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A B S T R A C T   

The 3CLpro main protease and the RDB spike (s) protein of SARS-CoV-2 are critical targets in the treatment of 
coronavirus 19 disease (COVID-19), as they are responsible for the COVID-19 replication and infection. With this 
in mind, Molecular docking of 26 natural compounds belonging to the flavonoid family with the 3CLpro and RBD 
sites of SARS-CoV-2 has been performed. The docking results revealed that the ligands Silibinin, Tomentin A, 
Tomentin B, 4′-O-methyldiplacone, Hesperidin Amentoflavone and Bilobetin act as a potential inhibitor of SARS- 
CoV-2 3CLpro, and that the ligands Herbacetin, Morin, Silibinin, Tomentin E, Amentoflavone, Bilobetin, Bai-
calein and Quercetin can be potential inhibitors of SARS-CoV-2 RBD. It has been noticed that three ligands can 
inhibit both sites of SARS-CoV-2, indicating a great potential of these compounds to combat COVID-19. More-
over, molecular docking has been validated by a new validation method based on visual inspiration. Evaluation 
of ADMET pharmacokinetic properties and the drug likeness in silico revealed that six compounds could be 
effective drugs against COVID-19. Finally, the docking results were verified by molecular dynamics simulations 
and MM-GBSA calculation to confirm the stability of hydrogen bonding interactions with crucial residues, which 
are essential to overcome SARS-CoV-2. These results could direct researchers toward plant-derived compounds 
that could be further investigated as therapeutic targets against COVID-19 replication and infection.   

1. Introduction 

In December 2019, an unidentified pneumonia case was first re-
ported in Wuhan city of China. A month later, this disease was identified 
as SARS-CoV-2, which was declared a COVID-19 pandemic a few days 
later by WHO [1,2]. This emerging infectious disease is caused by 
coronavirus strain provokes fever, coughing and breathing difficulties. 
Despite numerous vaccination efforts against COVID-19, the disease 
continues to spread worldwide, even in a country with a very high 
vaccination rate, causing 219 million infections and 4.55 million deaths 
worldwide up to the writing of this article [3–5]. 

Currently, several biological targets have been identified as potential 
therapeutic targets for SARS-CoV-2. Among them, the 3-chymotrypsin 
like protease (3CLpro) [6] and the receptor-binding domain (RBD) of 
the spike (S) protein [7] have been extensively investigated as thera-
peutic targets of the novel coronavirus. The main viral protease 3CLpro 
of the SRAS-CoV-2 plays a critical role in the life cycle of the novel 

coronavirus [8]. This enzyme is mainly involved in viral maturation and 
infection as it is required for coronavirus replication and transcription. 
Thus, inhibition of coronavirus main protease 3CLpro is considered a 
critical target for the development of antiviral drugs against COVID-19. 
On the other hand, Sars-CoV-2 uses the surface spike (S) glycoprotein to 
interact with human host cells via the receptor binding domain (RBD), 
which binds directly to angiotensin-converting enzyme 2 (ACE2) [9,10]. 
Therefore, the interaction between the viral protein and its receptor is a 
prerequisite for human infection with COVID-19 [11,12]. These two 
pharmacological targets are very effective in drug discovery to treat 
COVID-19. Indeed, 3CLpro and RBD of the spike protein (S) are the two 
major SARS-CoV-2 enzymes that play a crucial role in viral replication 
and propagation, making them promising targets for drug discovery 
against this virus. 

Medicinal plants, especially those used in traditional medicine, have 
been an excellent and valuable source of natural molecules with diverse 
pharmacological properties for several decades [13,14]. Many of these 
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natural molecules have been widely used due to their therapeutic ef-
fects, especially their antibacterial and antiviral properties. Recently, 
many studies have reported that natural products can be used to fight 
against COVID-19. In addition, molecular modeling has helped the 
researcher to understand the interactions of these natural agents with 
the viral life cycle, such as entry into the cell, replication and tran-
scription of the virus in the host cell, as well as targeting host-specific 
viral interactions. In fact, the development of bioinformatics tools and 
services can accelerate drug discovery processes by shortening timelines 
and anticipating their potential affinity to many drug targets [15–17]. 

In recent years, the use of molecular simulation methods in chemo-
informatics (chemical molecules) and structural bioinformatics (pro-
teins) has produced very impressive results in the drug discovery process 
[18,19]. In this study, we have performed a molecular docking study to 
explore the potential inhibitory activity of some commonly used me-
dicinal plants. Thus, the main objective of this study is to identify drug 
candidates against COVID-19 that could inhibit the 3CLpro and RBD 
enzymes of SARS-CoV-2. Furthermore, in order to assess their drug-like 
ability, each selected compound was evaluated using standard compu-
tational pharmacokinetics parameters (ADMET) and drug-likeness pre-
diction. Finally, 100 ns MD simulations were performed to estimate the 
stability of the ligand-receptor under normal physiological conditions. 

2. Material and methods 

2.1. Ligand preparation 

Flavonoids are the largest family of phenolic compounds, more than 
8000 flavonoid compounds have been identified in 2019. Moreover, 
they are recognized as dietary supplements that promote health and 
prevent disease [20]. Several studies show that flavonoids may have 
protective effects against various diseases as they exhibit various 

biological activities (Table 1). In this study, the canonical SMILES of the 
studied compounds were taken from pubchem (https://pubchem.ncbi. 
nlm.nih.gov/). These compounds are Herbacetin, Morin, Puerarin, 
Daidzein, Silibinin, Tomentin A, Tomentin B, Tomentin C, Tomentin D, 
Tomentin E, 3′-O-methyldiplacol, 4′-O-methyldiplacol, 3′-O-methyldi-
placone, 4′-O-methyldiplacone, Diplacone, Hesperetin, Hesperidin, 
Nobiletin, Galangin, Myricetin, amentoflavone, Bilobetin, Naringenin, 
Baicalein, Quercetin and kaempferol (Table 1). The canonical SMILES 
were imported into ChemBioOffice software to obtain the 2D and 3D 
structures of the ligands. The 3D modeled structures were then subjected 
to geometry optimization and energy minimization using the MM2 
Force Field until the RMS gradient value was less than 0.010 kcal/mol 
[21]. 

