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Abstract: Without effective antivirals, the COVID-19 pandemic will likely continue to substantially
affect public health. Medicinal plants and phytochemicals are attractive therapeutic options, particu-
larly those targeting viral proteins essential for replication cycle. Herein, a total 179 phytochemicals
of licorice (Glycyrrhiza glabra) were screened and scrutinized against the SARS-CoV-2 main protease
(MP™) with considerable binding affinities in the range of —9.831 to —2.710 kcal/mol. The top
10 compounds with the best docking scores, licuraside, glucoliquiritin apioside, 7,3’-Dihydroxy-5'-
methoxyisoflavone, licuroside, kanzonol R, neoisoliquiritin, licochalcone-A, formononetin, isomu-
cronulatol, and licoricone, were redocked using AutoDock Vina, yielding —8.7 to —7.3 kcal/mol
binding energy against Glycyrrhizin (—8.0 kcal/mol) as a reference ligand. Four compounds, licura-
side, glucoliquiritin apioside, 7,3'-Dihydroxy-5'-methoxyisoflavone, and licuroside, with glycyrrhizin
(reference ligand) were considered for the 100 ns MD simulation and post-simulation analysis which
support the stability of docked bioactive compounds with viral protein. In vitro studies demonstrated
robust anti-SARS-CoV-2 activity of licorice and glycyrrhizin under different treatment protocols
(simulations treatment with viral infection, post-infection treatment, and pre-treatment), suggesting
multiple mechanisms for action. Although both compounds inhibited SARS-CoV-2 replication, the
half-maximal inhibitory concentration (IC50) of glycyrrhizin was substantially lower than licorice.
This study supports proceeding with in vivo experimentation and clinical trials and highlights
licorice and glycyrrhizin as potential therapeutics for COVID-19.

Keywords: COVID-19; SARS-CoV-2; licorice; glycyrrhizic acid; antiviral activity; Saudi Arabia

1. Introduction

The new Coronavirus Disease 2019 (COVID-19) has become a heath nuisance all over
the world due to a lack of specific and potent medication [1-3]. Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2), the causative agent of the COVID-19 pandemic,
can transmit from one infected person to another through aerosols [4]. SARS-CoV-2
infections have passed around 252 million confirmed cases and around five million deaths
worldwide as of 12 November 2021, with no promising solution looming around to break
the chain of the viral infection [5]. Researchers are trying to find out the solution for this
problem using a drug repurposing approach. Remdesivir, ivermectin, hydroxychloroquine,
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and doxycycline in combination with other drugs are the most popular repurposed drugs
which are being used to treat COVID-19 patients [6-9]. Further, researchers put tremendous
effort to find new potential molecules which can independently block or interfere with
viral replication in infected hosts [10].

Understanding the viral genome structure and replication cycle are key for identifying
novel therapeutic potentials. The genomic constituent of SARS-CoV-2 is about 30 kb in size,
which is translated into a polyprotein and further processed into non-structural, structural,
and accessory proteins [11,12]. These proteins are responsible for the formation of new
virus particles inside a host cell [12]. The non-structural proteins of SARS-CoV-2 have been
recognized as potential drug-targets due to their significant role in viral genome processing
and assembly [13]. The main protease (MP™), a non-structural protein of SARS-CoV-2, is a
highly conserved and key target protein for antiviral drug discovery against COVID-19
due to its significant role in viral polyprotein processing [14]. Several crystallographic
structures of SARS-CoV-2 MP™ have been solved and deposited in protein databank by
different research groups [15-18]. Various natural compounds inhibiting SARS-CoV-2
MPT have been reported in many research articles through in silico approaches, but their
antiviral activity in vitro or in vivo were unreported.

Medicinal plants contain natural compounds with a wide range of diversity of chemi-
cal structures, thus there is a high probability of finding new lead molecules against various
infections and diseases. Glycyrrhiza glabra (licorice) is one among those plants, which
is well known for its potential antiviral activity against several DNA and RNA viruses
(e.g., hepatitis viruses, herpes viruses, and pathogenic coronaviruses [19-23]). The antiviral
role of licorice relies mainly on the inhibition of viral attachment on target cells either
by binding to the viral glycoproteins or blocking the cellular receptors [21]. Evidence
of licorice-induced antioxidative and anti-inflammatory activity during viral infections
has also been demonstrated [21]. During the current COVID-19 era, glycyrrhizin (the
active compound of licorice) has been used as a therapeutic option in China [24]. The anti-
SARS-CoV-2 role of glycyrrhizin was linked to inhibitory activity against the viral spike (S)
protein, which is key for viral uptake [25]. However, the antiviral role of Glycyrrhiza glabra
(licorice) against other SARS-CoV-2 is not well characterized. Hence, this study aimed to
identify the natural compounds in licorice with considerable potential to treat COVID-19
infection via targeting SARS-CoV-2 MP™. In this context, receptor-based drug discovery
methods, including virtual screening, molecular docking, molecular dynamics (MD) simu-
lation, and end point binding free energy approaches, were used to assess the therapeutic
potential of the phytochemical compounds of licorice against SARS-CoV-2 by targeting its
MPT protein. The in vitro anti-SARS-CoV-2 activity of licorice was also evaluated.

2. Results and Discussion
2.1. Virtual Screening and Re-Docking

Screening of natural compounds against a particular disease target may explore
the possibility of new effective inhibitors with higher binding affinity and low toxicity.
Virtual screening (VS) is computational technique, which is used for this application to
save time and repetition of unnecessary experiments. In the present study, a total of
179 phytochemicals of licorice were screened against the SARS-CoV-2 MP™, and the result
revealed the binding affinities of all the generated ligand poses in the range of —9.831 to
—2.710 kcal/mol (Supplementary Table S1). The best poses of the top 10 compounds (licura-
side, glucoliquiritin apioside, 7,3 —Dihydroxy-S’ -methoxyisoflavone, licuroside, kanzonol
R, neoisoliquiritin, licochalcone-A, formononetin, isomucronulatol, and licoricone) were
selected for re-docking studies. Further, the best re-docked poses of the top 10 compounds
were considered for molecular interaction analysis with the target protein.

Various types of interactions, such as non-covalent interactions, electrostatic interac-
tions, van der Waals interactions, salt bridges, hydrogen bonding, and metal interactions,
are known to contribute a key role in the construction and stability of protein-ligand com-
plexes. Remarkably, hydrogen bonding was reported to mediate ligand binding with the
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receptor and fundamentally contribute to the physiochemical properties of the molecules,
which are essentially required for the drug development of lead compounds.

Receptor residues and contact types involved in the molecular interaction with the top
10 compounds are given in Table 1. Interaction results revealed that the substrate binding
residues of the receptor molecule were found to be involved in molecular contacts with the
ligand molecules, as shown in Figure 1. The molecular interaction between SARS-CoV-2
MP™ and reference molecule (glycyrrhizin) is shown in Supplementary Figure S1 and
interacting residues and contact type are given in Table 1. All the re-docked compounds
were showing the molecular hydrogen bonding with most of the substrate binding residues
of the target protein. Licuraside formed hydrogen bonds with one of the catalytic dyad
residues (Cys145) and other important substrate binding residues. Glucoliquiritin apioside
and kanzonol formed hydrogen bonds with another catalytic dyad residue (Hie41), while
neoisoliquiritin formed hydrogen bonds with both the catalytic dyad residues and Gly143.
No catalytic dyad residue was found to be involved in hydrogen bonding with the reference
ligand. The top four compounds showed good binding affinity when compared to the
reference molecule; hence, these four compounds were selected for further analysis using
MD simulations and free binding energy calculations.

