molecular docking studies of several natu-
ral antiviral anthraquinones were carried out with SARS-
CoV-2 MP™ and their results were compared with that of
boceprevir.

The 3D crystal structure of SARS-CoV-2 MP™ (PDB
ID. 6Y84) was downloaded from Protein Data Bank (PDB)
(Owen et al. 2020). A molecular docking study on a single
chain was carried out by removing the water molecules
from the PBD using PyMOL (Yuan et al. 2017). The final
PDB file of MP™ and optimized ligands using ArgusLab
were directly fed into an online docking server, SwissDock
(http://www.swissdock.ch/docking). SwissDock incorpo-
rates an automated in silico molecular docking procedure
based on EADock DSS docking algorithm, which utilizes
the CHARMM (Chemistry at HARvard Macromolecular
Mechanics) forcefield (Grosdidier et al. 2011). According
to SwissDock, the minimum energy docked conformers are
ranked in terms of their fullfitness score. According to a
report on EADock (Grosdidier et al. 2007), ‘the fullfitness
of a cluster is calculated by averaging the 30% most favora-
ble effective energies of its elements, in order to limit the
risk of a few complexes penalizing the whole cluster’. The
docked pose that has the least fullfitness score is used for
further analysis. The molecular visualization were carried
out using UCFS Chimera (Pettersen et al. 2004), PyMOL,
and the 2D interaction plots were created using Discovery
Studio Visualizer.” The online server available at http://cib.
cf.ocha.ac.jp/bitool/ASA/ was used to calculate the changes
in the accessible surface area (AASA) of the MP™ protease
on interactions with the compounds.

2 Dassault Systemes BIOVIA, Discovery Studio Visualizer, Release
2019, San Diego: Dassault Systemes, 2019.

@ Springer


http://www.chemspider.com
http://www.chemspider.com
http://www.swissdock.ch/docking
http://cib.cf.ocha.ac.jp/bitool/ASA/
http://cib.cf.ocha.ac.jp/bitool/ASA/

1124 Biologia (2022) 77:1121-1134

Table 1 Physicochemical properties and toxicity prediction of boceprevir and the natural anthraquinones

Compound (s) M.W* (Da) HBA® HBD® Drug likeliness (Lipinski) ~Reproduc- ~ Tumourigenic ~ Irritant —Mutagenic
tive effective
Boceprevir 519.68 5 4 No, 1 violations N H H N
Emodin 270.23 5 3 Yes, 0 violation H H H H
Aloe-emodin 270.23 5 3 Yes, 0 violation N N H H
Chrysophanic acid 254.23 4 2 Yes, 0 violation N N H H
Tetrahydroaltersolanol C ~ 308.32 6 4 Yes, 0 violation N N N N
Aloin A 418.39 9 7 Yes; 1 violation N N N N
Aloin B 418.39 9 7 Yes; 1 violation N N N N
Rhein 284.22 6 3 Yes, 0 violation N N H N
Rubiadin 254.23 4 2 Yes, 0 violation N N H L
Alterporriol Q 566.51 10 4 Yes; 1 violation N N H N
Damnacanthal 282.24 5 1 Yes, 0 violation N N H N
Hypericin 504.44 8 6 No, 2 violations N H N L
Pseudohypericin 520.44 9 7 No, 2 violations N H N L
Isopseudohypericin 520.44 9 6 No, 2 violations N H N L

a: Molecular weight, b: Hydrogen bond acceptor, c: Hydrogen bond donor, H: High, N: None, L: Low