2.2. Protein preparation 

The 3D crystal protein-structures of SARS-CoV-2 3CLpro (PDB ID: 
6LU7) [41] and SARS-CoV-2 RBD of the spike (S) protein (PDB ID: 
6M17) [42] were extracted from the RCSB PDB database (https://www. 
rcsb.org/). The 3D crystal structures of SARS-CoV-2 were prepared for 
molecular docking using Discovery Studio software to remove all li-
gands, non-protein parts and water molecules. 

2.3. Docking molecular 

Molecular docking simulation was carried out to analyze the protein- 
ligand interaction mechanism to obtain information about the binding 
affinity and ligand activity. In the present work, we performed the 
molecular docking analysis using AutoDock Tools and AutoDock 4.2 
software [43], to analyze docked conformations and the interaction 
between the ligand and the protein. The 3D grid was generated by the 
AUTOGRID algorithm to evaluate the ligand-receptor interaction 

Table 1 
The bioactive compounds belong to the flavonoid family.  

Compound PubChem 
CID 

Plant source Activity 

Herbacetin 5280544 Linum usitatissimum L Anticancer, antibacterial, antidiabetic, anti-oxidant and anti-inflammatory activities 
[22] 

Morin 5281670 mulberry leaves, Osage orange and almond Anti-inflammatory, anticancer, anti-oxidant and antiviral activities [23,24] 
Puerarin 5281807 Kudzu Anticancer, antiparkinson’s, anti-inflammatory, antidiabetic and antiviral activities [25] 
Daidzein 5281708 Anti-oxidant, anti-inflammatory and anticancer activities [26] 
Silibinin 31553 milk thistle Anti-oxidant, anticancer, anti-inflammatory and antimicrobial activities [27] 
Tomentin A 71659627 Paulownia tomentosa Anti-inflammatory, anti-arthritic, antibacterial, anti-oxidant and antiviral activities [28, 

29] Tomentin B 71659628 
Tomentin C 71659765 
Tomentin D 71659766 
Tomentin E 71659767 
3′-O-methyldiplacol 21607150 Anti-inflammatory, antileishmanial, antiparasitic, antiproliferative, anti-oxidant 

activities [30] 4′-O-methyldiplacol 24854124 
3′-O- 

methyldiplacone 
14539951 

4′-O- 
methyldiplacone 

24854122 

Diplacone 14539948 
Hesperetin 72281 Citrus fruit Anti-oxidant, anti-inflammatory, anticancer and antimicrobial activities [31] 
Hesperidin 10621 
Nobiletin 72344 Anti-inflammatory and anticancer activities [32] 
Galangin 5281616 Alpinia officinarum anti-inflammatory, antimicrobial, antiviral, anti-obesogenic and anti-oxidant activities 

[33] 
amentoflavone 5281600 Ginkgo biloba Anti-oxidant, anti-inflammatory, antisenescence, antitumor, antivirus and antifungal 

activities [34] 
Bilobetin 5315459 Anti-oxidation, anticancer, antibacterial, antifungal, anti-inflammatory and antiviral 

activities [35] 
Naringenin 932 Lycopersicum esculentum Antidiabetic, anti-atherogenic, antidepressant, antitumor, anti-inflammatory activities 

[36] 
Baicalein 5281605 Scutellaria baicalensis and Scutellaria lateriflora Anti-inflammatory, anti-oxidant, antiviral and anticancer activities [37] 
Myricetin 5281672 onions, grapes, berries, cherries, broccoli and 

citrus fruits. 
Anti-inflammatory, antitumor, antibacterial and antiviral activities [38] 

Quercetin 5280343 Antihyperlipidemia, anti-oxidant, antiviral, anticancer, anti-inflammatory, antimicrobial 
activities [39] 

kaempferol 5280863 Anti-oxidant, anti-inflammatory, anticancer, antidiabetic, and anti-aging activities [40]  
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energy. The defined coordinates of the SARS-CoV-2 3CLpro binding site 
region are located on the active site of Cys145 [44]. The grid maps were 
constructed with a value of 60 Å in all directions (X, Y, Z axes), with a 
default grid spacing of 0.375 Å, the Grid Coordinates for the main 
protease binding site determined as (x = − 14.043, y = 17.445, z =
66.228). However, for the SARS-CoV-2 RBD binding site, the grid center 
is x = 171.662, y = 122.527 and z = 254.893, using the same grid box 
size. The established interaction analysis as well as the 2D and 3D vi-
sualizations were exploited using the BIOVIA Discovery Studio Visual-
izer 2020. 

Molecular docking was validated by re-docking the crystallized 
ligand of the protein (PDB Id: 6lu7). Thus, the native ligand was sepa-
rated from the receptor using BIOVIA Discovery Studio Visualizer 2020. 
Subsequently, we performed docking of the native ligand again with the 
same receptor. The lowest energy pose obtained from the docked ligand 
and the native ligand was superimposed, to obtain the root mean square 
distance (RMSD) value between these two superimposed ligands. Mo-
lecular docking is considered valid if the RMSD value obtained is less 
than 2 Å [45]. 