Table 1. Intermolecular interactions of selected docked compounds and reference ligand in the catalytic pocket of SARS-

CoV-2 MP™,
Compound Docking -7 . . .. .
S. No. Name Score H-Bond Stacking Hydrophobic Polar Negative Positive  Glycine
Thr24, Thr25,
Thr26, Ser46
Cys145, Leul4l, . A ;
Hiel64, Phel40, Ala173, TUSH THS163,
Phe140, Alal94, Ala191, GIn189, Asp187
1 Licuraside -87 Cys145, - Pro168, Leul67, Thr190. Glpl 66 Arg188 Gly143
Gly143, Val186, Phe185, GIn19?2, u
Thr25 Cys44, Met49, Hi e172/
Met165 Asnl42,
Ser144
Leu50, Met49, Gln192,
Thr190,
Phel40, Leul4l,
N Cys145, Leu27 GInl89,
2 Glucoliquiritin _gg  Asnld - Y Met1es, Hiel6d, AspI87, A 1o188  Glyl43
apioside : Hie41 Phelss Valige ~ His163 Hiedl,  Glul66 8 y
’ ’ Thr25, Ser144,
Leul67, Pro168, Asnl4?
Ala191 S
Hiel72
Iy _ Met49, Tyr54,
s 73 Dl};,y droxy s GIn189, B Phelg5, Vallss, Hisdl, GIn189,  Aspl87,  , oo _
- : GIn192 Ala194, Pro168, GIn192 Glul66 &
methoxyisoflavone Leul67, Met165
Ala194, Vall186, N
: . Phe185, Met49, GIn192, sp187,
4 Licuroside —-8.1 GIn189 - Tyr54, Met165, GIn189, Hisd1 Cluléé Argl188 -
Leul67, Pro168
Met165, His41, Hiel72,
Leul67,Prol68, GIn189,
5 Kanzonol R -75 His41 - Alald4, Alal9l, Thr190, Glulé6  Arglss -
Val186, Phel85 GIn192 g
Alal73, Met49, Hiel64,
Cys145 His163
Thr25, His41,
Phe185, Vall186, GIn189,
Met49, Ala191, Thr190,
His41, Ala194, Pro168, GIn192, Aspl87
6 Neoisoliquiritin —8.7 Cysl145, - Leul67, Alal73, Hiel72, Glp 16 6, Argl188 Gly143
Gly143 Metl165, Hiel64, 1
Phel40, Leul41, His163,
Cys145 Asn142,

Ser144
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S. No. Colr\l;frt:;nd Dgg,(rigg H-Bond S t:ci?n g Hydrophobic Polar Negative Positive  Glycine
Met165, .
Leu167, Prol68, hses,
. Alal94, Ala193, /
7 Licochalcone-A  —80  HHel6h g Ala1or Mewto,  GIn1o2 ASPIBT, Argiss -
GIn192 Thr190, Glulé6
Pro52, Phel85, GIn189, His4l
Tyr54, Cys145, et
Phel40
Tyrdd, Metd9, - 141 Gin192
Ala191, Pr0168, Th,r190 4 Aspl87,
8 Formononetin -7.3 GIn192 - Leul6?, GIn189 Glpl 6 6, Argl188 -
Met165, Val186, Hioled u
Phel85
Alal91, Val186,
Phel85, Metd9, Ginls2, Aspl8y
9 Isomucronulatol —8.0 GIn192 - Tyr54, Cys145, GIn189 Hi,s 41 Glﬁl 6 6’ Arg188 -
Met165, S ’
Leul67, Prol68 Hisl64
Asnl142,
Cys145, Leul4l, Hiel72,
Phel40, His163, Aspl87
10 Licoricone —74 Phel40 Hie41 Met165, Vall86, Hiel64, Glpl 6 6’ Argl88 -
Met49, Pro52, GIn192, u
Tyr54 Thr190,
GIn189, Hie41
Thr24, Thr25
Thr25 Ty
/ Leu27, Cys44, Thr26, His41,
11 Reference 80 2 - Metd9, Leul67,  Thrd5 Serds,  Glul66 - Gly143
p Clvids Pro168, Ala191 Asnl42,
y GIn189
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Figure 1. The 2D interaction poses for the docked poses of SARS-CoV-2 MP™ with selected bioactive
compounds: (a) licuraside, (b) glucoliquiritin apioside, (c) 7,3'-Dihydroxy-5'-methoxyisoflavone,
(d) licuroside, (e) kanzonol R, (f) neoisoliquiritin, (g) licochalcone-A, (h) formononetin, (i) isomu-
cronulatol, and (j) licoricone. Herein, hydrogen bond formation (pink arrows), hydrophobic (green),
polar (blue), red (negative), violet (positive), glycine (grey), and 7-7t stacking (green line), interactions
are also depicted in the respective docked complexes.
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2.2. Molecular Dynamics Simulation Analysis

Molecular dynamics simulation is one of the integral parts of computational aided
drug discovery approaches used to understand the binding stability of docked ligands in
the active pocket of a receptor. In this study, the selected potential bioactive compound
docked poses with SARS-CoV-2 MP™ were evaluated for their stability and intermolecular
interaction formations by comparison to the reference complex via 100 ns MD simulation.
Initially, the last poses from the 100 ns MD simulation trajectories of each complex were
analyzed for the steadiness in the binding pocket of SARS-CoV-2 MP™ against their re-
spective initial poses (Figure 2). Of note, all the selected bioactive compounds: licuraside,
glucoliquiritin apioside, 7,3’-Dihydroxy-5'-methoxyisoflavone, and licuroside, showed
substantial stability in the active pocket of viral protease by comparison to the reference
complex, i.e., SARS-CoV-2 MP™-Glycyrrhizin complex, which showed displacement from
the docked site in the viral protease (Figure 2). Moreover, each extracted last pose from
the 100 ns MD trajectory were also studied for the formation of molecular contacts with
the residues of the SARS-CoV-2 MP™. Interestingly, all the selected bioactive compounds
exhibited considerable interaction with the active residues in the active pocket of viral
protease against the reference complex. Herein, at least one hydrogen bond formation was
noted, in addition to other intermolecular interactions, between the docked bioactive com-
pounds and active residues in the binding pocket of SARS-CoV-2 MP™ (Figure 3; Table 2).
However, no hydrogen bond or other substantial interactions were noted for the reference
complex as its displacement from the active pocket during the 100 ns MD simulation
(Figure 3; Table 2). Thus, selected bioactive compounds were marked as putative inhibitors
of SARS-CoV-2 MP™; hence, respective MD trajectories were analyzed to obtain insights
on docked complex stability via root mean square deviation (RMSD), root mean square
fluctuation (RMSF), and total protein-ligand contact formation during 100 s MD simulation
intervals.

