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1. Introduction

Identifying biological targets and elucidating 
the molecular mechanisms of drug action are 
a crucial task not only from the standpoint 
of fundamental science but also for the 
development of new, effective, and safe drugs. 
This understanding, supported by molecular 
docking and in silico absorption, distribution, 
metabolism, and excretion studies, enables 
optimization of therapeutic dosing regimens 
and helps prevent unexpected drug–drug 

interactions. However, it is important to note 
that the use of drugs containing certain reactive 
structural components with biological activity 
can be hazardous in some cases.1,2

Licorice root and its extracts have been used 
in traditional medicine to alleviate bronchitis, 
gastritis, and jaundice since ancient times. Licorice 
contains various phenolic compounds, including 
flavonoids, coumarins, and diphenylethanones, 
which contribute to its health benefits.3-5 These 
compounds exhibit various pharmacological 
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effects, such as antioxidant, anti-inflammatory, and anticancer 
activities. For instance, glycybridins A-K, isolated from 
Glycyrrhiza glabra, exhibit diverse biological activities, including 
activation of nuclear factor erythroid 2-related factor 2, 
inhibition of tyrosinase and protein tyrosine phosphatase 
1B, suppression of lipopolysaccharide-induced nitric 
oxide production, and inhibition of nuclear factor kappa B 
transcription. Moreover, glycybridin D demonstrated moderate 
cytotoxicity against human cancer cell lines and reduced tumor 
mass in a mouse model, with no significant systemic toxicity. 
In addition to these phenolic compounds, licorice also contains 
important triterpenoids, which play a key role in its wide range 
of biological activities. The most significant triterpenoid is 
glycyrrhizin (GLR), which gives licorice its sweet taste and 
contributes to its anti-inflammatory and antiviral properties.6-10

GLR is the calcium and potassium salt of the triterpenoid saponin 
glycyrrhizic acid, whose aglycone component is glycyrrhetinic 
acid. Chemically, GLR is a natural triterpenoid saponin 
designated as (3-β, 20-β)-20-carboxy-11-oxo-30-norolean-12-
en-3-yl 2-O-β-d-glucopyranosyl-α-d-glucopyranosiduronic 
acid. As shown in Figure 1A and B, GLR comprises a hydrophilic 
part, two molecules of glucuronic acid, and a hydrophobic 
fragment, glycyrrhetinic acid. The molecular structure of GLR, 
with its numbered scheme, is shown in Figure 1C.

The antiviral, anticancer, anti-inflammatory, antitussive, 
antiosteoporotic, anti-Alzheimer’s, antithrombotic, 
antidiabetic, antimicrobial, and antiallergic properties of 
GLR, as well as its positive protective effects on the human 
body as an antioxidant, hepatoprotective, cardioprotective, 
neuroprotective, antidepressant, immunomodulatory, and 
antiulcer agent, have been demonstrated.11-27 Traditional herbal 
compounds have been considered promising candidates for 
the adjunctive treatment of viral infections and have recently 
gained attention in the context of COVID-19 therapy. The 
direct antiviral activity of glycyrrhizic acid against severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) has been 
demonstrated by researchers at the University of Duisburg-
Essen and Ruhr University Bochum.28 Their studies revealed 
that GLR, the principal bioactive constituent of licorice root, 
exhibits potent inhibitory effects on SARS-CoV-2 by targeting 
the viral main protease (Mpro), a key enzyme required for 
viral replication. Specifically, GLR was shown to suppress 
viral replication by blocking the enzymatic activity of Mpro, 
thereby preventing cleavage of viral polyproteins required 
for replication. This inhibition ultimately leads to viral 
inactivation. Due to its critical role in viral propagation, the 
Mpro remains one of the most extensively explored targets 
in anti-SARS-CoV-2 drug development. Recent literature 
increasingly supports the therapeutic potential of GLR against 
SARS-CoV-2 infection.29-35 Notably, the coronavirus virion is 
spherical with spike-like projections on the envelope surface, 

composed of spike (S) glycoproteins, which are actively involved 
in the virus’s fusion, entry into the host cell, and attachment. Its 
surface localization makes the S glycoprotein the main target 
for neutralizing antibodies and host immune responses. The S 
protein enables the enveloped virus to bind to host cells in the 
lower respiratory tract by forming homotrimers that protrude 
from the viral surface.36-41 According to the literature review, 
a detailed study of the mechanism of action of GLR in treating 
COVID-19 has not been published to date.

This work is the first to thoroughly evaluate GLR as an anti-
COVID-19 agent. The molecular docking method was used to 
investigate the interactions of this compound with the SARS-
CoV-2 Mpro and the SARS-CoV-2 S glycoprotein. Moreover, 
the pharmacophore models of GLR and its derivatives for the 
interactions with the specified receptors were proposed.