2.4. In silico pharmacokinetics ADMET and drug likeness prediction 

The development of computer technology has allowed the develop-
ment of new drug candidates, reducing the number of experimental 
studies and improving the success rate. For this reason, ADMET phar-
macokinetic parameters and drug similarity have been determined for 
preliminary estimation in the drug discovery process. The in silico study 
provides a pathway to ADMET (Absorption, Distribution, Metabolism, 
Excretion and Toxicity) parameters [46], Its absorption of compounds in 
the human small intestine, distribution is the passage of compounds 
through the different tissues of the body, metabolism refers to the 
chemical biotransformation of a compound by the body, excretion is the 
elimination of a compound from the body and the level of toxicity of the 
compound. The prediction of the drug likeness to the selected com-
pounds was estimated based on Lipinski, Ghose, Veber, Egan and 
Muegge rules. 

2.5. Molecular dynamic simulation 

Molecular dynamics (MD) simulations were performed using the 
Nanoscale Molecular Dynamics (NAMD) program [47]. The NAMD 
input files were generated on the CHARMM-GUI [48], using the 
CHARMM36 force field for the calculation of the system was solvated 
with the TIP3P water model [49] in a 10 Å cubic box around the protein 
and neutralised by the addition of the NaCl salt at the ionic concentra-
tion of 0.154 M using the Monte-Carlo method for ion positioning [50]. 
The energy was minimised for 10,000 steps using the steepest descent 
method. After minimization, the system was equilibrated at 310 K for 
100 ns in a constant atom number, volume and temperature (NVT) 
ensemble. Then, the system was subjected to 100 ns of unrestricted MD 
simulations in a constant number of atoms, pressure, and temperature 
(NPT) ensemble with a reference temperature (310 K) and pressure (1 
atm). The MD trajectory analyses were used to generate the root mean 
square deviation (RMSD), root mean square fluctuation (RMSF), protein 
solvent accessible surface area (SASA) and radius of gyration (Rg) using 
Visual Molecular Dynamics (VMD) software [51] to verify the stability 
of the systems. 

2.6. Binding free energy calculations 

The Molecular Mechanics-Generalized Born Surface Area (MM- 
GBSA) approach approach included in AmberTools 22 software was 
used to determine the binding free energy [52,53]. This approach con-
stitutes a decisive step in the evaluation of the structure and function of 
complexes, following a MD simulation. The binding free energy (ΔEbind) 
was evaluated determined according to the following equations:  

ΔEbind = Ecomplex − (Ereceptor + Eligand)                                                      

ΔEbind = ΔEgas + ΔEsol − TΔS                                                               

ΔEgas = ΔEele +ΔEvdw                                                                           

ΔEsol = ΔEGB + ΔESA                                                                          

Where Ecomplex is the free energy of the protein-ligand complex, Ereceptor, 
and Eligand are the free energies in solution of the isolated protein and 
ligand, respectively. ΔEgas represents the gas phase interaction energy 
between the protein and the ligand, which includes the interaction en-
ergies electrostatic (ΔEele), van der Waals (ΔEvdw) and internal energies. 
ΔEsol is the free energy of solvation estimated as the sum of the polar free 
energy of solvation (ΔEGB) calculated with the generalized born model 
[54] and the non-polar free energy of solvation (ΔESA) obtained by 
fitting SASA [55]. TΔS presents the entropy changes that can be esti-
mated by a normal mode analysis on a set of conformational snapshots 
during the molecular dynamics process. Nevertheless, several re-
searchers have reported that the lack of entropy evaluation is not critical 
for the calculation of MM-GBSA binding free energies for protein-ligand 
complexes [56–58]. For this reason, the entropy contribution TΔS of all 
complexes was not calculated. 

3. Results and discussions 

3.1. Analysis of the binding modes of the flavonoids with SARS-CoV-2 
(3CLpro, RBD) receptor 

The computer-aided drug design (CADD) approach is a dynamic 
research area. Computational screening of compounds has been exten-
sively employed in recent years, including screening, design, identifi-
cation of new drugs against COVID-19 [59–61]. Therefore, we 
performed molecular docking of the studied ligands with SARS-CoV-2 
receptors. Table 2 shows the results of the calculated binding affinities 
of each ligand with the two receptors. 

Table 2 
Binding affinity of SARS-CoV-2 3CLpro and RBD with Ligands.  

Ligands Binding Energy of SARS-CoV- 
2 3CLpro (kcal/mol) 

Binding Energy of SARS- 
CoV-2 RBD (kcal/mol) 

Herbacetin − 9.81 − 8.03 
Morin − 9.61 − 8.46 
Puerarin − 7.62 − 5.72 
Daidzein − 7.45 6.11 
Silibinin − 9.59 − 9.03 
Tomentin A − 10.21 − 9.51 
Tomentin B − 10.02 − 9.62 
Tomentin C − 10.03 − 8.92 
Tomentin D − 9.23 − 8.72 
Tomentin E − 10.41 − 8.32 
3′-O- 