First Pose Last Pose

100 ns
P

100 ns
 —t

100 ns
—

100 ns
—,

100 ns
—

Figure 2. The 3D docked poses of SARS-CoV-2 MP™ bioactive compounds, namely natural products:
(a) licuraside, (b) glucoliquiritin apioside, (c) 7,3'-Dihydroxy-5'-methoxyisoflavone, (d) licuroside,
(e) glycyrrhizin, displaying the change in ligand conformation in the active pocket of SARS-CoV-2
MP during a 100 ns MD simulation interval.



Pharmaceuticals 2021, 14, 1216

6 of 19

HIS
41 \Ho ‘ O OH
VAL O THR
a2 / 169

PRO
o ) e S
45 46 165
N GLN ALA
92 193
/19‘)

Hil
(b) v He 1as
PHE  HIE
wOVAl Vo \es (16
25 42 4, AL Sy
‘i“"s 186 165
OH.
THR PN
a5 HO, é 1
; S .
SER  HOx O i-g},’
46\ on GLN  prO
MET 0 ;189 168
49 °, THR

(c) i a8

GLN
MET 189
His 49 THR

(d)

HO.

GLN 90
ARG 189 U168
167

(e)

Figure 3. The 2D interaction diagram for the last poses of SARS-CoV-2 MP™ docked with bioactive
compounds after MD simulations: (a) licuraside, (b) glucoliquiritin apioside, (c) 7,3’-Dihydroxy-5'-

methoxyisoflavone, (d) licuroside, and (e) glycyrrhizin, extracted from 100 ns MD simulation. Herein,

hydrogen bond formation (pink arrows), hydrophobic (green), polar (blue), red (negative), violet

(positive), glycine (grey), and 7-7t stacking (green line) interactions are also shown in the respective

docked complexes.
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Table 2. Analysis of molecular contacts in the last poses of each protein-ligand complex after MD simulation.
S. No Dru; H-Bond Pi-Pi Hydrophobic Polar Negative Positive Glycine
T 8 Stacking ydrop g y
i o T
His41, Cys44, Met49, Alal91, Glr{1869 ’
1 Licuraside Thr190, - Metl165, ’ - Argl88 -
Thr190,
GIn192 Alal93,
Leul67, Proles  Gn19%
uies, Thr169
Leu27, Val42, Hied1, Thr25,
Cys44, Met49,
Leus0, Cysl4s,  |1e4, Serds,
Glucoliquiritin Hie4l, B 4 ! Hiel64, Glulé6, B
2 apioside Glul66 Pheldd YIS Ginigo, Aspl87 Argl188
! Thr190,
Leul67, GIn192
Prol68, Ala191
His41,
Hiel64,
7,3'-Dihydroxy-5'- Metd9, Met165, 1 160, Glul66,
3 . GIn192 - Leulé67, Argl188 -
methoxyisoflavone GIn189, Asp187
Prol168, Ala191
Thr190,
GIn192
Alal93, Ala191, GIn192,
Prol68, Leul6?, Thr190, Clul66
4 Licuroside GIn192 - Met165, Met49, GIn189, A u 1 87’ Argl88 -
Tyr54, Phel85, His41, °p
Cys145 Hiel64
Ser123,
5 Reference - - Pro122, Tyr118 Ser121, - - -
Asnl119

2.2.1. RMSD and RMSF Analysis

To collect the average displacement in the protein structure and bioactive compound
in each docked complex during the 100 ns MD simulation interval, all the frames of the
MD simulation trajectory were aligned to the initial frame and RMSD value for protein
structure (Cx) and protein fit ligand were calculated (Figure 4). Of note, all the protein
structures in docked complexes with selected bioactive compounds showed acceptable
RMSD values (<2.2 A) by comparison to the reference docked complex (<1.5 A) until the
end of the 100 ns MD simulation (Figure 4). These results suggested the stability of the viral
protein in the docked complexes with selected bioactive compounds during MD simulation
interval. Likewise, computed RMSD values for the protein-fit ligand also showed accept-
able deviations (<4.6 A) during the simulation interval by comparison to the reference
ligand (<13.2 A) until the end of the 100 ns simulation interval. Of note, 7,3'-Dihydroxy-5'-
methoxyisoflavone (<2.1 + 0.6 A) and licuroside (<2.1 + 0.6 A) showed substantial stability
and gained equilibrium state within 10 ns against other selected bioactive compounds, i.e.,
licuraside (<4.6 + 1.1 A) and glucoliquiritin apioside (<3.9 + 1.3 A), and reference complex
(<13.3+22 A), during the 100 ns MD simulation (Figure 4). Furthermore, calculated RMSD
values for the docked protein with bioactive compounds were supported by acceptable
RMSF values (<1.2 A), except in the residues interacting with the docked ligands (<2 A) and
N- and C-terminal of the protein structure (<5.5 A) (Figure 5). Likewise, the docked bioac-
tive compound as the fit ligand on protein structure was also noted for acceptable RMSF
values (<3 A) against the reference ligand (<4 A), except during higher fluctuations (<7 A)
in the atoms contributing intermolecular contact formation with the active residues of the
protein during the MD simulation interval (Figure 5). Collectively, all the selected bioactive
compounds of licuraside, glucoliquiritin apioside, 7,3’-Dihydroxy-5"-methoxyisoflavone,
and licuroside, were marked for substantial stability in the active pocket of viral protease
against the reference compound, i.e., glycyrrhizin.
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Figure 4. RMSD plots for the alpha carbon atoms (blue curves) of SARS-CoV-2 MP™ and protein fit
ligand (red curves) were computed for the docked complexes of SARS-CoV-2 MP™ with selected
compounds: (a) licuraside, (b) glucoliquiritin apioside, (c) 7,3'-Dihydroxy-5'-methoxyisoflavone,
(d) licuroside, and (e) glycyrrhizin, obtained from the 100 ns MD simulation trajectory.
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the docked complexes of SARS-CoV-2 MP™ with docked with natural products with selected compounds: (a,b) licuraside,

(c,d) glucoliquiritin apioside, (e,f) 7,3'-Dihydroxy-5'-methoxyisoflavone, (g h) licuroside, and (i,j) glycyrrhizin, obtained

from the 100 ns MD simulation trajectory, extracted from the 100 ns MD simulation interval.