2. Methodology

2.1. Calculation approaches

Molecular docking is a widely employed computational strategy 
in contemporary drug development for predicting binding 
affinities and interaction patterns between biologically active 
molecules and their receptors at the atomic level.42-46 In the 
present research, this technique was applied to investigate the 
binding interactions of GLR with two major SARS-CoV-2 
proteins, Mpro and the S glycoprotein, using AutoDock Vina 
software (version  1.5.6).47 The molecular model of GLR was 
acquired from the ChemSpider repository (ID: 14263).48 The 
three-dimensional crystal structures of the SARS-CoV-2 Mpro 
(Protein Data Bank ID: 7ZQV)49 and the S glycoprotein (Protein 
Data Bank ID: 6VXX)50 were obtained from the Research 
Collaboratory for Structural Bioinformatics Protein Data Bank. 
The binding sites within the target proteins were identified 
based on information from their respective ligand-bound crystal 
complexes. In both docking runs, a 40 × 40 × 40 Å grid was used 
to ensure the full coverage of the ligand-binding sites. Before 
docking, the co-crystallized compounds were removed from 
the receptor structure, and hydrogen atoms were subsequently 
introduced to complete the preparation. Kollman atomic charges 
were assigned to the proteins, while partial charges for the ligand 
were determined using the Gasteiger charge calculation method. 
The simulation kept the receptor fixed while allowing the 
ligand to move freely. Visualization and interaction analysis in 
both two and three dimensions were conducted using PyMOL 
(version 2.5.2) and Discovery Studio 3.1 tools.51,52

3. Results and discussion

To investigate the anti-COVID-19 properties of the GLR 
molecule, it was docked into the identified binding site of 
SARS-CoV-2 Mpro (7ZQV) and SARS-CoV-2 S glycoprotein 
(6VXX). The binding affinities and interaction modes were 
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then determined. To understand the stability of the minimized 
complexes, the important receptor-ligand interactions were 
visualized and analyzed. Docking results and detailed interaction 
analyses are presented in Tables  1-4, Figures  2 and 3. 
Significant interactions are illustrated with dotted lines. The 
results of the docking simulations are discussed individually for 
each target. The distances (Å) between the ligand’s functional 
groups and the active site residues are also provided.

3.1. Molecular docking of GLR with 7ZQV

The strongest interaction found during docking showed 
that GLR binds to the SARS-CoV-2 Mpro with an energy of 
−8.8 kcal/mol. Figure  2 illustrates both three-dimensional 
and two-dimensional representations of the important ligand 
7ZQV contacts.

The analysis revealed that His41, Cys44, Ser46, Asn142, 
Gly143, His164, Thr190, and Gln192 functioned as active site 
residues for ligand binding in 7ZQV. The parameters of these 
contacts are presented in Table 1.

The hydrophilic regions of GLR primarily formed polar 
interactions with receptor residues, complemented by several 
van der Waals contacts. The His41 residue of the receptor 
B-chain participated in the electrostatic attraction and 
pi-donor hydrogen bonding with the terminal glucuronic ring 
of the ligand at distances of 5.59 and 2.24 Å, respectively. Ser46 

formed unfavorable donor-donor interactions with the second 
glucuronic acid of the ligand, as well as two carbon–hydrogen 
bonds, at distances of 1.56 Å, 2.83 Å, and 3.20 Å, respectively. 
The Asn142 residue of the receptor was positioned to engage 
in 2.32- and 2.01-Å-long conventional hydrogen bonds with 
both glucuronic acids of this moiety. Cys44 and His164 amino 
acids of the receptor were involved in the intermolecular 
polar contacts with the hydrophilic part of the ligand by 
forming the conventional H-bonds at lengths of 2.76 and 2.41 
Å, respectively. Notably, the terminal glucuronic acid of the 
ligand took part in the intermolecular unfavorable donor–
donor interactions with Gly143 at a distance of 1.67 Å, but the 
terminal carboxyl group of the hydrophobic fragment formed 
unfavorable acceptor–acceptor interactions with Thr190 
and unfavorable donor–donor interactions with Gln192 at 
distances of 2.95 Å and 1.69 Å, respectively. As observed, 
H-bonding played a crucial role in the interactions between the 
ligand and receptor, with GLR forming seven hydrogen bonds 
with the target residues. GLR’s placement within the protein 
active site was also reinforced by van der Waals interactions 
involving Thr25, Thr45, Met49, Ser144, Cys145, His163, 
Met165, Gln166, Leu167, Pro168, Gln189, and Ala191 B-chain 
residues.