Molecular dynamics simulation

GROMACS 2018.2 was used for the molecular dynamics
study of the following three complex system: (i) alterpor-
riol Q with MP™, (ii) only MP™, and (iii) only alterporriol
Q. Each complex was prepared in an aqueous medium.
Charm 36-mar2019 force field was used in alterporriol Q
with MP™ and only alterporriol Q system. At the same time,
OPLS-AA force field was used for the MP™ protein sys-
tem. For the generation of ligand topology, we have used
the CGenFF server (Vanommeslaeghe et al. 2010), and for
only alterporriol Q system SwissParam (Zoete et al. 2011)
server was used. To neutralize the system, 4 Na' were
added. All three systems were equilibrated at the same
condition where we had done the energy minimization,
then followed with the NVT and NPT equilibration pro-
cess. During the NVT equilibration, systems were assigned
isothermal-isobaric, and in NPT, the system was assembled
into the isothermal-isobaric condition. All the system was
equilibrated for 100 ps in NVT and NPT equilibration pro-
cess. The temperature and pressure of the system were con-
trolled through the Nosé-Hoover thermostat (Hoover 1985)
and Parrinello-Rahman barostat (Parrinello and Rahman
1981), respectively. Finally, molecular dynamics simula-
tions were run for 100 ns, and all trajectories were saved at
each 10 ps under periodic boundary condition (PBC). The
Binding free energy of the complex was calculated through
the g_mmpbsa (Kumari et al. 2014) module in each 1 ns of
formed trajectories after the molecular dynamic simulation
of the complex.

@ Springer

Results and discussion
Toxicity prediction of the natural anthraquinones

Drug discovery and drug development is a risky and time-
consuming process. Paul et al. (Paul et al. 2010) estimated
that the rate of drug attrition is about 96%, while the aver-
age cost during the 2000s -early 2010s to develop a new
drug amounts to 2.6 billion U.S. dollars (http://phrma-docs.
phrma.org/sites/default/files/pdf/biopharmaceutical-indus
try-profile.pdf). The high attrition rate is attributed to drug
safety, which corresponds to about 30% of the drug fail-
ures (Giri and Bader 2015). The first step of drug safety
assessment involves only the knowledge about the toxicity
of a compound (Yang et al. 2018). Therefore, the toxicity
prediction and drug likeliness of the natural anthraquinones
using DataWarrior (Sander et al. 2015) and SwissADME are
listed in Table 1. It could be observed that the control drug,
boceprevir has tumourigenic and irritation effects, whereas
most of the anthraquinones have comparatively lesser toxic
effects. Among the 13 anthraquinones, tetrahydroalter-
solanol C, aloin A, and aloin B have none of the four effects,
whereas rhein, rubiadin, alterporriol Q and damnacanthal is
predicted to have only irritant effect.

Molecular docking analysis
The fullfitness score, the free energy of binding, and the

logP values of the control drug, boceprevir, and that of the
13 natural anthraquinones have been listed in Table 2. The
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Table 2 Obtained parameters of the compounds corresponding to the
minimum docked poses of boceprevir and the respective anthraqui-
nones with SARS-CoV-2 MP™

S. No. Compound(s) Fullfitness Estimated logP
score (kcal/  AG (kcal/
mol) mol)
1 Boceprevir -975.90 —8.66 1.33
2 Emodin —1245.82 -6.90 1.89
3 Aloe-emodin —1231.69 -7.12 1.21
4 Chrysophanic acid —1230.25 —6.83 2.18
5 Tetrahydroaltersolanol — —1226.14 -7.38 0.44
C
6 Aloin A —1147.83 =775 -1.04
7 Aloin B —1144.11 -7.64 —-1.04
8 Rhein —1235.99 -7.00 1.57
9 Rubiadin —1233.93 —6.64 2.18
10 Alterporriol Q —1175.10 —8.48 3.70
11 Damnacanthal —1209.40 -7.16 1.99
12 Hypericin —1145.42 —7.18 5.39
13 Pseudohypericin —1143.87 —7.26 4.42
14 Isopseudohypericin —-1171.30 —7.23 4.73

(a) Boceprevir
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[] carbon Hydrogen Bond