2.2.2. Protein-Ligand Contact Mapping

In drug design, hydrogen bonding (backbone acceptor; backbone donor; side-chain
acceptor; side-chain donor) has been reported as an essential factor to decipher the
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metabolism, adsorption, and specificity of the drug candidate. Besides this, the sub-
stantial role of non-covalent interactions, including hydrophobic interactions, -Cation;
7i-71; polar or ionic interactions, and the formation of a water-bridge hydrogen bond, were
also elucidated in the establishment of docked protein-ligand poses during the MD sim-
ulation interval. Therefore, intermolecular interactions were extracted for SARS-CoV-2
MP™ with docked with bioactive compounds, namely licuraside, glucoliquiritin apioside,
7,3'-Dihydroxy-5'-methoxyisoflavone, and licuroside, against the reference compound
glycyrrhizin, were mapped from the respective MD simulation trajectory under the default
parameters of the Desmond module (Figure 6).
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Figure 6. Protein-ligand interaction contacts profiling extracted during a 100 ns MD simulation
for SARS-CoV-2 MP™ docked with selected compounds: (a) licuraside, (b) glucoliquiritin apioside,
(c) 7,3'-Dihydroxy-5'-methoxyisoflavone, (d) licuroside, and (e) glycyrrhizin.
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Interestingly, all the docked bioactive compounds and the reference compound in the
active pocket of SARS-CoV-2 MP™ showed substantial molecular contact formation with
active residues, i.e., His41, Cys145, and GIn192, required for catalysis and substrate binding
in the viral protease (Figure 6). Of note, these interacting residues were also noted in the
respective docked complexes (Table 1, Figure 1), indicating the stability of docked ligands in
the active pocket during the simulation interval as also predicted from the last pose analysis
(Figures 2 and 3). Moreover, all the docked compounds exhibited considerable molecular
contact formation during the 100 ns MD simulation interval, including hydrogen bonding,
water bridging, hydrophobic, and ionic interactions, with the essential residues in the
binding pocket of SARS-CoV-2 MP™ (Figure 6) Convincingly, analysis of the protein-ligand
contact mapping advised the significant residence of selected bioactive compounds in the
catalytic pocket of SARS-CoV-2 MP™ by comparison to the reference compound. Hence, the
bioactive compounds from Glycyrrhiza glabra can be marked in the descending order. i.e.,
(a) licuraside, (b) glucoliquiritin apioside, (c) 7,3'-Dihydroxy-5'-methoxyisoflavone, and
(d) licuroside, as potent SARS-CoV-2 MP™ inhibitors based on the number of molecular
contacts formation during the 100 ns MD simulation interval.

2.3. Binding Free Energy Analysis

Computational calculations, such as MD-based MMGBSA methods to calculate the
binding free energy for the protein-ligand complex, have been reported as rapid and cost-
effective approaches to identifying potent inhibitors. Hence, binding free energy of docked
bioactive compounds in the selective pocket of SARS-CoV-2 MP™ (AGg;ingq) were determined
using an MM/GBSA approach [26], implemented in the prime MM/GBSA module of
Schrodinger Suite. Herein, average binding free energy was computed using the extracted
protein-ligand poses from the last 10 ns simulation interval of 100 ns MD simulation
trajectory. Interestingly, all the selected bioactive compounds displayed considerable
binding free energy values, where a maximum and minimum of binding free energy
values were markedly noted for SARS-CoV-2 MP™-Glucoliquiritin —80.0 & 5.60 kcal /mol)
and SARS-CoV-2 MP™-7,3'-Dihydroxy-5'-methoxyisoflavone (—42.73 £ 1.94 kcal/mol)
complexes, respectively. Moreover, the contribution of individual energy components to
the total binding free energy, i.e., AGpind Coulomb, AGBind Covalents AGBind Hbond, AGBind Lipor
AGging Packing AGBingd seifconts AGBind Solv GB- and AGgind vaw, wWere also ComPUted in the
MM /GBSA method (Table 3, Figure 7). Remarkably, AGping coulomb and AGging vaw were
noted for major contributions in favorable binding free energy for the docked compounds
with the viral protease. Furthermore, AGging covalent and AGping solv GB Were observed
for involvement in unfavorable energy, and hence decreased the net binding free energy
values for each docked protein-ligand complex. The observed results were similar to
the recent reported MMGBSA results for SARS-CoV-2 MP™ docked complexes with FDA
drugs, where AGging Coulomp and AGging vqw indicated the highest contribution in the
stability of respective docked complexes [3]. Hence, based on collective data analysis, the
selected bioactive compounds were inferred for significant stability in the active pocket of
SARS-CoV-2 MP™ as projected from molecular docking and MD simulation analysis.

Table 3. Averaged binding free energies (kcal/mol) and energy dissociation components calculated using an MM /GBSA
method for all the selected bioactive compounds and the reference compound docked with SARS-CoV-2 MP™,

Energy (kcal/mol)

SARS-CoV-2 MPr°-

Components SARS-CoV-2 SARS-CoV-2 7 3/ -Dihvdroxv-5'- SARS-CoV-2 SARS-CoV-2
MPr-Licuraside MPr-Glucoliquiritin ’ 4 y MPr-Licuroside, MPr-Glycyrrhizin
Methoxyisoflavone
AGging —58.66 £ 8.09 —80.0 £ 5.60 —42.73 £ 1.94 —42.93 £+ 3.96 —2342 +5.84
AGBind Coulomb —22.44 + 4091 —26.69 £+ 5.40 —13.27 £2.54 —14.78 £2.82 43.97 £15.90
AGgind Covalent 2.86 +£1.93 3.58 £1.10 1.10 +1.13 2.08 £+ 0.83 2.34 £2.26
AGBind Hbond —1.89+£0.39 —1.77 £ 0.59 —0.68 £+ 0.18 —0.62 £ 0.21 —1.57 £1.13

AGind Lipo —15.60 £ 2.20 —20.82 £ 0.67 —8.13 £ 028 —8.02 £ 047 —9.67 £1.52
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Table 3.

Cont.

Components

Energy (kcal/mol)

SARS-CoV-2
MP™.Ljcuraside

SARS-CoV-2
MP*-Glucoliquiritin

SARS-CoV-2 MP™-
7,3’ -Dihydroxy-5'-
Methoxyisoflavone

SARS-CoV-2
MP*.-Licuroside,

SARS-CoV-2
MP*-Glycyrrhizin

AGpind Packing
AGBind SelfCont
AGBind Solv GB
AGBind vdw
Lig Strain Energy

—1.48 £0.30
0+0
25.56 £+ 3.48
—45.66 £ 4.54
444 £1.59

—1.62 £0.33
00
33.06 £ 1.44
—65.81 £ 2.69208
577 £ 2.85

—0.91 £ 0.56
0+0
14.82 4+ 1.69
—35.64 £1.51
2.12 +£0.80

—1.7+1.23
0+0
17.06 &+ 1.59
—36.94 £2.25
2.07 £0.75

0+0
0+0
—35.14 £ 15.36
—23.35£4.22
3.74 £2.04
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Figure 7. Binding free energy calculated for the snap shots for SARS-CoV-2 MP™ complexes with
potential bioactive compounds, i.e., (a) licuraside, (b) glucoliquiritin apioside, (c) 7,3'-Dihydroxy-5'-
methoxyisoflavone, (d) licuroside, and (e) glycyrrhizin, from licorice.
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2.4. Assessment of Licorice and Glycyrrhizin Anti-SARS-CoV-2 Activity In Vitro

Although computational drug design approaches are valuable for the screening of
potential antivirals, laboratory experimentation remains important to validate the findings.
Herein, we have investigated the effects of licorice and glycyrrhizin on the viral-induced
CPE. Moreover, three different treatment protocols have been utilized: (A) simultaneous
addition of virus and compound to the cells, (B) treatment of cells post-viral entry, and
(C) pretreatment of infected cells prior to infection. The range of concentrations utilized
was as follows: licorice between 312.5 and 100 ng/mL and glycyrrhizin between 26.5 ng
and 850 ng/mL. These concentrations were chosen based on data obtained from a cell
cytotoxicity assay (data not shown). At these non-toxic concentrations and under all
three treatment protocols, both licorice and glycyrrhizin substantially inhibited the virus-
induced CPE and PFE. In fact, there was a complete lack of CPE at the highest treatment
concentrations. Moreover, these inhibitory effects appear to occur in dose-dependent
manners (Figure 8). Our in silico work suggested an inhibitory effect of licorice on the viral
MP while others identified an effect on the viral S protein. The inhibitory effects on viral
replication under the three treatment conditions propose more than a single mechanism of
actions. This was supported by the IC50 of each compound under each treatment condition
(Figure 9), with pre-treatment protocols having the lowest IC50 values. Moreover, the IC50
of glycyrrhizin was substantially lower than licorice. This was expected as glycyrrhizin
represents the active compound.