As observed from the presented results, the ligand established 
intermolecular contacts with Thr25, His41, Cys44, Thr45, 

Figure 1. Chemical structure of (A) glycyrrhizin and its part (B) glycyrrhetinic acid, showing the atoms of the molecule in the order in which 
they are bonded. Molecular structure with (C) atomic numbering scheme for glycyrrhizin, showing the spatial arrangement of atoms within 
this molecule using a ball-and-stick model

A

C

B
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Table 1. The attributes of the glycyrrhizin‑7ZQV intermolecular interactions

No Interactions Interaction type Distances (Å) Angle of DHA (°) Angle of HAY (°)

1 GLR: H120‑B: Asn142:OD1 Conventional HB 2.01 154.32 111.17

2 B: Asn142:HD22‑GLR: O1 Conventional HB 2.32 156.64 108.34

3 GLR: H111‑B: Cys44:O Conventional HB 2.76 110.69 113.82

4 GLR: H119‑B: His164:O Conventional HB 2.41 119.77 114.68

5 GLR: H108‑B: Ser46:OG Carbon HB 3.20 118.52 113.10

6 B: Ser46:HA‑GLR: O7 Carbon HB 2.83 123.17 112.67

7 B: Ser46:HG‑GLR: H115 Unfavorable D‑D 1.56 ‑ ‑

8 B: His41:NE2‑GLR: O15 Attractive charge 5.59 ‑ ‑

9 GLR: H118‑B: His41:O Pi‑D H‑bond 2.24 ‑ ‑

10 B: Gly143:HN‑GLR: H120 Unfavorable D‑D 1.67 ‑ ‑

11 B: Thr190:O‑GLR: O4 Unfavorable A‑A 2.95 ‑ ‑

12 B: Gln192:HN‑GLR: H105 Unfavorable D‑D 1.69 ‑ ‑

Note: The ligand atom numbering is provided following Figure 1C.
Abbreviations: A: Acceptor; B: B-chain residue; D: Donor; GLR: Glycyrrhizin; H: Hydrogen; HB: Hydrogen bond; Y: Atom connected with the acceptor.

Ser46, Met49, Asn142, Gly143, Leu141, Ser144, Cys145, 
His163, His164, Met165, Glu166, Leu167, Pro168, Gln189, 
Thr190, Ala191, and Gln192 residues of the receptor B-chain 
of SARS-CoV-2 Mpro. In addition, residues within the active 
site of the receptor also interacted with one another (Table 2). 
Thr25 took part in the intramolecular unfavorable acceptor–
acceptor interactions with Cys44; in turn, Cys44 formed the 
intramolecular conventional hydrogen bonds with His41 and 
alkyl contacts with Met49. In addition, His41 participated 
in intramolecular unfavorable donor–donor and carbon–
hydrogen bond interactions with His164, as well as in pi-sulfur 

interactions with Cys145. Residues Leu141 and Ser144 formed 
both conventional and carbon-hydrogen bonds with each 
other. His163 was positioned to engage in several carbon–
hydrogen bonds with the Ser144 and Met165 residues, as well 
as both carbon-hydrogen bond and π-alkyl contacts with the 
Cys145 residue of the receptor. Conventional hydrogen bonds 
between Thr45 and Met49, Asn142 and Gly143, Leu141 and 
Ser144, Thr190 and Ala191, and carbon-hydrogen bonds 
between Met49 and Gln189, Pro168 and Gln192, located in 
the binding pocket of SARS-CoV-2 Mpro, were also formed. 
Therefore, the aforementioned receptor residues are crucial for 
binding with GLR, influencing the overall loop conformation 
and the stability of the complex.

Figure 2. The molecular docking results of glycyrrhizin with 7ZQV. 
(A) Three-dimensional visualization and (B) two-dimensional 
diagram of the receptor–ligand interactions. The ligand and receptor 
are depicted, and important interactions, including hydrogen bonds, 
attractive charge interactions, and others, are highlighted

A

B

Figure 3. The molecular docking results of glycyrrhizin with 6VXX. 
(A) Three-dimensional visualization and (B) two-dimensional 
diagram of the receptor–ligand interactions. The ligand and receptor 
are depicted, and important interactions, including hydrogen bonds, 
attractive charge interactions, and others, are highlighted 

A

B
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It was revealed that Cys22, Asn28, Pro39, Val42, Pro52, Tyr54, 
Leu57, Cys85, Cys117, Phe140, Ser147, Met162, Tyr161, 
Thr169, Gly170, Val171, His172, Ala173, Phe185, Val186, 
and Arg188 residues of the B-chain of the receptor may not be 
essential for the ligand–receptor contacts, but they stabilized 
the positions of the other receptor residues that were involved 
in the intermolecular interactions. As observed from the 
presented data (Table  2), these residues interacted with the 
receptor’s active center residues through hydrogen bonding, 
alkyl, pi-alkyl, pi-pi stacking, and electrostatic contacts. 
Moreover, a salt bridge was formed between residues His172 
and Glu166 due to the attraction of the opposing charges at a 
distance of 2.49 Å.

3.2. Molecular docking of GLR with 6VXX

The docking simulations of GLR with the SARS-CoV-2 S 
glycoprotein revealed a binding affinity of −9.5 kcal/mol. 
Figure  3 shows three-dimensional and two-dimensional 
visualizations of key ligand-6VXX contacts.

The attributes of the GLR –6VXX intermolecular interactions 
are given in Table 3.