[ Pi-sulfur
[ i-Pi Stacked

:I Pi-Donor Hydrogen Bond

binding affinity of each anthraquinone towards SARS-CoV-2
MP™ was discussed based on the estimated AG value (Ulloa-
Guerrero et al. 2018; Kumar et al. 2020). From this Table 2,
it could be observed that the estimated AG is higher for
boceprevir (—8.66 kcal/mol) as compared to all the anth-
raquinones, which means that the inhibitory potency of these
anthraquinones is lesser than that of the control drug. But
alterporriol Q (—8.48 kcal/mol) has a very close AG value to
that of boceprevir, while others have energies between 6.64-
7.75 kecal/mol. The logP values listed in Table 2 measures
the molecular hydrophobicity or lipophilicity of a particular
compound. High logP values show poor absorption or low
permeability, whereas low logP values indicate increased
absorption and permeability. A logP value greater than 5
indicates a high hydrophobic character of a compound (Ditz-
inger et al. 2019). Here, the logP values of most of the anth-
raquinones are less than 5, excluding only hypericin. The
logP values are essential for the understanding of how the
compounds may penetrate cell membranes. Unfortunately,
a relationship between the estimated binding energy and the
logP values could not be obtained here.
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Fig.2 Docked poses of (a) boceprevir, (b) emodin, (¢) rhein, and (d) chrysophanic acid within the active site of SARS-CoV-2 MP™ along with

their corresponding 2D interaction plots

@ Springer



1126

Biologia (2022) 77:1121-1134

(a) Aloe emodin
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Fig.3 Docked poses of (a) aloe emodin, (b) aloin A (¢) aloin B, and (d) rubiadin within the active site of SARS-CoV-2 MP™ along with their

corresponding 2D interaction plots

The minimum energy docked poses and the 2D interac-
tion plots of the compounds within the substrate-binding
site of SARS-CoV-2 MP™ are depicted in Figs. 2, 3, 4 and
5. The nearby residues interacting with the compounds
through non-covalent forces, except the van der Waals forces
of attraction (shown in the 2D interaction plots) are also
listed in Table 3. It could be observed from Figs. 2, 3, 4 and
5 that boceprevir and all the natural anthraquinones could
bind to the active site of SARS-CoV-2 MP™ which is lined
up by residues such as THR25, THR26, HIS41, MET49,
GLY 143, CYS145, GLU166, PRO168, etc. The significance
of the two catalytic residues HIS41 and CYS 145, and other
residues like GLY 143, CYS145, HIS163, HIS164, GLU166,
PRO168, and GLN189 was indicated in a recent study by
Zhang et al. (2020) (Zhang et al. 2020) for the design of
a-ketoamide inhibitors for SARS-CoV-2 MP™. Similarly, the
significance of these residues for the design and synthesis of
antiviral compounds as inhibitors of SARS-CoV-2 MP™ was
also demonstrated by Dai et al. (Dai et al. 2020). Therefore,
the natural anthraquinones studied here could inhibit the
viral disease by binding to the active site of MP™.

@ Springer

The compounds stabilize within the active site of MP™
by different non-covalent forces such as hydrogen-bonding,
n-alkyl, m-sigma, n-x stacked interactions, and others as
shown in the 2D interaction plots of Figs. 2, 3, 4 and 5.
The stability of ligand within the binding site of a macro-
molecule is related mainly to the hydrogen bonding inter-
actions formed between the two counterparts (Chen et al.
2016; Szefler 2019). Boceprevir forms two hydrogen bonds
(H-bonds) with SER46 (3.62 A) and GLU166 (4.34 A), and
is surrounded by residues such as HIS41, CYS145, HIS164,
and GLU166 (Fig. 2a), which is similar to that reported in
the crystal structure of MP™ complexed with boceprevir (Fu
et al. 2020).

Among the anthraquinones from Rhubarb, emodin
(Fig. 2b) forms H-bonds with THR25 (3.81 10\) and GLY 143
(3.63 A), rhein forms H-bonds with THR25 (3.65 A),
GLY 143 (3.73 A) and GLU166 (3.97 A) (Fig. 2¢), while
chrysophanic acid interacts with GLY 143 through H-bonds
at a distance of 3.61 A (Fig. 2d). For the anthraquinones
from aloe, aloe emodin forms H-bonds with PHE140 and
GLY143 (3.57 A) as depicted in Fig. 3a, aloin A forms two
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(a) Tetrahydroaltersolanol C (b) Alterporriol Q
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Fig. 4 Docked poses of (a) tetrahydroaltersolanol C, (b) alterporriol Q, and (¢) damnacanthal within the active site of SARS-CoV-2 MP™ along
with their corresponding 2D interaction plots