methyldiplacol 
− 9.18 − 8.19 

4′-O- 
methyldiplacol 

− 9.24 − 8.39 

3′-O- 
methyldiplacone 

− 9.08 − 7.83 

4′-O- 
methyldiplacone 

− 9.87 − 8.51 

Diplacone − 9.59 − 8.19 
Hesperetin − 8.06 − 7.8 
Hesperidin − 10.47 − 9.38 
Nobiletin − 7.47 − 5.87 
Galangin − 10.06 − 7.87 
amentoflavone − 12.43 − 10.19 
Bilobetin − 11 − 8.89 
Naringenin − 8.84 − 7 
Baicalein − 9.59 − 8.19 
Myricetin − 10.42 − 8.66 
Quercetin − 10.71 − 8.26 
kaempferol − 9.75 − 7.69  
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For the binding site of SARS-CoV-2 3CLpro receptor, the binding 
affinity values range from − 7.45 and − 12.43 kcal/mol. The binding 
affinity values reveal strong competition for all ligands except for the 
ligands Puerarine, Daidzein, and Nobiletin. Thus, the ligand amento-
flavone has a higher binding affinity (− 12.43 kcal/mol), as well as the 
Tomentin A, Tomentin B, Tomentin C, Tomentin E, Hesperidin, Gal-
angin, Bilobetin, Myricetin and Quercetin have a binding affinity higher 
than − 10 kcal/mol, the other ligands vary between − 8 and 10 kcal/mol 
with the exception of the Puerarin, Daidzein and Nobiletin which are 
lower than − 8 kcal/mol. For the receptor binding site of SARS-CoV-2 
DBR, the binding affinity values range from − 5.72 to − 10.19 kcal/ 
mol. Thus, the ligand amentoflavone has a higher binding affinity 
(− 10.19 kcal/mol). All ligands have binding affinity values greater than 
− 8 kcal/mol, with the exception of Puerarin, Daidzein, 3′-O-methyl-
diplacone, Hesperetin, Nobiletin, Galangin, Naringenin and kaempferol 
ligands. From our docking analysis, almost all complexes have conver-
gent complexation energy. To verify that these ligands from the flavo-
noid family are capable to be potential inhibitors of SARS-CoV-2, it is 
imperative to compare the binding site affinity with the best placement 
of the ligands in the active site of each receptor. 

3.2. Interaction analysis of the ligands bound within binding pockets 
SARS-CoV-2 3CLpro and RBD 

In order to analyze the mechanism of interactions between bioactive 
molecules and their respective enzymatic targets, the visualization of 
intermolecular interaction modes to predict biological activity was 
further analyzed. For the purpose of predicting the activity of SARS-CoV- 
2, the important sites in the case of 3CLpro of SARS-CoV-2 that formed 
the active site pocket are located at His41, Met49, Leu141, Asn142, 
Gly143, Ser144, Cys145, His163, His164, Met165, Glu166, Leu167, 
Asp187, Arg188, Gln189, Thr190 and Ala191. The recurrence of resi-
dues Asn142, Leu141, Ser144, and Cys145 indicates that they may be 
required for inhibitor binding [41]. The pocket that forms the SARCoV-2 
RBD active site involved in ACE2 binding include Arg403, Asp405, 
Lys417, Gly446, Tyr449, Tyr453, Leu455, Phe456, Ala475, Phe486, 
Asn487, Tyr489, Gln493, Gly496, Gln498, Thr500, Asn501, Gly502 and 
Tyr505 with Gln24, His34, Glu35, Asp38, Tyr41, Gln42 and Lys353 in 
ACE2 [42,62]. 

The distances and angles, as well as the residues involved in the 
hydrogen bonds between the target protein and these ligands, have been 
grouped in Table 3. The 2D visualization of the best active compounds, 

Table 3 
Hydrogen bonding interactions (distances and angles) from molecular docking of SARS-CoV-2 3CLpro and RBD with the best ligands.  

Ligand SARS-CoV-2 3CLpro Ligand SARS-CoV-2 RBD 

Residue groups Ligand groups distances (Å) angles θ(◦) Residue groups Ligand groups distances (Å) angles θ(◦) 

Silibinin Asn142 H–O 2.14 100.819 Herbacetin Asp38 
Try453 
Ser494 
Gly496 
Asn501 

H–O 
O=C2 

H–O 
O–C 
H–O 

3.01 
1.93 
2.35 
2.4 
1.96 

100.739 
137.418 
93.548 
159.033 
122.375 

Ser144 H–O 2.92 133.411 
Cys145 H–O 3.07 92.489 
Met165 H–O 2.49 109.103 
Glu166 H–O 1.89 177.26 
Gln192 H–O 2.6 103.613 

Tomentin A Leu141 H–O 1.91 120.673 Morin Glu406 
Try453 
Try453 
Tyr505 

H–O 
H–O 
H–O 
H–O 

2.38 
2.71 
1.8 
2.04 

155.738 
116.802 
140.465 
121.609 

Asn142 H–O 2.84 104.353 
Asn142 H–O 3.03 92.387 
Gly143 H–O 2.39 104.216 
Ser144 O=C2 2.13 120.685 
Cys145 H–O 2.55 125.431 

Tomentin B Leu141 H–O 1.88 145.814 Silibinin Glu35 
Glu35 
Leu492 
Gly496 
Asn501 

H–O 
H–O 
H–O 
O–C 
H–O 

2.2 
1.65 
2.28 
1.93 
1.85 

108.256 
118.008 
135.946 
154.117 
134.98 

Asn142 H–O 1.97 130.576 
Gly143 H–O 2.84 104.357 
Ser144 O=C2 2.07 104.29 
Cys145 H–O 2.37 115.492 

4′-O-methyldiplacone Phe140 H–O 1.92 125.16 Tomentin E Arg403 
Try453 
Try453 
Ser494 
Tyr505 

O–C 
O–C 
H–O 
H–O 
O–C 

2.32 
1.81 
2.26 
2.33 
2.37 

98.748 
110.699 
133.48 
151.52 
112.066 

Gly143 O=C2 2.39 114.769 
Ser144 O=C2 2.33 136.801 
Ser144 O=C2 2.47 159.34 
Cys145 O=C2 2.96 127.827 
Glu189 H–O 2.02 139.21 

Hesperidin Leu141 H–O 2.95 100.203 amentoflavone Asp405 
Asp405 
Glu406 
Try453 
Tyr505 

H–O 
H–O 
H–O 
H–O 
H–O 

1.91 
2.4 
3.06 
1.98 
1.92 

137.377 
141.089 
105.893 
164.01 
133.954 

Ser144 O=C2 1.95 124.232 
Ser144 O=C2 1.52 145.131 
Cys145 O=C2 2.54 108.624 
Glu166 H–O 2.22 130.024 
Glu166 H–O 1.86 146.064 
Glu166 H–O 1.98 133.452 

Amentoflavone Cys145 H–O 2.63 147.632 Bilobetin Glu35 
Asp38 
Try453 
Asn501 
Tyr505 