According to the results, the hydrophilic part of GLR was 
primarily responsible for binding to receptors. The terminal 
glucuronic acid was surrounded by hydrogen bonds on four 
sides. Conventional hydrogen bonds were formed between the 
oxygen atoms of the ligand and amino acid residues located 
in the B-chain of the protein, including Thr723  (2.94 Å), 
Thr724 (1.94 Å), and Lys947 (2.11 and 2.02 Å). The central part 
of the hydrophobic fragment, which is called glycyrrhetinic 
acid, also formed a conventional hydrogen bond with Arg1039 
of the B-chain at a distance of 2.26 Å. Carbon–hydrogen 
bonds were also observed between the terminal hydrophilic 
carboxyl group of the ligand and B-chain receptor residues 
Gly1044 (2.46 Å) and His1064 (2.96 Å). In addition, electrostatic 
attractive charge interactions were observed between the 
ligand atom group and the His1064 residue of the receptor 
B-chain at a distance of 4.52 Å. The ligand’s glucuronic acid 
groups engaged in unfavorable donor–donor contacts with 
Ile726 of the B-chain at 2.01 Å and in unfavorable negative–
negative contacts with Asp1041 of the B-chain at 3.77 Å. The 
results further highlight the significance of hydrogen bonding 
in the binding of GLR to the SARS-CoV-2 S glycoprotein, 
where seven hydrogen bonds were formed. Notably, the ligand 
also formed van der Waals interactions with the next active 
site residues: Asn1023, Leu1024, and Thr1027 of the A-chain, 
Glu725; Leu1024, Thr1027, Lys1028, Phe1042, and Lys1045 
of the B-chain; and Gln784, Asn1023, Leu1024, Ala1026, 
Thr1027, Ser1030, Glu1031, Arg1039, and Phe1042 of the 
C-chain.

The analysis showed that the active site residues involved in 
contacts with ligand, namely Asn1023, Leu1024, and Thr1027 
of the A-chain; Thr723, Glu725, Lys947, Leu1024, Thr1027, 
Lys1028, Arg1039, Asp1041, Phe1042, Gly1044, Lys1045, 
and His1064 of the B-chain; and Gln784, Leu1024, Ala1026, 
Thr1027, Ser1030, Glu1031, Arg1039, and Phe 1042 residues 
of the C-chain also participated in intermolecular interactions 
among themselves (Table 4).

Table 2. The parameters of the intramolecular interactions for the 
7ZQV active site

No Contacts Interaction type Distances (Å)