(a) Hypericin (b) Pseudohypericin
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Fig. 5 Docked poses of (a) hypericin, (b) pseudohypericin, and (c) isopseudohypericin within the active site of SARS-CoV-2 MP™ along with
their corresponding 2D interaction plots
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Table 3 The residues

Interacting residues in the active site of SARS-CoV-2 MP™

. o . Compound(s)
surrounding the binding site of
boceprevir and anthraquinone Boceprevir
compounds within the active
site of SARS-CoV-2 MP™ .
Emodin

Aloe-emodin
Chrysophanic acid
Tetrahydroaltersolanol C
Aloin A

Aloin B

Rhein

Rubiadin
Alterporriol Q
Damnacanthal
Hypericin
Pseudohypericin

Isopseudohypericin

THR2S5, LEU27, HIS41, CYS44, SER46, MET49, ASN142, CYS145,
HIS163, HIS164, GLU166, GLN189

THR25, HIS41, GLY 143, CYS145, HIS163

HIS41, PHE140, ASN142, GLY 143, CYS145, HIS163
HIS41, SER46, GLY 143, CYS145, HIS163

HIS41, CYS44, LEU141, CYS145

CYS145, GLU166, PRO168, ARG188, GLN189, THR190
ASN142, CYS145, MET165

THR25, ASN142, GLY 143, CYS145, GLU166

HIS41, THR45, SER46, MET49

THR2S5, HIS41, ASN142, GLY143, CYS145, HIS163, MET165, GLU166

THR25, CYS44, GLY 143, CYS145

HIS41, THR45, MET49, CYS145

HIS41, MET49, GLY 143, CYS145, GLN189
HIS41, MET49, MET165, GLU166

H-bonds with GLN189 at a distance of 3.89 and 3.76 A, one
each with CYS145 (4.95 A) and GLU166 (5.05 A) as shown
in Fig. 3b, while aloin B forms two H-bonds with ASN142
(Fig. 3c¢).

Rubiadin, an anthraquinone from Rubia Cordifolia, forms
H-bonds with HIS41 (3.14 A) and SER46 (3.69 A) as can
be seen from Fig. 3d. Anthraquinones from Alternaria sp.
fungus, tetrahydroaltersolanol C (Fig. 4a) interacts with
CYS44 (4.09 A) and CYS145 (3.74 A) through H-bonds,
while alterporriol Q (Fig. 4b) forms H-bonds with ASN142
(3.66 A), GLY 143 (4.22 A) and GLU166 (4.08 A). Dam-
nacanthal, an anthraquinone of Noni, forms H-bond with
GLY143 (3.77 A), as seen from Fig. 4c.

The anthraquinones (Fig. 5a—c) of H. perforatum,
hypericin forms two H-bonds with GLU166 at a distance of
4.87 and 4.83 A, pseudohypericin interacts with GLY 143
(3.69 A) and GLN189 (3.55 A) residues through H-bonds,
while isopseudohypericin forms two H-bonds with GLU166
at a distance of 4.13 and 4.24 A. Besides the H-bonds, the
conformational energy of the interactions are minimized
through other non-covalent forces such as n-sigma, n-n
stacked, amide-n, m-alkyl, n-sulphur and van der Waals
forces as shown in the 2D interactions plots of the docked
poses of Figs. 2, 3, 4 and 5 (Arthur and Uzairu 2019).

Herein, the blind molecular docking studies of the natu-
ral anthraquinones with MP™ indicated that they possess
inhibitory potential towards SARS-CoV-2, as they can bind
to the substrate-binding site of SARS-CoV-2 MP™ which
is essential for inhibiting the viral replication (Zhang et al.
2020). This substrate binding site of MP™ is lined up by resi-
dues such as HIS41, MET49, GLY 143, CYS145, HIS163,
HIS164, GLU166, PRO168, and GLN189. As HIS41 and
CYS145 are the two important catalytic residues, therefore
the distance of the compounds from these two residues,