H–O 
H–O 
H–O 
H–O 
H–O 

2.65 
1.75 
1.96 
2.16 
1.73 

93.156 
125.652 
120.927 
132.582 
146.577 

His164 H–O 2 128.545 
Leu167 H–O 2.03 168.13 
Thr190 H–O 2.34 146.181 

Bilobetin Phe140 H–O 2.39 109.977 Baicalein Lys353 
Asn501 
Asn501 
Tyr505 

O=C2 

H–O 
H–O 
H–O 

1.76 
1.77 
1.67 
1.9 

103.952 
155.702 
153.704 
172.909 

Gly143 O=C2 2.65 142.871 
Cys145 O=C2 2.87 138.296 
Glu166 O–C 2.74 146.766 
Glu166 H–O 2.83 111.691 
Arg188 H–O 2.08 109.425 
Gln189 H–O 2.76 119.617      

Quercetin Lys353 
Glu406 
Asn501 
Asn501 

H–O 
H–O 
H–O 
H–O 

1.9 
2.02 
2.04 
1.81 

132.03 
135.391 
160.539 
149.349  
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based on the number of hydrogen bonds with the important amino acids 
of the 3CLpro and RBD active sites of SARS-CoV-2, were presented in 
Figs. 1 and 2, respectively. Fig. 1 shows that Silibinin, Tomentin A, 
Tomentin B, 4′-O-methyldiplacone, Hesperidin, Amentoflavone and 
Bilobetin formed several hydrogen bonding interactions with the resi-
dues Asn142, Leu141, Ser144 and Cys145 in the deepest regions of the 
SARS-CoV-2 3CLpro active site. As a result, they are able to cover the 
receptor binding pocket of this protein, which prevents COVID-19 
replication and transcription. Furthermore, we observed a strong cor-
relation between the best interactions formed with SARS-CoV-2 3CLpro 
and the high docking score observed for these compounds. However, the 
high docking score does not reflect the position and formation of strong 
interactions with the active site of SARS-CoV-2 3CLpro. These results 
indicate that these ligands could be studied as a potential therapeutic 
solution against COVID-19 by inhibiting virus replication and tran-
scription. Furthermore, Fig. 2 revealed that Herbacetin, Morin, Silibinin, 

Tomentin E, Amentoflavone, Bilobetin, Baicalein and Quercetin estab-
lished several hydrogen bonding interactions with the target protein 
(Table 3). These hydrogen bonding interactions with Arg403, Tyr449, 
Gly496, Gln498 and Asn501 are the most favourable positions in the 
SARS-CoV-2 RBD active site compared to the other compounds studied. 
The selected ligands were those with the best docking score, but several 
complexes with the highest docking score did not form strong in-
teractions with the SARS-CoV-2 RBD active site. Thus, the position and 
stability of ligands in the active site play a decisive role in confirming the 
potential therapeutic pathway for COVID-19. Based on these results, 
these ligands are capable to establish several hydrogen bond in-
teractions with the main residues. Therefore, they are theoretically 
capable to bind to the pocket formed by the SARS-CoV-2 protein resi-
dues and interfering with the function of the virus, indicating the po-
tential of these compounds as SARS-CoV-2 inhibitors with similar 
binding sites and pocket structures. Thus, the molecular docking results 

Fig. 1. 2D visualization of the interaction types between the best ligands with SARS-CoV-2 3CLpro.  
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also showed that silibinin, Amentoflavone and Bilobetin could inhibit 
both sites of SARS-CoV-2, thus these compounds could be effective in-
hibitors for COVID-19. Furthermore, modeling of the contact areas be-
tween the ligands and the receptor shows that these complexes are 
mainly stabilized by hydrogen bonds involving the O–H and C=O groups 
where the ligand can act simultaneously as a donor and acceptor with 
the residues, which are essential for SARS-CoV-2 inhibition. 

3.3. Docking validation protocol 

To validate the accuracy of the docking procedure for predicting the 
conformation of the ligand bound to the receptor, we performed a new 
docking of the native ligand with the SARS-CoV-2 3CLpro receptor. 
Fig. 3 shows the superimposed view between the docked ligand and the 
co-crystallized native ligand. Several studies have shown that RMSD is 
not a good parameter for docking validation [63–65], because RMSD 
suffers from serious problems when it comes to large, nearly symmet-
rical molecules and does not provide any information about the quality 
of the complex representation as well as ligand-receptor interactions. In 
this study, we rely on a new docking validation method called visual 
inspection. Fig. 4 shows the 2D and 3D visualization of the interactions 
of the docked ligand and the co-crystallized native ligand with the 

SARS-CoV-2 3CLpro protein. 
The results of this visual inspection of the re-docking ligand clearly 

show that the docked ligand formed approximately the same interaction 
modes with the same amino acids at the active site of the SARS-CoV-2 
3CLpro, compared to the crystallized ligand. Based on these results, it 

Fig. 2. 2D visualization of the interaction types between the best ligands with SARS-CoV-2 RBD.  

Fig. 3. The visualization of the superposition the ligand position based on the 
re-docking process of the crystallographic ligand (green = original, blue =
docked). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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can be concluded that the use of visual inspection as a new method for 
validating molecular docking yields convincing results, and that the 
docking process was successfully validated by the visual inspection 
method. 

3.4. ADMET prediction and drug-likeness 

To ensure that the best bioactive compounds against COVID-19 can 
be viable drugs, we used ADMET pharmacokinetic parameters and 
druglikeness. Table 4 presents the in silico prediction of ADMET prop-
erties using the online tool pkCSM. Table 5 presents the in silico pre-
diction of druglikeness properties using the SwissADME online tool [66, 
67]. 