1 B: Thr25:OG1–B: Cys44:O Unfavorable A–A 2.81

2 B: His41:HD1–B: His164:HD1 Unfavorable D–D 2.54

3 B: His41:HE1–B: His164:O Carbon HB 2.62

4 B: Cys44:HN–B: His41:O Conventional HB 2.05

5 B: Cys44–B: Met49 Alkyl 4.69

6 B: Met49:HN–B: Thr45:O Conventional HB 2.87

7 B: Gly143:HN–B: Asn142:OD1 Conventional HB 2.34

8 B: Ser144:HN–B: Leu141:O Conventional HB 2.38

9 B: Ser144:HB1–B: Leu141:O Carbon HB 2.79

10 B: Cys145:HA–B: His163:O Carbon HB 2.67

11 B: Cys145:SG–B: His41 Pi–sulfur 4.81

12 B: His163–B: Cys145 Pi–alkyl 5.16

13 B: His163:HD2–B: Ser144:OG Carbon HB 3.06

14 B: His163:HE1–B: Met165:O Carbon HB 2.58

15 B: Pro168:HD1–B: Gln192:O Carbon HB 2.48

16 B: Gln189:HN–B: Met49:O Carbon HB 1.70

17 B: Ala191:HN–B: Thr190:OG1 Conventional HB 2.12

18 B: Cys22:HN–B: Thr25:O Conventional HB 1.90

19 B: Thr25:HN–B: Cys22:O Conventional HB 2.46

20 B: Thr25:HB–B: Val42:O Conventional HB 2.37

21 B: Asn28:HD22–B: Gly143:O Conventional HB 2.47

22 B: His41–B: Pro39 Pi–alkyl 4.76

23 B: Cys44–B: Pro52 Alkyl 5.29

24 B: Cys44–B: Leu57 Alkyl 5.40

25 B: Pro52:HD1–B: Met49:O Carbon HB 2.65

26 B: Tyr54–B: Cys44 Pi–alkyl 5.19

27 B: Ser144:HA–B: Cys117:O Carbon HB 2.00

28 B: Ser147:HN–B: Ser144:O Conventional HB 2.11

29 B: Tyr161:HH–B: His163:HD1 Unfavorable D–D 0.98

30 B: His163–B: Phe140 Pi–Pi stacked 3.65

31 B: His164–B: Cys85 Pi–alkyl 5.35

32 B: His164–B: Pro39 Pi–alkyl 4.33

33 B: Met165:HN–B: Ala173:O Conventional HB 2.12

34 B: His164:HD2–B: Met162:O Carbon HB 2.12

35 B: His164:HN–B: Ala173:O Carbon HB 2.24

36 B: Glu166–B: Val171:O Carbon HB 2.45

37 B: Thr169:HB–B: Pro168:O Carbon HB 2.55

38 B: Gly170:HA1–B: Glu166:OE2 Carbon HB 2.53

39 B: Gly170:HN–B: Leu167:O Conventional HB 2.18

40 B: Val171:HN–B: Leu167:O Conventional HB 3.06

41 B: His172:HE2–B: Glu166:OE1 Salt bridge; 
attraction charge

2.49

42 B: Ala173:HN–B: Leu167:O Alkyl 4.54

43 B: Phe185–B: Leu167 Pi–alkyl 4.84

44 B: Val186:HN–B: Gln192:OE1 Conventional HB 2.01

45 B: Arg188:HA–B: Met49:O Carbon HB 3.01

46 B: Thr190:HN–B: Arg188:O Conventional HB 2.46

47 B: Gln192:HE22–B: Val186:O Conventional HB 2.13

Note: Amino acid residues that interact with the ligand are highlighted in bold.
Abbreviations: A: Acceptor; B: B-chain residue; D: Donor; HB: Hydrogen bond.
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Table 3. The attributes of the glycyrrhizin‑6VXX intermolecular interactions

No Interactions Interaction type Distances (Å) Angle of DHA (°) Angle of HAY (°)

1 B: Thr723:HG1‑GLR: O15 Conventional HB 2.94 96.64 117.00

2 GLR: H119‑B: Thr724:O Conventional HB 1.94 103.77 119.51

3 B: Ile726:HN‑GLR: H118 Unfavorable, D–D 2.01 ‑ ‑

4 B: Lys947:HZ1‑GLR: O13 Conventional HB 2.11 138.24 108.55

5 B: Lys947:HZ3‑GLR: O12 Conventional HB 2.02 132.34 122.45

6 B: Arg1039:HH21‑GLR: O2 Conventional HB 2.26 108.95 111.09

7 B: Asp1041:OD2‑GLR: O10 Unfavorable, N–N 3.77 ‑ ‑

8 B: Gly1044:HA2‑GLR: O16 Carbon HB 2.46 136.18 120.09

9 B: His1064:HD2‑GLR: O16 Carbon HB 2.96 126.18 93.64

10 B: His1064:NE2‑GLR: O15 Electrostatic, attractive charge 4.52 ‑ ‑

Note: The ligand atom numbering is provided following Figure 1C.
Abbreviations: A: Acceptor; B: B-chain residue; D: Donor; GLR: Glycyrrhizin; H: Hydrogen; HB: Hydrogen bond; N: Negative; Y: Atom connected with the acceptor.

A-chain Thr1027 formed conventional and carbon-
hydrogen bonds with residues Asn1023 and Leu1024 of 
this receptor chain. In the B-chain, the Glu725 residue was 
involved in electrostatic attractive charge interactions with 
Lys947, Lys1028, and His1064, forming a salt bridge in the 
last contact. As demonstrated by the analysis, the B-chain 
residue Arg1039 occupied a central role in a network of 
conventional hydrogen bonds, electrostatic interactions, 
and salt-bridge attractive contacts with the Glu1031 residue 
of the C-chain. Concurrently, Glu1031 participated in both 
hydrogen bonding and electrostatic Pi-anion interactions 
with Thr1027 and Phe1042 of the C-chain, highlighting 
its key role in stabilizing the receptor–ligand interaction 
network. Symmetrical conventional bonding and pi-cationic 
interactions between Arg1039 and Phe1042 were observed 
in both the B- and C-chains of the receptor. Strong hydrogen 
bonds were formed in pairs between Thr723 and His1064, 
Asp1041 and Gly1044, Lys1028, and Phe1042 residues of the 
B-chain and between Gln784 and Ala1026 of the C-chain. 
Weak hydrogen bonds were formed in pairs between 
Thr1027 and Leu1024, Ser1030 and Thr1027 in both B and 
C-chains, between Ser1030 and Ala1026 residues of the 
C-chain, and between Lys1045 and Asp1041 of the B-chain. 
The analyzed contacts influenced the overall conformation 
of the binding pocket and the stability of the ligand-receptor 
complex.

Notably, the Lys1028 and Ser1030 residues of A-chain; 
Glu1031, Ser1037, Cys1032, Val1040, Cys1043, Ser1051, and 
Phe1062 of B-chain; and Ala1020, Ser1037, and Arg1019 
residues of C-chain of the receptor may not be essential for the 
ligand–receptor contacts, but they took part in the formation 
of the hydrogen bonds, electrostatic interactions, salt bridges, 
pi–alkyl, and amide–pi stacked interactions with the active site 
residues Leu1024 and Thr1027 of A-chain; Lys1028, Arg1039 
His1064 of B-chain; Asn1023, Ser1030, and Arg1039 of 
C-chain (Table 4).