( A) Controls

3 s Licorice Glycyrrhizin
Negative Positive 10,000 ng/mL 850 ng/mL

B |

[

el b 4
(B) Licorice concentration ng/mL
10,000 5000 2500 1250 625
| J [ 1
7| | el k4
- I J r ‘1 1K
é LJ i ~‘ J
E ' ‘ [ [ |
|
(C Glycyrrhizin concentration ng/mL
850 425 212.5 106.25 53.12
| n \ [ N
g ke .‘ ; | J l |
2 1 J i i *
é [ ‘ 58 .
t ) L ’ [ ‘ r ‘L
o = | ' ol

Figure 8. In vitro assessment of licorice and glycyrrhizin antiviral activity against SARS-CoV-2.
Representative images of (A) controls: negative (uninfected cells), positive (infected cells), cytotoxicity
controls (licorice- and glycyrrhizin-treated uninfected cells). (B) Antiviral effects of licorice at a range
of concentrations on SARS-CoV-2 infected cells, and (C) antiviral effects of licorice at a range of
concentrations on SARS-CoV-2 infected cells. Details about treatment protocols (A-C) are found in
Section 3.5.4. (the effect of licorice and glycyrrhizin on viral induced cytopathic effect (CPE) and viral
plaque forming efficiency (PFE)).
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Figure 9. Calculation of the half maximal inhibitory concentration (IC50) of licorice and glycyrrhizin on SARS-CoV-2 plaque
forming efficiency. The IC50, log (IC50), and R squared (R2) for each compound under each treatment protocol are shown.
Details about treatment protocols (A—-C) are found in Section 3.5.4. (the effect of licorice and glycyrrhizin on viral induced
cytopathic effect (CPE) and viral plaque forming efficiency (PFE)).

Collectively, our computational and in vitro experimental investigations revealed
anti-viral activity of licorice and glycyrrhizin against SARS-CoV-2 via the targeting of
Mpro. This study, in addition to previous work that characterized licorice-induced anti-S
activity, poses another forward step to understanding the anti-SARS-CoV-2 role of licorice.
Detailed investigations of the antiviral effects (e.g., the effect on viral gene expression,
protein synthesis, and direct interaction with viral proteins) are still required to obtain a
comprehensive picture about these mechanisms of action. In vivo studies and clinical trials
are also urged to enhance the potential of utilizing licorice and glycyrrhizin as therapeutic
options for COVID-19.
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3. Materials and Methods
3.1. Receptor and Ligand Structure Data Collection

A 3D high-resolution structure of the SARS-CoV MP™ in combination with Narlaprevir
was searched and fetched from a PDB database with PDB ID: 7]JY [27]. The structure was
solved at 1.79 A resolution using X-ray crystallography. In the target protein, the substrate
binding residues of the protein are present in combination with Narlaprevir. PubChem
database was used to retrieve the 3D structures of 179 licorice phytochemicals [28].

3.2. Structure Preparation and Virtual Screening

The 3D structures of SARS-CoV-2 MP'™ were prepared using Dock Prep tool inbuilt in
Chimera [29], and the prepared file was saved in pdb format. PyRx 0.8 was used for the
preparation of ligands and the virtual screening (VS) experiment [30,31]. Briefly, ligands
in sdf files of the phytomolecules were uploaded into the Open Babel program option of
PyRx 0.8 software [30,31] and minimized using all option at default settings, and then
optimized ligands were converted into pdbqt format. The native ligand binding region
was selected to generate Grid box on the protein structure for the VS experiment using the
AutoDock Vina tool in PyRx 0.8 [32]. After completion of the VS, the best poses of the top
10 compounds were selected based on their docking score.

3.3. Re-Docking and Interaction Analysis

Re-docking of the top 10 screened compounds was carried out in a Chimera-AutoDock
Vina plugin [32,33] setup to confirm the binding residues of the MP™ with respective
phytomolecules. Re-docking was performed with default settings at the pre-defined
reference ligand binding site. The grid (30 A x 30 A x 30 A) was set up along the three (X,
Y, and Z) axes, covering the entire crucial residues of the target protein to provide enough
space for the ligand binding. The best poses of re-docked compounds were selected for
further molecular contact analysis in free academic Maestro (Schrodinger Release 2020-1:
Maestro, Schrodinger, LLC, New York, NY, USA, 2020). Herein, non-covalent contacts
were calculated to generate both 3D and 2D interaction images by selecting the residues
around ligands at a 4 A radius under default parameters [34]. Similar molecular docking
parameters were also employed for the glycyrrhizin, a previously reported SARS-CoV-2
Mpro from licorice [35], for comparative examination with the selected phytochemicals.

3.4. Molecular Dynamics Simulation and Free Binding Energy Calculations

A 100 nanosecond molecular dynamics (MD) simulation of the top 4 compounds and
reference ligand (glycyrrhizin) in a complex with a receptor molecule was performed using
the free academic Desmond program (Maestro-Desmond Interoperability Tools, Schrodinger,
New York, NY, 2018) [36]. For the system setup of each protein-ligand complex, a TIP4P
solvent model was selected under an orthorhombic grid box (10 A x 10 A x 10 A buffer)
and minimized. Later, the salt and ion placements were excluded at 20 A from the ligand.
For the neutralization of the complete system, counter ions were added. System setup
was performed in system builder tool of the Desmond program. After the completion of
system building, the entire system for each complex was minimized using a Desmond
minimization tool. Later, the MD simulations for each minimized system were run at 300 K
temperature, and 20 ps NPT reassembly at 1 atm pressure. A 50 ps recording interval
was set to generate 2000 frames. A 1000 ps relaxation time for the thermostat method
and 2000 ps for the barostat method were set for system relaxation. After MD simulation,
trajectories of each system were analyzed using a simulation interaction diagram tool
from Desmond [34,36]. The MM/GBSA tool of the prime module of Schrodinger Suite
(Schrodinger Release 2020-4: Prime, Schrodinger, LLC, New York, NY, USA, 2020) was
used to calculate the net free binding energy of simulated last poses of each protein-ligand
complex [2].
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3.5. In-Vitro Assessment of Licorice and Glycyrrhizin Antiviral Activity against SARS-CoV-2
3.5.1. Cell Line

African green monkey kidney cells Vero E6 (ATCC® CRL-1586™) grown and main-
tained at 37 °C in 5% CO, were used for in vitro work, including viral propagation and
titration, and assessment of Licorice and Glycyrrhizin antiviral activity.

3.5.2. Virus and Compounds

A human SARS-CoV-2 clinical patient isolate (SARS-CoV2/human/SAU/85791C /2020,
gene bank accession number: MT630432) was propagated and titrated as previously
described [37]. All experiments were conducted at the Special Infectious Agents Unit
(SIAU) Biosafety level 3 facility at King Fahd Medical Research Center (KFMRC), King
Abdulaziz University (KAU), Jeddah, Saudi Arabia.