Overall, an absorption value less than 30% means poor absorption. 
The above results show that all compounds have good absorption in the 
human intestine, except for Hesperidin, which has an absorption value 
of less than 30%. In addition, the Volume of distribution (VDss) is 
estimated to be high if the value is greater than 0.45. Blood brain barrier 
(BBB) and central nervous system (CNS) permeability standard values 
(>0.3 to < -1 Log BB and >-2 to < -3 LogPS), respectively. For a 
particular compound a LogBB < -1 is poorly distributed in the brain, 
whereas LogBB >0.3 is potential to cross the BBB and LogPS > -2 
considered to penetrate the CNS, whereas LogPS < − 3 is difficult to 
move in the CNS. The results indicate that all ligands, except Amento-
flavone and Bilobetin, have an increased ability to cross barriers. 

Drug metabolism is the term used to describe the biotransformation 
of pharmaceutical substances in the body. Drugs produce several enzy-
matic metabolites, and each metabolite formed has different pharma-
cological, pharmacokinetic and physico-chemical propertiesIt is 
therefore essential to consider drug metabolism and interactions with 
other drugs. Cytochrome P450 inhibition, including CYP: 1A2, 2C19, 
2C9, 2D6, and 3A4, plays a major role in drug metabolism, as it causes 
drug interactions and some cytochromes P450 can be considered as 
therapeutic targets. Several studies have shown that drugs such as 
lopinavir/ritonavir and hydroxychloroquine sulfate, which they have 
shown their effectiveness in the treatment of COVID-19 patients, have 
potent inhibitory effects on CYP3A4 and CYP2D6 [68,69]. The com-
pounds Herbacetin, Morin, Tomentin A, Tomentin B, 4′-O-methyldi-
placone and Quercetin were found to be inhibitors of the enzymes 
CYP3A4 and CYP2D6. Clearance is a constant that describes the rela-
tionship between the rate of drug clearance and the concentration of 
drug in the body. Therefore, a low clearance value indicates increased 
persistence of drugs in the body. The all compounds show a good 
persistence of the drug in the body. Furthermore, it is necessary to verify 
that the predicted compounds are non-toxic. The all compounds pre-
sented are non-toxic. According to these criteria, the compounds Her-
bacetin, Morin, Tomentin A, Tomentin B, 4′-O-methyldiplacone and 
Quercetin have good pharmacokinetic properties. 

The drug-likeness results show that the compounds Herbacetin, 
Morin, Tomentin A, Tomentin B, Tomentin B, 4′-O-methyldiplacone, 

Fig. 4. (a) 3D visualization comparison between ligand pose prediction results and the crystallographic ligand pose. (b) 2D visualization showing interactions of 
ligand pose prediction result. (c) 2D visualization showing interactions of the crystallographic ligand pose. 
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Baicalein and Quercetin are in perfect agreement with all drug similarity 
rules (Table 5). Based on these results, it can be concluded that the 
compounds Herbacetin, Morin, Tomentin A, Tomentin B, 4′-O-methyl-
diplacone and Quercetin have the potential to become excellent drug 
candidates against COVID-19. 

3.5. Molecular dynamics analysis 

After the analysis of molecular docking and ADMET properties of the 
predicted compounds, MD studies of the compounds Tomentin A, 
Tomentin B and 4′-O-methyldiplaconewith SARS-CoV-2 3CLpro active 
site as well as the compounds Herbacetin, Morin and Quercetin with 
SARS-CoV-2 RBD active site were performed, using RMSD and RMSF 
parameters to analyze the dynamic behaviour and stability of the target 
protein. The RMSD, RMSF, SASA and R(g) plots of the SARS-CoV-2 
3CLpro and RBD complexes with the best predicted compounds are 
shown in Fig. 5, Fig. 6, Fig. 7 and Fig. 8, respectively. 

In the case of SARS-CoV-2 3CLpro (Fig. 5a), analysis of the RMSD 
plots indicates that all systems showed a rapid increase in RMSD values 
from 0.6 Å to 1.3 Å within a 20 ns period. Thereafter, all systems fluc-
tuated within a similar distance range of 1.3 Å and 1.5 Å, implying that 
all systems reached a steady state and equilibrium. The RMSD values of 
Tomentin A, Tomentin B and 4′-O-methyldiplacone complexed with the 
SARS-CoV-2 3CLpro were 1.644 Å, 1.681 Å and 1.629 Å, respectively. 
According to the study by Beura et al. [70], an RMSD value of less than 3 
Å is an indicator of the conformational stability of protein-ligand com-
plexes. All compounds have a value below 1.7 Å. Thus, all compounds 
are stable in the active sites of the proteins and the ligand 4′-O-me-
thyldiplacone has the best stability. In the case of SARS-CoV-2 RBD 
(Fig. 5b), analysis of the RMSD plots indicates that all systems showed a 
rapid increase in RMSD values from 0.6 Å to 1.4 Å within a 20 ns period. 
Subsequently, all systems fluctuated within a similar distance range of 
1.4 Å and 1.7 Å, implying that all systems reached a steady state and 
equilibrium. From the RMSD plot, the RMSD values of the compounds 
Herbacetin, Morin and Quercetin complexed with the SARS-CoV-2 RBD 
protein were 1.704 Å, 1.823 Å and 2.153 Å, respectively, with RMSD 
values less than 2.2 Å indicating that all compounds are stable in the 
active site of the SARS-CoV-2 RBD protein and the compound Herba-
cetin is the most stable. The RMSF trajectories measure the ligand 
binding affects the flexibility of the protein during the 100 ns MD 
simulation, which is crucial information on the receptor’s stability, 
stiffness and compactness. A high RMSF value indicates that the residue 
is flexible, while a low RMSF value indicates that the residue is stable. In 
the case of SARS-CoV-2 3CLpro (Fig. 6a), most residues share the same 
RMSF values, with larger fluctuations present in different ranges, such as 
Ser1 (3.971 Å), Asn277 (1.704 Å), Gly302 (2.151 Å) and Gln306 (2.751 
Å), these residues are not involved as they are located in the inactive 
regions of the SARS-CoV-2 3CLpro protein. However, the crucial active Ta
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Table 5 
Drug likeness prediction of the potential inhibitors based on the rules of Lipinski, 
Ghose, Veber, Egan and Muegge.  