Thus, it was demonstrated that the ligand bound to the 
active sites of both receptors through nonpolar, polar, and 
ionic interactions. As observed, GLR primarily participated 
in intermolecular hydrogen bonding and formed salt bridges 
with the receptor atoms. The high binding affinity against 

SARS-CoV-2 Mpro and SARS-CoV-2 S glycoprotein supports 
the hypothesis that GLR and its derivatives may serve as leads 
for anti-COVID-19 drug design.

We compared the molecular docking simulation results of 
GLR against 7ZQV and 6VXX receptors with similar studies. 
We report only residues overlapping the binding pockets that 
interact with the GLR molecule. The electron density maps of 
the crystallographic structures of AG7404 bound to both SARS-
CoV-2 Mpro and SARS-CoV-1 Mpro and rupintrivir bound to 
SARS-CoV-2 Mpro showed clear densities corresponding to the 
inhibitors at the active sites. It was found that protein residues 
His41, Met49, Gly143, His163, His164, Glu166, Ser144, 
Cys145, Met165, Leu167, Gln189, and Thr190 interacting with 
the inhibitors were conserved between SARS-CoV-1 Mpro and 
SARS-CoV-2 Mpro, thereby suggesting that their efficacy as 
antivirals against both species might be similar.49 According 
to the work by Liu and Wang,53 the Mpro amino acids His41, 
Cys44, Met49, Ser144, Cys45, and Glu166 are predicted to play 
roles in drug interactions. On molecular docking, a number 
of ligands showed a remarkable binding affinity with the 
amino acids of SARS-CoV-2 Mpro receptor54: Rupintrivir with 
residues Glu166, Phe140, Gln189, Asn142, Ser46, Met49, and 
His41; ATN161 with residues Cys145, Ser144, His41, His164, 
Pro168, and Glu166; velpatasvir with residues Leu141, Gln189, 
Glu166, His41, Cys145, and Asn142; boceprevir with residues 
Gln189, Ser144, Phe140, Glu166, Met49, Met165, and His41; 
and ombitasvir with residues Gln189, Glu166, Cys145, His164, 
His41, and Ser46. As observed, the compounds occupied the 
same binding cavity as the reference compound, maintaining 
the interactions with conserved amino acid residues essential 
for significant inhibitory potential, especially for the 
compound velpatasvir, which showed the highest binding 
affinity. Notably, the velpatasvir molecule is structurally 
similar to the GLR molecule. Molecular docking studies of 
ERG tripeptide against Mpro revealed that SARS-CoV-2 Mpro 
amino acids His41, Asn142, Gly143, His163, His164, Glu166, 
Leu141, Cys145, and Met165 are the interacting amino acids.55 
It was found that the tetrandrine–Mpro receptor complex was 
stabilized by interacting with Thr25, His41, Ser46, Met49, 
Asn142, Cys145, Glu166, and Gln189.56 Another ligand, 
aminopterin, interacted with Leu141, Asn142, Gly143, 
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Cys145, and Gln189 amino acid residues of the Mpro.57 From the 
fragment molecular orbital study-based interaction analysis on 
a complex between the SARS-CoV-2 Mpro and its peptide-like 
inhibitor, His41, His163, His164, and Glu166 were found to 
be the most important interacting amino acid residues, mainly 
due to hydrogen bonding with the inhibitor.58 The interactions 
of succinic acid with Ser144, Cys145, and Glu166 amino acid 
residues of the Mpro were also revealed by molecular docking 
studies.59 In previous studies,60-62 the number of bioactive 
compounds found in medicinal plants, including GLR and its 
derivatives, was assessed as potential inhibitors of the COVID-
19 Mpro. Using a molecular docking study, it was demonstrated 
that the His41, Ser46, Asn142, Gly143, Cys145, His163, His164, 
and Glu166 residues form the active site pocket of the Mpro. As 
shown, the results of the GLR –SARS-CoV-2 Mpro interaction 
in this study are consistent with the aforementioned literature 
data.

The molecular docking results of GLR against the SARS-
CoV-2 S glycoprotein were also compared with the literature. 
It was found that Asn1023, Thr1027, Lys1028, Asp1041, and 
Phe1042 are interacting amino acids in the molecular docking 
simulations of ERQ tripeptide against S glycoprotein.55 The 
molecular docking study revealed that the cepharanthine 
molecule interacted with the amino acid residues Glu725, 
Gln784, Ala1026, Asp1041, Phe1042, and Lys1045 of the S 
glycoprotein.63 Amentoflavones also formed hydrogen bonds 
with Arg1039 and Asn1023.64 As shown by Holanda et al.,65 the 
residues Asp1041 and Leu1049 have a significant attraction for 
the anti-SARS-CoV-2 ligands. The indicated works confirm 
the calculated results of GLR interactions with the SARS-
CoV-2 S glycoprotein.