@ Springer

along with the change in accessible area of the residues,
are listed in Table 4. In terms of the estimated free energy
of binding (AG) values, the control (boceprevir) has the
highest affinity (—8.66 kcal/mol) to function as a potential
inhibitor for SARS-CoV-2 MP™, which indeed supports the
promising role of boceprevir as a potential anti- COVID-19
drug. Although, the none of the anthraquinones could cross
that of the boceprevir inhibitory potential, but among the
anthraquinones the inhibitory potential follows the following
order alterporriol Q (—8.48 kcal/mol) > aloin A (—7.75 kcal/
mol) > aloin B (—7.64 kcal/mol) > tetrahydroaltersolanol
C (-7.38 kcal/mol) > pseudohypericin (—7.26 kcal/

Table4 Changes in accessible surface area and distance of
boceprevir and the anthraquinones from the catalytic dyad (HIS41
and CYS145) of SARS-CoV-2 MP™

Compound(s) Distance (A) AASA (A2
HIS41 CYS145 HIS41 CYS145

Boceprevir 4.54 6.29 21.09 21.44
Emodin 4.17 5.41 21.09 21.88
Chrysophanic acid 4.08 5.39 21.09 21.88
Aloe-emodin 4.07 5.35 21.09 21.88
Aloin A 2.61 4.95 12.81 15.68
Aloin B 3.89 3.67 19.27 17.85
Rhein 4.25 6.15 21.09 21.88
Rubiadin 3.14 5.06 19.73 7.17
Tetrahydroaltersolanol C  8.01 3.63 21.09 21.88
Alterporriol Q 4.07 5.85 21.09 21.88
Damnacanthal 4.26 6.50 21.09 21.88
Hypericin 3.65 5.54 20.30 17.54
Pseudohypericin 7.43 8.19 17.91 17.84
Isopseudohypericin 4.79 3.35 20.52 20.33
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Fig.6 Panel (a) represents the dynamics of the ligand within the active site of SARS-CoV-2 MP™ at different time intervals, and panel (b) indi-
cates the corresponding surrounding residues near the binding site of the ligand at different time intervals

mol) > isopseudohypericin (—7.23 kcal/mol) > hypericin
(=7.18 kcal/mol) > damnacanthal (—7.16 kcal/mol) > aloe
emodin (—7.12 kcal/mol) > rhein (—7.00 kcal/ mol) > emo-
din (—6.90 kcal/mol) > chrysophanic acid (—6.83 kcal/
mol) > rubiadin (—6.64 kcal/mol).

Molecular dynamics (MD) simulation studies

From the docking results, alterporriol Q was found to pos-
sess the best binding affinity towards the MP™. Hence, the
complex of alterporriol Q with MP™ (6y84) was subjected to
100 ns of MD simulation. The dynamics and stability of the
complex was assessed through root mean square deviation
(RMSD), root mean square fluctuation (RMSF), and radius
of gyration (R,) and compared with the native MP™ and the
native ligand (Das et al. 2019).

The dynamics of alterporriol Q (at different time inter-
vals) within the 3D matrix of MP™ could be observed from
Fig. 6a, which suggests that the ligand optimizes its posi-
tion and resides approximately within the active site as the
simulation period increases. This could be further substanti-
ated from Fig. 6b, which shows the participation of differ-
ent amino acid residues within the alterporriol Q binding
site, common among them being THR25, HIS41, SER46,
MET49, CYS145, GLN189, and others. The different kinds
of non-covalent interactions between alterporriol Q and the

active site residues of SARS-CoV-2 MP™ at 0 ns, 50 ns and
100 ns of simulation time are depicted in Fig. S2.

The RMSD value is a measure of the comprehensive sta-
bility of the protein complex in terms of determining the
deviation from its initial structure (Das et al. 2020a). Smaller
deviations in the RMSD values indicate that the protein is
more stable. To gauge the structural and conformational sta-
bility of SARS-CoV-2 MP™ and its complex with alterpor-
riol Q, the difference between the backbone atoms of MP™
from its initial to final conformation was monitored through
the RMSD analysis. The time evolutions of RMSDs of the
complexed MP™ and alterporriol Q are depictesd in Fig. 7a
and b along with RMSDs of the native forms of MP™ and
alterporriol Q. From Fig. 7a, it could be observed that the
RMSD of the native MP™ increases at around 30 ns and then
maintains its stability throughout the simulation period. This
observation correlates well with that observed for boceprevir
binding to MP™ (Borkotoky et al. 2021), indicating that alter-
porriol Q also has similar effect on the structure of MP™ as
does boceprevir.