Compounds Druglikeness 

Lipinski Ghose Veber Egan Muegge 

Herbacetin Yes Yes Yes Yes Yes 
Morin Yes Yes Yes Yes Yes 
Silibinin Yes No No No No 
Tomentin A Yes Yes Yes Yes Yes 
Tomentin B Yes Yes Yes Yes Yes 
Tomentin E Yes Yes Yes Yes Yes 
4′-O-methyldiplacone Yes Yes Yes Yes No 
Hesperidin No No No No No 
amentoflavone No No No No No 
Bilobetin Yes No No No No 
Baicalein Yes Yes Yes Yes Yes 
Quercetin Yes Yes Yes Yes Yes  
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Fig. 5. a) The RMSD values of SARS-CoV-2 3CLpro in complex with the corresponding ligands. b) The RMSD values of SARS-CoV-2 RBD in complex with the 
corresponding ligands. 

Fig. 6. a) The RMSF values of SARS-CoV-2 3CLpro residues in complex with the corresponding ligands. b) The RMSF values of SARS-CoV-2 RBD residues in complex 
with the corresponding ligands. 

Fig. 7. a) SASA values of SARS-CoV-2 3CLpro in complex with the corresponding ligands. b) SASA values of SARS-CoV-2 RBD in complex with the correspond-
ing ligands. 
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site residues, such as Asn142, Leu141, Ser144, and Cys145, show 
smaller fluctuations with RMSF values below 0.8 Å, indicating that the 
established hydrogen bonds stabilize the ligands with the SARS-CoV-2 
3CLpro protein. In the case of the SARS-CoV-2 RBD (Fig. 6b), residues 
with larger fluctuations, such as Cys336 (2.636 Å), Val367 (2.924 Å), 
Asn370 (2.835 Å) and Pro479 (2.566 Å), are not involved in the active 
site, but crucial active site residues such as Arg403, Glu406, Try453, 
Gly496, Asn501 and Tyr505 show smaller fluctuations with RMSF 
values below 1 Å, indicating that established hydrogen bonds stabilize 
the ligand complexation with the SARS-CoV-2 RBD protein. These data 
confirm the RMSD results that all predicted ligand complexation with 
SARS-CoV-2 3CLpro and RBD protein exhibit greater conformational 
stability. 

The solvent accessible surface area (SASA) calculates the surface area 
of a protein-ligand complex that can interact with solvent molecules. 
Decreasing SASA values of a protein indicate an increase in the 
compactness of the protein and less exposure to solvents. In the case of 
SARS-CoV-2 3CLpro (Fig. 7 a), the SASA values are similar for all three 
complexes, there is a slight tolerable increase in the 20 ns period but in 
general the SASA values remain almost stable, this result indicates that 
all complexes are compact. In the case of SARS-CoV-2 RBD (Fig. 7b), low 
SASA values for all three complexes was observed with significant sta-
bilization throughout the simulations. This indicates that there is no 
change in the structure of the complex, and on the other hand, a high 
compactness of the complex. In general, the SASA results suggest the 
formation of stable complexes for both proteins with the corresponding 
ligands. 

The radius of gyration (Rg) provides an indicator of the level of 
compactness of protein-ligand complexes. There is an inverse relation-
ship between Rg values and protein compactness. As shown in Fig. 8 a, a 
slight tolerable increase in the 10 ns period for all three complexes, 
thereafter all systems have smaller and stable fluctuations in Rg value. 

As shown in Fig. 8 b, the structures of the three complexes show rela-
tively little variation in Rg values throughout the simulations, implying 
that none of the systems underwent significant conformational changes. 
Therefore, it can be concluded that all systems were stable and compact. 
In general, it can be concluded that the docking results of all predicted 
ligand complexation with the SARS-CoV-2 3CLpro and RBD protein 
show greater conformational stability. 

3.6. Binding free energy calculations 

The binding free energy calculations for the six complexes based on 
the MD trajectory were performed using the MM-GBSA method are lis-
ted in Table 6. 

For all complexes, the ΔEgas and ΔEsol values are negative and pos-
itive, indicating a favourable and an unfavourable energy contribution 
to the overall binding free energy, respectively. In the case of the SARS- 
CoV-2 3CLpro, the binding free energy (ΔEbind) values of compounds 
Tomentin A, Tomentin B and 4′-O-methyldiplacone were − 23.426, 
− 16.221and − 34.119 kcal mol− 1, respectively. Compound 4′-O-meth-
yldiplacone seems to be the most active among the three designed in-
hibitors with binding free energy (− 34.119 kcal mol-1) for SARS-CoV-2 
3CLpro. In the case of the SARS-CoV-2 RBD, the ΔEbind values of com-
pounds Herbacetin, Morin and Quercetin were − 28.207, − 19.216 and 
− 1.724 kcal mol− 1, respectively. The compound Herbacetin was found 
to be the most active of the three designed inhibitors with a binding free 
energy of − 28.207 kcal mol-1 for SARS-CoV-2 RBD. The ΔEbind values of 
all designed inhibitors are all more negative, except of the compound 
Quercetin, indicating the most energetically favourable, theoretically 
active and significant for the experimental tests. Moreover, the MM- 
GBSA results are fully consistent with the molecular dynamics results, 
as a correlation was observed between the binding free energy values 
and the RMSD values. The results of this study could represent excellent 

Fig. 8. a) Radius of gyration (Rg) values of SARS-CoV-2 3CLpro in complex with the corresponding ligands. b) Radius of gyration (Rg) values of SARS-CoV-2 RBD in 
complex with the corresponding ligands. 