3.3. Pharmacophore models of GLR for interactions 

with 7ZQV and 6VXX

In this study, models for the interaction of the pharmacophore 
moieties of GLR with 7ZQV and 6VXX were developed. To 
achieve this, the GLR conformations from both docking 
procedures were analyzed. The data suggested that the 
pharmacophore properties of GLR are highly compatible with 
the shape and chemistry of the receptor binding pockets. As 
shown in Figure 4A, GLR adopted a compact conformation 
in the cavity of 7ZQV, in which its terminal glucuronic acid 
folded toward its hydrophobic region. Within the aliphatic 
part, a strong (H110 O12) contact was particularly notable. 
This interaction occurred at a distance of 2.51 Å, with angles 

Table 4. The parameters of the intramolecular interactions for the 
6VXX active site 

No Contacts Interaction types Distances (Å)

1 A: Thr1027:HG1–A: Asn1023:O Conventional HB 2.03

2 A: Thr1027:HN–A: Asn1023:O Conventional HB 1.97

3 A: Thr1027:HB–A: Leu1024:O Carbon HB 2.53

4 B: Thr723:HN–B: His1064:O Conventional HB 2.02

5 B: Lys947:NZ–B: Glu725:OE2 Electrostatic, 
attractive charge

5.50

6 B: Thr1027:HB–B: Leu1024:O Carbon HB 2.53

7 B: Lys1028:NZ–B: Glu725:OE1 Electrostatic, 
attractive charge

3.72

8 B: Lys1028:HZ1–B: Phe1042:O Conventional HB 1.84

9 B: Lys1028:HZ2–B: Phe1042 Pi–cation 3.05

10 B: Ser1030:HB–B: Thr1027:O Carbon HB 2.81

11 B: Arg1039:NH1–B: Phe1042 Pi–cation 3.65

12 B: Arg1039:HE–C: Glu1031:OE1 Conventional HB 2.03

13 B: Arg1039:NH1–C: 

Glu1031:OE1

Electrostatic, 
attractive charge

5.10

14 B: Arg1039:H–C: Glu1031:OE1 Salt bridge, 
attractive charge

2.01

15 B: Asp1041:HA–B: Gly1044:O Carbon HB 2.36

16 B: His1064:HE2–B: 

Glu725:OE1

Salt bridge, 
attractive charge

1.93

17 B: His1064: HN–B: Thr723:O Conventional HB 1.86

18 B: Phe1042:HN–B: Arg1039:O Conventional HB 2.35

19 C: Glu1031:HN–C: Thr1027:O Conventional HB 1.89

20 C: Gln784:HE22–C: Ala1026:O Conventional HB 2.07

21 C: Thr1027:HB–C: Leu1024:O Carbon HB 2.53

22 C: Ser1030:HN–C: Thr1027:O Carbon HB 2.77

23 C: Ser1030:HN–C: Ala1026:O Carbon HB 2.14

24 C: Glu1031:OE1–C: Phe1042 Electrostatic, 
pi–anion

5.00

25 C: Arg1039:NH1…C: Phe1042 Pi–cation 3.65

26 C: Phe1042:HN…C: Arg1039:O Conventional HB 2.35

27 B: Lys1045:H…B: Asp1041:OD1 Carbon HB 2.60

28 B: Thr724:HA–B: Phe1062:O Carbon HB 2.39

29 B: Arg1039:H–B: Glu1031:OE2 Salt bridge, 
charge–charge

2.05

30 B: Arg1039:HD1–B: 
Glu1031:OE1

Carbon HB 3.02

31 B: Arg1039:HH12–B: 
Glu1031:OE1

Salt bridge, 
charge–charge

2.01

32 B: Arg1039:H–B: Ser1037:OG Conventional HB 2.20

33 B: Arg1039:HN–C: 
Ser1037:OG

Conventional HB 2.20

34 B: Ser1037:HG–B: Arg1039:O Conventional HB 2.98

35 B: His1064–B: Cys1032 Pi–alkyl 4.42

36 B: His1064:H–B: Ser1051:OG Carbon HB 2.55

37 B: Glu1031:HN–B: Lys1028:O Conventional HB 2.67

38 B: Cys1043:C–B: His1064 Amide–pi stacked 3.78

39 B: Cys1032:HN–B: Lys1028:O Conventional HB 2.28

40 A: Ser1030:HN–A: Thr1027:O Conventional HB 2.77

Table 4. (Continued)

No Contacts Interaction types Distances (Å)

41 A: Lys1028:HN–A: Leu1024:O Carbon HB 1.90

42 C: Asn1023:HN–C: Arg1019:O Conventional HB 1.88

43 C: Leu1024:HN–C: Ala1020:O Conventional HB 2.04

44 C: Ser1030:HB2–B: Val1040:O Carbon HB 2.46

45 C: Ser1037:HG–C: Arg1039:O Conventional HB 2.98

Note: Amino acid residues that interact with the ligand are highlighted in bold.
Abbreviations: A: A-chain residue; B: B-chain residue; C: C-chain residue; D: Donor; 
HB: Hydrogen bond.