Similarly, in the presence of alterporriol Q (black curve)
the variation in the RMSD value follows a similar trend
except for some variations at around 70 ns-80 ns after which
it again stabilizes and follows a similar pattern as that of the
native MP™. Hence, it could be inferred that the ligand does
not alter the stability of the SARS-CoV-2 MP™ significantly.
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Fig.7 RMSD plot of (a) MP™ in (a) (b) 2.4
its free and ligand bound forms, Eree Mpro Free Alterporriol Q
(b) alterporriol Q in free and 0.4 Complex 20 Complex
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Figure 7b depicts the variation in the RMSD of alterpor-
0.8- Free Mere riol Q in the free (red curve) and MP™ bound (black curve)
Complex states throughout the simulation period. It is apparent that
the RMSD of alterporriol Q increases in the complex form in
—_ 0.6+ comparison to the native form, but the variations are smooth
E and remain steady throughout the simulation time.
w The RMSF is a measure of the deviations of a particle
E from its original position and serves as a crucial struc-
tural parameter for identifying the flexible regions within
the protein structure, which in turn provides an idea about
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the conformational flexibility of the protein residues. From
Fig. 8, for free MP™, fluctuations were observed in all three
domains, the highest being in domain III (201-303). It is
evident that the MP™ complexed with alterporriol Q (black
line) showed fluctuations in most regions as compared to
the free MP™ but are in minimal order which is suggestive
of no major alteration between the initial and final struc-
tures. Moreover, the catalytic dyad consisting of HIS41 and

(b)
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Fig.9 R, plot of (a) MP in its free and ligand bound forms, (b) alterporriol Q in free and MP™ bound forms as a function of time
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Table 5 Contribution of each energy element (in kJ mol™') for the
interaction of SARS-CoV-2 MP™ with alterporriol Q

SASA
energy

Polar solva-
tion energy

Electrostatic
energy

van der Waal
energy

Binding
energy

-91.672 —19.118 74.994 -10.971 —46.767

GLY143 GLN189
MET165

-2.04 LEU27 CYS145

SER46

Contribution Energy (kJ mol™)

MET49

-4.0 T T T T T T
0 50 100 150 200 250 300

Residue Number

Fig. 10 Contribution energy per amino acid residue of SARS-CoV-2
MP™ upon interaction with alterporriol Q

CYS145 remained stable during the course of simulation.
The reported RMSF analysis of boceprevir binding of MP™
follows a similar trend (Borkotoky et al. 2021).

Next, to acquire a comparable structural envelope, the
variation in the radius of gyration (R,) was monitored for
100 ns of simulation. The radius of gyration (R,) offers
an idea about the level of compactness in the structure of
macromolecules upon interaction with ligands (Das et al.
2018). Loosely packed or unfolded protein is characterized
by a relatively high value, whereas a more compact and
folded protein has a lower R, value. From Fig. 9a, it could
be observed that MP™ has a Rg value of around 2.22 nm,
which upon complexation with alterporriol Q shows a slight/
negligible increase which indicates that the ligand does not
alter the structure of the protein significantly. Hence, it could
be inferred that alterporriol Q maintained the compactness
of MP™ throughout the simulation time, and the system is
well converged. The variation in the R, of alterporriol Q
in the free and MP™ bound state is also shown in Fig. 9D, it
could be seen that the R, value of alterporriol Q decreases
significantly when bound to MP™, suggesting the increase in
the compactness of the ligand in the protease environment.

The free energy calculations for the binding of alterpor-
riol Q with SARS-CoV-2 MP™ using Molecular Mechan-
ics-Poisson—-Boltzmann Solvent-Accessible surface area
(MMPBSA) method (Kollman et al. 2000). The calculated

binding energy for the complex system was found out to
be —46.76 kI mol~', which indicates that the alterporriol
Q-MP™ complex was stable. Further from Table 3, it is evi-
dent that the major favorable contributors towards binding
energy was van der Waals energy followed by electrostatic
energy, while the polar solvation energy contributed unfa-
vorably towards the binding of alterporriol Q with MP™. To
further delve into key residues involved in the complexation
process, the binding free energy was split into energy contri-
bution from each individual residue (Fig. 10).