Table 6 
The binding free energy details of the SARS-CoV-2 3CLpro and RBD in complex with the selected ligand.  

Energy Parameter (kcal/mol) SARS-CoV-2 3CLpro SARS-CoV-2 RBD 

Tomentin A Tomentin B 4′-O-methyldiplacone Herbacetin Morin Quercetin 

ΔEvdw − 30.470 − 27.921 − 43.290 − 33.762 − 26.927 − 13.546 
ΔEele − 20.452 − 16.379 − 22.803 − 38.692 − 22.810 − 30.441 
ΔEGB 31.614 31.910 37.552 49.642 36.634 43.563 
ΔESA − 4.117 − 3.830 − 5.578 − 3.662 − 2.997 − 3.512 
ΔEgas − 50.922 − 44.301 − 66.093 − 74.187 − 52.852 − 41.776 
ΔEsol 27.496 28.079 31.974 45.979 33.636 40.051 
ΔEbind − 23.426 − 16.221 − 34.119 − 28.207 − 19.216 − 1.724  
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candidates for the treatment of COVID-19. 

4. Conclusion 

Inhibition of SARS-CoV-2 3CLpro and RBD sites is an important 
target for treating COVID-19. In this study, we identified some drug 
candidates against COVID-19 from a set of 26 studied compounds 
belonging to the flavonoid family, using molecular docking, ADMET 
properties, drug-likeness and molecular dynamics simulations. Molec-
ular docking revealed that the ligands (Silibinin, Tomentin A, Tomentin 
B, 4′-O-methyldiplacone, Hesperidin, Amentoflavone, Bilobetin) as well 
as (Herbacetin, Morin, Silibinin, Tomentin E, Amentoflavone, Bilobetin, 
Baicalein, Quercetin) showed inhibitory potential for SARS-CoV-2 
3CLpro and RBD, respectively. Thus, Silibinin, Amentoflavone and 
Bilobetin presented potential inhibitory for the SARS-CoV-2 3CLpro and 
RBD receptors. The molecular docking results were tested with a new 
validation method based on visual inspection. The evaluation of ADMET 
pharmacokinetic properties and the drug likeness in silico of the best 
compounds revealed that Herbacetin, Morin, Tomentin A, Tomentin B 
and Quercetin could be effective against COVID-19. Subsequently, the 
compounds with the best pharmacokinetic properties were selected for 
further analysis using molecular dynamics studies. The molecular dy-
namics results demonstrated the accurate docking of best compounds in 
terms of reliability and stability. Furthermore, the MM-GBSA results 
indicate strong binding energies between the ligands and the receptor, 
which also confirms our docking results. These results hold great 
promise in halting the progression of the COVID-19 pandemic. 
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D. Skeel, L. Kalé, K. Schulten, Scalable molecular dynamics with NAMD, J. Comput. 
Chem. 26 (2005) 1781–1802, https://doi.org/10.1002/JCC.20289. 

[48] S. Jo, T. Kim, V.G. Iyer, W. Im, CHARMM-GUI: a web-based graphical user 
interface for CHARMM, J. Comput. Chem. 29 (2008) 1859–1865, https://doi.org/ 
10.1002/JCC.20945. 

[49] P. Mark, L. Nilsson, Structure and dynamics of the TIP3P, SPC, and SPC/E water 
models at 298 K, J. Phys. Chem. 105 (2001) 9954–9960, https://doi.org/10.1021/ 
JP003020W. 

[50] W. Im, S. Seefeld, B. Roux, A grand canonical Monte Carlo–brownian dynamics 
algorithm for simulating ion channels, Biophys. J. 79 (2000) 788–801, https://doi. 
org/10.1016/S0006-3495(00)76336-3. 

[51] W. Humphrey, A. Dalke, K. Schulten, VMD: visual molecular dynamics, J. Mol. 
Graph. 14 (1996) 33–38, https://doi.org/10.1016/0263-7855(96)00018-5. 

[52] P.A. Kollman, I. Massova, C. Reyes, B. Kuhn, S. Huo, L. Chong, M. Lee, T. Lee, 
Y. Duan, W. Wang, O. Donini, P. Cieplak, J. Srinivasan, D.A. Case, T.E. Cheatham, 
Calculating structures and free energies of complex molecules: combining 
molecular Mechanics and continuum models, Acc. Chem. Res. 33 (2000) 889–897, 
https://doi.org/10.1021/AR000033J. 

[53] B.R. Miller, T.D. McGee, J.M. Swails, N. Homeyer, H. Gohlke, A.E. Roitberg, 
MMPBSA.py: an efficient program for end-state free energy calculations, J. Chem. 
Theor. Comput. 8 (2012) 3314–3321, https://doi.org/10.1021/CT300418H. 

[54] A. Onufriev, D. Bashford, D.A. Case, Exploring protein native states and large-scale 
conformational changes with a modified generalized born model, Proteins 55 
(2004) 383–394, https://doi.org/10.1002/PROT.20033. 

[55] J. Weiser, P.S. Shenkin, W.C. Still, Approximate atomic surfaces from linear 
combinations of pairwise overlaps (LCPO), J. Comput. Chem. 20 (1999) 217–230. 
https://onlinelibrary.wiley.com/doi/abs/10.1002/(SICI)1096-987X(19990130) 
20:2%3C217::AID-JCC4%3E3.0.CO;2-A. (Accessed 29 May 2022). 

[56] S. Genheden, U.L.F. Ryde, How to obtain statistically converged MM/GBSA results, 
J. Comput. Chem. 31 (2010) 837–846, https://doi.org/10.1002/JCC.21366. 

[57] I. Massova, P.A. Kollman, Combined molecular mechanical and continuum solvent 
approach (MM-PBSA/GBSA) to predict ligand binding, Perspect. Drug Discov. Des. 
18 (2000) 113–135, https://doi.org/10.1023/A:1008763014207. 
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