(Contd...)
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of 136.66° (DHA) and 104.33° (HAY). In this conformation, 
mainly hydrogen atoms of the aliphatic part of the ligand 
participated in hydrogen bonding contacts with the receptor. 
In contrast, the binding pocket of the SARS-CoV-2 S 
glycoprotein forms a deep channel created by its trimeric 
structure, resulting in a more extended structure of the 
ligand (Figure 4B). In this arrangement, the aliphatic moiety 
engaged in hydrogen bonding, while the hydrophobic region 
participated in an attractive electrostatic interaction with the 
receptor.

Analysis of the structure–activity relationship data revealed 
that the carboxyl groups (-COOH), hydroxyl groups (-OH), 

ketone groups (=O), and ether groups (-O-) of GLR and 
its analogs are crucial for binding to SARS-CoV-2-19-
related proteins.66,67 Utilizing these insights alongside 
the computational results obtained, pharmacophore 
models depicting GLR’s binding to SARS-CoV-2 Mpro 
and S glycoprotein were constructed and are illustrated in 
Figures 5 and 6, respectively.

As shown in Figure  5, the pharmacophore centers of GLR 
interacting with SARS-CoV-2 Mpro include O15 and H120 of 
the –COOH group; H118 and H119 of the carbonyl groups 
in the terminal glucuronic acid; O7 and H111 of additional 
carbonyl groups; H108 of the aromatic C–H group; H115 of 
the subsequent glucuronic acid’s –COOH group; O4 and H105 
of the –COOH group at the glycyrrhetinic acid terminus; 
and O1 of the ether linkage connecting the hydrophilic and 
hydrophobic fragments.

As shown in Figure  6, O15 and O16 atoms of the carboxyl 
group, H118, H119, O12, and O13 atoms of the carbonyl 
groups, O10 atom of the COOH group in the sequence of 
the hydrophilic part, and O2 atom of the ketone part of the 
glycyrrhetinic acid served as the pharmacophore centers 
of GLR for its intermolecular interactions with the SARS-
CoV-2 S glycoprotein. The spatial arrangement of GLR’s 
pharmacophore regions for interactions with 7ZQV and 
6VXX was quantified by a series of inter-feature distances, 
which are summarized in Tables  5 and 6, respectively. The 

Figure  4. The optimal three-dimensional structure of glycyrrhizin 
corresponding to the best binding pose in the active site of the (A) 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
main protease (7ZQV) and (B) SARS-CoV-2 spike glycoprotein 
(6VXX), determined through molecular docking simulation

BA

Figure 5. A pharmacophore model of glycyrrhizin, highlighting functional groups involved in the interaction with the 7ZQV target protein. 
(A) Pharmacophore moieties are marked with numbers: 1, 7, 9 for carboxyl groups (–COOH), 2, 3, 4, and 6 for hydroxyl groups (–OH), 8 for 
the ether group (–O–), and 5 for the aromatic CH group. (B) A pharmacophore model of glycyrrhizin showing H-acceptors in red, H-donors in 
blue, hydrophobic groups in violet, and their centers are indicated by labels and symbols

A B

Figure 6. A pharmacophore model of glycyrrhizin, highlighting functional groups involved in the interaction with the 6VXX target protein. 
(A) Pharmacophore moieties are marked with numbers: 1, 5 as carboxyl groups (COOH); 2, 3, and 4 as hydroxyl radicals (OH), and 6 as a ketone 
group (=O). (B) A pharmacophore model of glycyrrhizin showing H-acceptors in red, H-donors in blue, hydrophobic groups in violet, and their 
centers are indicated by labels and symbols

A B
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proposed models can be useful for the development of new 
GLR derivative compounds for medical applications.

4. Conclusion

Molecular docking studies of GLR revealed that this compound 
formed a stable complex with SARS-CoV-2 protein targets. 
It was shown that GLR formed key interactions with His41, 
Cys44, Ser46, Asn142, Gly143, His 164, Thr190, and Gln 192 
residues of the binding pocket of SARS-CoV-2 Mpro (7ZQV) 
and with Thr723, Thr724, ILE726, Lys947, Arg 1039, Asp1041, 
Gly1044, and His1064 residues of the binding pocket of the of 
SARS-CoV-2 S glycoprotein (6VXX). The main attributes of 
the intermolecular interactions were computed. The effects of 
the intermolecular hydrogen bonding on the stability of the 
receptor–ligand complex were observed in both cases: GLR 
formed numerous hydrogen bonds with the target residues. 
Utilizing the derived results, pharmacophore models for the 
binding of GLR with the specified receptors were proposed. 
We characterized the spatial arrangement of GLR’s binding 
regions on 7ZQV and 6VXX using pharmacophore distances. 
The results indicate that GLR is a promising antiviral 
candidate, warranting further investigation for the treatment 
of COVID-19.
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