Licorice and glycyrrhizin were purchased from a local and online herbal store (IND-
OFINE Chemical Company, Inc. Lot no. # 0406216 Hillsboro, NJ, USA), respectively. The
compound stocks were freshly prepared on the day of experiments in Dulbecco’s Modified
Eagle Medium (DMEM) and purified using 0.22 uM filters prior to use.

3.5.3. Cell Toxicity Assay

Cells were seeded in a 96-well tissue culture plate and incubated for 12 h prior to
the addition of compounds. At 72 h post-treatment, 0.4% neutral red (Sigma, St. Louis,
MO, USA) was added and incubated for 4 h at 37 °C in a 5% CO,. Then, the neutral red
solution was discarded, and cells were fixed with 100 pL per well of 5% formaldehyde
for 5 min at room temperature. Wells were washed with a sterile Dulbecco phosphate
buffered saline (DPBS) solution prior to the addition of 100 uL lysis solution containing
50% ethanol (Sigma, St. Louis, MO, USA) and 0.01% acetic acid (Sigma, St. Louis, MO,
USA). Plates were incubated for 10 minutes at room temperature on a shaker and then read
by using an Elx 808 bioelisa reader (Biokit, Barcelona, Spain), the optical density was read
at 540 nm (OD540).

3.5.4. The Effect of Licorice and Glycyrrhizin on Viral Induced Cytopathic Effect (CPE) and
Viral Plaque Forming Efficiency (PFE))

Cells were seeded and incubated for 12 h prior to proceeding with one of the following
treatment protocols:

The compounds at a range of concentrations (from 312.5 to 10,000 ng/mL for licorice
and from 26 to 850 ng/mL for glycyrrhizin) with multiplicity of infection (MOI) of 0.1 of
SARS-CoV-2 were simultaneously added to the cells. Following an hour of viral adsorption
at 37 °C, the cells were overlaid with media containing the compounds at the range of
concentrations indicated for 72 h.

Cell were infected with an MOI of 0.1 of SARS-CoV-2. Following an hour of viral
adsorption at 37 °C, the cells were overlaid with media containing the compounds at a
range of concentrations (described above in (A)) for 72 h.

Cells were pretreated with the compounds at a range of concentrations (described
above in A)) for an hour at 37 °C. Then, treated cells were infected with MOI of 0.1 of
SARS-CoV-2 and overlaid with media containing compounds for 72 h.

Negative (uninfected cells) and positive controls (SARS-CoV-2 infected cells in the
absence of treatment) were included in all experiments. The cells were checked for CPE
under microscope on daily bases and images were obtained using a Nicon ECLIPSE Ti
camera (Nicon DS-Fil, NIS-Elements AR 3.2 software). For viral PFE, the same protocols
were utilized. However, 0.8% agarose was added to the overlay in order to enable plaque
formation. The numbers of plaques were counted, percentage of inhibition relative to
positive control was determined, and the half-maximal inhibitory concentration (IC50)
was calculated.
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4. Conclusions

The role of SARS-CoV-2 main protease (MP™) in the proteolytic processing of the
polyprotein inside a host cell makes it an attractive drug target for anti-SARS-CoV-2 drug
development. Further, a broad range of phytochemicals as natural bioactive molecules in
licorice (Glycyrrhiza glabra) have been reported with therapeutic benefits. Hence, in this
study, the four selected bioflavonoids of licuraside, glucoliquiritin apioside, 7,3’-Dihydroxy-
5'-methoxyisoflavone, and licuroside, out of the top 10 re-docked complexes obtained after
screening of 179 molecules were subjected for molecular dynamics simulations and end-
point binding free energy calculations. Re-docking analysis of the molecules showed that
selected compounds formed strong molecular contacts with important residues of the
SARS-CoV-2 MP™ active site. Molecular dynamics simulations and free binding energy
calculations of four selected protein ligand complexes revealed the stability of bioactive
compounds into the active site of the target molecule. These results supported licuraside,
glucoliquiritin apioside, 7,3'-Dihydroxy-5'-methoxyisoflavone, and licuroside as potential
inhibitors of SARS-CoV-2 MP™. Importantly, in vitro investigations demonstrated anti-
SARS-CoV-2 activity of licorice (crude) and Glycyrrhiza. In vivo experimentation and
clinical trials are needed to consider these compounds as therapeutic potentials for COVID-
19 patients. Further, these selected compounds could be considered for the generation of
lead inhibitors against SARS-CoV-2 using structure—activity relationships (SAR), which
is widely used in drug discovery pipelines to predict biological activity from the existing
molecular structures of ligands or inhibitors.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ph14121216/s1, Table S1: List of bioactive compounds from Glycyrrhiza glabra screened
at the active pocket of SARS-CoV-2 MP™, Figure S1: 2D interaction poses for the docked poses of
SARS-CoV-2 MP™ with reference compound, i.e., Glycyrrhizin. Herein, hydrogen bond formation
(pink arrows), hydrophobic (green), polar (blue), red (negative), violet (positive), glycine (grey), and
m-1t stacking (green line), interactions are also depicted in the respective docked complexes.

Author Contributions: Idea, conceptualization and observational based on herbs experience, LM.A.;
methodology, AAM.T., T.A.A. and S.A.E.-K ; formal analysis, A.M.T., V.D.D. and T.A.A.; computational
analysis, V.D.D.; T.A.A,; investigation A.M.T. and T.A.A.; data curation, AM.T., V.D.D. and TA.A;
writing original draft preparation, AM.T. and T.A.A.; writing review and editing, all authors;
supervision, AM.T,, TA.A., S.A.E.-K. and E.I.A.; project administration, A.M.T.; funding acquisition,
E.I.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article or Supplementary Material.

Acknowledgments: The authors acknowledge the generous charitable donation from the late Sheikh
Ibraheem Ahmed Azhar in the form of reagents and supplies as a contribution to the scientific
research community. The authors are highly thankful to Amaresh Kumar Sahoo, Indian Institute
of Information Technology, Prayagraj, India, for providing his kind support in binding free energy
calculation in Prime, Schrodinger Release 2020-4.

Conflicts of Interest: The authors declare no conflict of interest.