From the plot it could be observed that the binding site
residues such as LEU27, HIS41, SER46, MET49, GLY 143,
CYS145, HIS164, MET165 and GLN189 participated
actively in the complexation process. The energy contri-
bution per residue profile indicated that most of the resi-
dues have negative binding energy (these residues played
a major role in stabilizing the complex), whereas few resi-
dues had a positive affinity. The residues like MET49 with
—3.53 kJ mol~! and LEU27 with —1.76 kJ mol~! energy
had the highest binding energy among all the residues.
Boceprevir-MP™ system also has similar energy contribution
from HIS41, MET49, CY 145 and GLN189, therefore the
alterporriol Q-MP™ system correlates well with the control
drug boceprevir (Borkotoky et al. 2021).

Since 1972 onwards, the world has seen the emergence of
more than 50 new viruses, which been recognized as etio-
logic agents of human diseases (Bryan-Marrugo et al. 2015).
Antiviral drug development is a complex and time-consum-
ing phenomenon. Thus the evolution of new viruses calls for
the development and usage of efficient strategies to synthe-
size or identify already known antiviral drugs that limit the
spread or treat the virus. Over the years, since the discovery
of idoxuridine (IDU) in 1959 (Bryan-Marrugo et al. 2015),
several antivirals that affect the viruses life cycle have been
determined, which lead to a number of antiviral protocols
being proposed that includes targeting intracellular signal
transduction pathways or inhibiting the viral replication
(Bryan-Marrugo et al. 2015). While a variety of antivirals
have been reported, when subjected to selective antiviral
therapy, only very few molecules have proved to be safe and
effective. In the current context, the repurposing of licensed
FDA drugs or the use of compounds from natural sources is
a key concept due to its economic viability and ease of avail-
ability in terms of research and development of new drugs,
particularly at this junction where the COVID-19 pandemic
is posing as a global threat. In addition to the FDA-approved
drug, boceprevir here we observed that the anthraquinones,
particularly alterporriol Q possess significant inhibitory
potential towards SARS-CoV-2 MP™. Naturally occurring
anthraquinones have low toxicity and different biological
activities (Chien et al. 2015; Islam et al. 2015). Therefore,
these observations indicate promising potential for the use
of natural anthraquinones for the treatment of COVID-19.
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Conclusion

Blind molecular docking has been used for studying the inhibi-
tory potentials of natural anthraquinones against SARS-CoV-2
MP™ of COVID-19. Around 13 hit natural anthraquinones
reported here to have potential inhibitory effects against the
SARS-CoV-2 main protease. Out of the 13 anthraquinones,
the compound having the highest binding affinity was further
subjected to MD simulation studies. This study provides a
foundation for computational drug discovery of new natural
compounds to treat and reduce the transmission COVID-19.
It was observed that the anthraquinones could bind to the
substrate-binding site of SARS-CoV-2 MP™ through differ-
ent non-covalent forces. Although the inhibitory potential of
the natural anthraquinones was found to be lesser than that of
boceprevir in terms of the estimated AG value, alterporriol
Q could be the most potent inhibitor of SARS-CoV-2 MP™
among the natural anthraquinones studied here, as its AG
value differed from that of boceprevir by 0.18 kcal/ mol. Then,
the MD simulations studies for the interaction of alterporriol
Q with SARS-CoV-2 MP™ depicted that the ligand had no sig-
nificant impact on the structure of MP™, and it remains within
the active site throughout the simulation period. Further, the
contribution energy per residue suggested that MET49 and
LEU27 played a major role in stabilizing the complex formed.
This study leads to the possibility of natural anthraquinones
being used as a treatment for COVID-19, but as this study
has been carried out using a computational method, detailed
in vivo and in vitro experiments are required to be carried out
to gauge the applicability and toxicity of these anthraquinones.
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