1. Bharadwaj, S.; Dubey, A.; Yadava, U.; Mishra, S.K.; Kang, S.G.; Dwivedi, V.D. Exploration of natural compounds with anti-SARS-
CoV-2 activity via inhibition of SARS-CoV-2 Mpro. Brief. Bioinform. 2021, 22, 1361-1377. [CrossRef] [PubMed]

2. Bharadwaj, S.; El-Kafraway, S.A.; Alandijany, T.A.; Bajrai, L.H.; Shah, A.A.; Dubey, A.; Sahoo, A K.; Yadava, U.; Kamal,
M.A.; Azhar, E.I; et al. Structure-Based Identification of Natural Products as SARS-CoV-2 M(pro) Antagonist from Echinacea
angustifolia Using Computational Approaches. Viruses 2021, 13, 305. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ph14121216/s1
https://www.mdpi.com/article/10.3390/ph14121216/s1
http://doi.org/10.1093/bib/bbaa382
http://www.ncbi.nlm.nih.gov/pubmed/33406222
http://doi.org/10.3390/v13020305
http://www.ncbi.nlm.nih.gov/pubmed/33672054

Pharmaceuticals 2021, 14, 1216 18 of 19

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Bharadwaj, S.; Azhar, E.I; Kamal, M.A.; Bajrai, L.H.; Dubey, A.; Jha, K; Yadava, U.; Kang, S.G.; Dwivedi, V.D. SARS-CoV-2
M(pro) inhibitors: Identification of anti-SARS-CoV-2 M(pro) compounds from FDA approved drugs. . Biomol. Struct. Dyn. 2020,
38, 1-16. [CrossRef] [PubMed]

Jarvis, M.C. Aerosol Transmission of SARS-CoV-2: Physical Principles and Implications. Front. Public Health 2020, 8, 590041.
[CrossRef] [PubMed]

Kembuan, G.; Lie, W.; Tumimomor, A. Potential usage of immune modulating supplements of the Echinacea genus for COVID-19
infection. Int. J. Med. Rev. Case Rep. 2020, 4, 203-217. [CrossRef]

Beigel, ].H.; Tomashek, K.M.; Dodd, L.E.; Mehta, A K.; Zingman, B.S.; Kalil, A.C.; Hohmann, E.; Chu, H.Y.; Luetkemeyer, A.;
Kline, S.; et al. Remdesivir for the Treatment of COVID-19-Final Report. N. Engl. . Med. 2020, 383, 1813-1826. [CrossRef]

Caly, L.; Druce, ].D.; Catton, M.G.; Jans, D.A.; Wagstaff, KM. The FDA-approved drug ivermectin inhibits the replication of
SARS-CoV-2 in vitro. Antivir. Res. 2020, 178, 104787. [CrossRef]

Arya, A.; Dwivedi, V.D. Synergistic effect of vitamin D and remdesivir can fight COVID-19. |. Biomol. Struct. Dyn. 2020, 8, 1-2.
[CrossRef]

Bharadwaj, S.; Lee, K.E.; Dwivedi, V.D.; Kang, S.G. Computational insights into tetracyclines as inhibitors against SARS-CoV-2
M(pro) via combinatorial molecular simulation calculations. Life Sci. 2020, 257, 118080. [CrossRef]

SSalian, V.S.; Wright, J.A.; Vedell, P.T.; Nair, S.; Li, C.; Kandimalla, M.; Tang, X.; Carmona Porquera, E.M.; Kalari, K.R.; Kandimalla,
K.K. COVID-19 Transmission, Current Treatment, and Future Therapeutic Strategies. Mol. Pharm. 2021, 18, 754-771. [CrossRef]
Nagqvi, A.A; Fatima, K.; Mohammad, T.; Fatima, U,; Singh, I.K,; Singh, A.; Atif, S.M.; Hariprasad, G.; Hasan, G.M.; Hassan, M.L
Insights into SARS-CoV-2 genome, structure, evolution, pathogenesis and therapies: Structural genomics approach. Biochim.
Biophys. Acta Mol. Basis Dis. 2020, 1866, 165878. [CrossRef]

V’Kovski, P; Kratzel, A.; Steiner, S.; Stalder, H.; Thiel, V. Coronavirus biology and replication: Implications for SARS-CoV-2. Nat.
Rev. Microbiol. 2021, 19, 155-170. [CrossRef]

Liu, X.H.; Zhang, X.; Lu, Z.H.; Zhu, Y.S.; Wang, T. Potential molecular targets of nonstructural proteins for the development of
antiviral drugs against SARS-CoV-2 infection. Biomed. Pharmacother. 2021, 133, 111035. [CrossRef]

Ullrich, S.; Nitsche, C. The SARS-CoV-2 main protease as drug target. Bioorganic Med. Chem. Lett. 2020, 30, 127377. [CrossRef]
Jin, Z.; Du, X,; Xu, Y.; Deng, Y.; Liu, M.; Zhao, Y.; Zhang, B.; Li, X.; Zhang, L.; Peng, C.; et al. Structure of M(pro) from SARS-CoV-2
and discovery of its inhibitors. Nature 2020, 582, 289-293. [CrossRef]

Zhang, L.; Lin, D.; Sun, X.; Curth, U.; Drosten, C.; Sauerhering, L.; Becker, S.; Rox, K.; Hilgenfeld, R. Crystal structure of
SARS-CoV-2 main protease provides a basis for design of improved alpha-ketoamide inhibitors. Science 2020, 368, 409-412.
[CrossRef]

Dai, W.; Zhang, B.; Jiang, X.M.; Su, H.; Li, J.; Zhao, Y.; Xie, X,; Jin, Z.; Peng, ].; Liu, E; et al. Structure-based design of antiviral
drug candidates targeting the SARS-CoV-2 main protease. Science 2020, 368, 1331-1335. [CrossRef]

Dwivedi, V.D.; Bharadwaj, S.; Afroz, S.; Khan, N.; Ansari, M.A ; Yadava, U.; Tripathi, R.C.; Tripathi, I.P.; Mishra, S.K.; Kang, S.G.
Anti-dengue infectivity evaluation of bioflavonoid from Azadirachta indica by dengue virus serine protease inhibition. J. Biomol.
Struct. Dyn. 2021, 39, 1417-1430. [CrossRef]

Armanini, D.; Fiore, C.; Bielenberg, J.; Sabbadin, C.; Bordin, L. Coronavirus-19: Possible Therapeutic Implications of Spironolac-
tone and Dry Extract of Glycyrrhiza glabra L. (Licorice). Front. Pharmacol. 2020, 11, 558418. [CrossRef]

Sinha, S.K.; Prasad, S.K,; Islam, M.A.; Gurav, S.S,; Patil, R.B.; AlFaris, N.A.; Aldayel, T.S.; AlKehayez, N.M.; Wabaidur, S.M.;
Shakya, A. Identification of bioactive compounds from Glycyrrhiza glabra as possible inhibitor of SARS-CoV-2 spike glycoprotein
and non-structural protein-15: A pharmacoinformatics study. J. Biomol. Struct. Dyn. 2020, 17, 1-15. [CrossRef]

Gomaa, A.A.; Abdel-Wadood, Y.A. The potential of glycyrrhizin and licorice extract in combating COVID-19 and associated
conditions. Phytomed. Plus 2021, 1, 100043. [CrossRef]

Fukuchi, K.; Okudaira, N.; Adachi, K.; Odai-Ide, R.; Watanabe, S.; Ohno, H.; Yamamoto, M.; Kanamoto, T.; Terakubo, S.;
Nakashima, H.; et al. Antiviral and Antitumor Activity of Licorice Root Extracts. In Vivo 2016, 30, 777-785. [CrossRef]

Fiore, C.; Eisenhut, M.; Krausse, R.; Ragazzi, E.; Pellati, D.; Armanini, D.; Bielenberg, J. Antiviral effects of Glycyrrhiza species.
Phytother. Res. 2008, 22, 141-148. [CrossRef]

Zhang, L.; Liu, Y. Potential interventions for novel coronavirus in China: A systematic review. J. Med. Virol. 2020, 92, 479-490.
[CrossRef]

Yu, S.; Zhu, Y,; Xu, J.; Yao, G.; Zhang, P.; Wang, M.; Zhao, Y,; Lin, G.; Chen, H.; Chen, L.; et al. Glycyrrhizic acid exerts inhibitory
activity against the spike protein of SARS-CoV-2. Phytomedicine 2021, 85, 153364. [CrossRef]

Tsui, V.; Case, D.A. Theory and applications of the generalized Born solvation model in macromolecular simulations. Biopolymers
2000, 56, 275-291. [CrossRef]

Ngo, S.T,; Tam, N.M.; Quan, PM.; Nguyen, T.H. A Benchmark of Popular Free Energy Approaches Revealing the Inhibitors
Binding to SARS-CoV2 Mpro. J. Chem. Inf. Model. 2020, 61, 2302-2312. [CrossRef] [PubMed]

Kim, S.; Chen, J.; Cheng, T.; Gindulyte, A.; He, J.; He, S.; Li, Q.; Shoemaker, B.A.; Thiessen, P.A.; Yu, B.; et al. PubChem in 2021:
New data content and improved web interfaces. Nucleic Acids Res. 2021, 49, D1388-D1395. [CrossRef] [PubMed]

Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F.; Belew, R.K.; Goodsell, D.S.; Olson, A.J. AutoDock4 and AutoDockTools4:
Automated docking with selective receptor flexibility. . Comput. Chem. 2009, 30, 2785-2791. [CrossRef] [PubMed]


http://doi.org/10.1080/07391102.2020.1842807
http://www.ncbi.nlm.nih.gov/pubmed/33150855
http://doi.org/10.3389/fpubh.2020.590041
http://www.ncbi.nlm.nih.gov/pubmed/33330334
http://doi.org/10.5455/IJMRCR.immune-modulating-supplements-Echinacea-genus-covid-19-infection
http://doi.org/10.1056/NEJMoa2007764
http://doi.org/10.1016/j.antiviral.2020.104787
http://doi.org/10.1080/07391102.2020.1773929
http://doi.org/10.1016/j.lfs.2020.118080
http://doi.org/10.1021/acs.molpharmaceut.0c00608
http://doi.org/10.1016/j.bbadis.2020.165878
http://doi.org/10.1038/s41579-020-00468-6
http://doi.org/10.1016/j.biopha.2020.111035
http://doi.org/10.1016/j.bmcl.2020.127377
http://doi.org/10.1038/s41586-020-2223-y
http://doi.org/10.1126/science.abb3405
http://doi.org/10.1126/science.abb4489
http://doi.org/10.1080/07391102.2020.1734485
http://doi.org/10.3389/fphar.2020.558418
http://doi.org/10.1080/07391102.2020.1779132
http://doi.org/10.1016/j.phyplu.2021.100043
http://doi.org/10.21873/invivo.10994
http://doi.org/10.1002/ptr.2295
http://doi.org/10.1002/jmv.25707
http://doi.org/10.1016/j.phymed.2020.153364
http://doi.org/10.1002/1097-0282(2000)56:4&lt;275::AID-BIP10024&gt;3.0.CO;2-E
http://doi.org/10.1021/acs.jcim.1c00159
http://www.ncbi.nlm.nih.gov/pubmed/33829781
http://doi.org/10.1093/nar/gkaa971
http://www.ncbi.nlm.nih.gov/pubmed/33151290
http://doi.org/10.1002/jcc.21256
http://www.ncbi.nlm.nih.gov/pubmed/19399780

Pharmaceuticals 2021, 14, 1216 19 of 19

30.

31.
32.

33.

34.

35.

36.

37.

O’Boyle, N.M.; Banck, M.; James, C.A.; Morley, C.; Vandermeersch, T.; Hutchison, G.R. Open Babel: An open chemical toolbox. J.
Cheminformatics 2011, 3, 33. [CrossRef] [PubMed]

Dallakyan, S.; Olson, A.J. Small-molecule library screening by docking with PyRx. Methods Mol. Biol. 2015, 1263, 243-250.

Trott, O.; Olson, A.]. AutoDock Vina: Improving the speed and accuracy of docking with a new scoring function, efficient
optimization, and multithreading. |. Comput. Chem. 2010, 31, 455—461. [CrossRef]

Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera—A visualiza-
tion system for exploratory research and analysis. . Comput. Chem. 2004, 25, 1605-1612. [CrossRef]

Bharadwaj, S.; Lee, K.E.; Dwivedi, V.D.; Yadava, U.; Nees, M.; Kang, S.G. Density functional theory and molecular dynamics
simulation support Ganoderma lucidum triterpenoids as broad range antagonist of matrix metalloproteinases. J. Mol. Lig. 2020,
311, 113322. [CrossRef]

van de Sand, L.; Bormann, M.; Alt, M.; Schipper, L.; Heilingloh, C.S.; Steinmann, E.; Todt, D.; Dittmer, U.; Elsner, C.; Witzke,
O.; et al. Glycyrrhizin Effectively Inhibits SARS-CoV-2 Replication by Inhibiting the Viral Main Protease. Viruses 2021, 13, 609.
[CrossRef]

Bowers, K.J.; Chow, D.E.; Xu, H.; Dror, R.O.; Eastwood, M.P.,; Gregersen, B.A.; Klepeis, ].L.; Kolossvary, I.; Moraes, M.A.; Sacerdoti,
F.D. Scalable algorithms for molecular dynamics simulations on commodity clusters. In Proceedings of the SC'06 ACM/IEEE
Conference on Supercomputing, Tampa, FL, USA, 11-17 November 2006.

Azhar, EI; Hindawi, S.I.; El-Kafrawy, S.A.; Hassan, A.M.; Tolah, A.M.; Alandijany, T.A.; Bajrai, L.H.; Damanhouri, G.A.
Amotosalen and ultraviolet A light treatment efficiently inactivates severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) in human plasma. Vox Sang. 2021, 116, 673-681. [CrossRef]


http://doi.org/10.1186/1758-2946-3-33
http://www.ncbi.nlm.nih.gov/pubmed/21982300
http://doi.org/10.1002/jcc.21334
http://doi.org/10.1002/jcc.20084
http://doi.org/10.1016/j.molliq.2020.113322
http://doi.org/10.3390/v13040609
http://doi.org/10.1111/vox.13043

	Introduction 
	Results and Discussion 
	Virtual Screening and Re-Docking 
	Molecular Dynamics Simulation Analysis 
	RMSD and RMSF Analysis 
	Protein–Ligand Contact Mapping 

	Binding Free Energy Analysis 
	Assessment of Licorice and Glycyrrhizin Anti-SARS-CoV-2 Activity In Vitro 

	Materials and Methods 
	Receptor and Ligand Structure Data Collection 
	Structure Preparation and Virtual Screening 
	Re-Docking and Interaction Analysis 
	Molecular Dynamics Simulation and Free Binding Energy Calculations 
	In-Vitro Assessment of Licorice and Glycyrrhizin Antiviral Activity against SARS-CoV-2 
	Cell Line 
	Virus and Compounds 
	Cell Toxicity Assay 
	The Effect of Licorice and Glycyrrhizin on Viral Induced Cytopathic Effect (CPE) and Viral Plaque Forming Efficiency (PFE)) 


	Conclusions 
	References

