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A B S T R A C T   

Flavonoids have been shown to have antioxidant, anti-inflammatory, anti-proliferative, antibacterial and anti-
viral efficacy. Therefore, in this study, we choose 85 flavonoid compounds and screened them to determine their 
in-silico interaction with protein targets crucial for SARS-CoV-2 infection. The five important targets chosen were 
the main protease (Mpro), Spike receptor binding domain (Spike-RBD), RNA - dependent RNA polymerase (RdRp 
or Nsp12), non-structural protein 15 (Nsp15) of SARS-CoV-2 and the host angiotensin converting enzyme-2 
(ACE-2) spike-RBD binding domain. The compounds were initially docked at the selected sites and further 
evaluated for binding free energy, using the molecular mechanics/generalized Born surface area (MMGBSA) 
method. The three compounds with the best binding scores were subjected to molecular dynamics (MD) simu-
lations. The compound, tribuloside, had a high average binding free energy of − 86.99 and − 88.98 kcal/mol for 
Mpro and Nsp12, respectively. The compound, legalon, had an average binding free energy of − 59.02 kcal/mol 
at the ACE2 spike-RBD binding site. The compound, isosilybin, had an average free binding energy of − 63.06 
kcal/mol for the Spike-RBD protein. Overall, our results suggest that tribuloside, legalon and isosilybin should be 
evaluated in future studies to determine their efficacy to inhibit SARS-CoV-2 infectivity.   

1. Introduction 

Currently, numerous research groups are developing compounds and 
vaccines for the treatment of patients infected with SARS-CoV-2 [1]. 
Several strategies have been used to develop drugs to treat SARS-CoV-2. 
Unfortunately, due to restrictions regarding the use of SARS-CoV-2 (i.e. 
biosafety level III requirements) and an ongoing pandemic, laboratory 
research has been greatly limited. Computational tools have been widely 
used for development of variety of drugs including this study by 
screening libraries to discover compound that could affect the attach-
ment, maturation and replication of SARS-CoV-2 [2,3]. The major focus 

of these studies was to obtain information about the SARS-CoV-2 pro-
teins and target them with natural phytochemicals. The major targets 
studied were the SARS-CoV-2 main protease (Mpro) [4], spike 
glycoprotein-receptor binding domain (Spike-RBD) [5], 
angiotensin-converting enzyme-2 (ACE2) [6], RNA-dependent RNA 
polymerase (RdRp; also known as non-structural protein 12(Nsp12)) [7] 
and non-structural protein 15 (Nsp15) [8]. The protein, Mpro, also 
known as the 3C-like protease, is required for the proteolytic maturation 
of the SARS-CoV-2 [9]. It is also essential for the regulation and cleavage 
of the polyproteins, pp1a and pp1ab, that generates functional proteins, 
such as Nsp12, Nsp15 and exoribonuclease [10,11]. The inhibition of 
this enzyme prevents viral maturation and increases the host immune 
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response to SARS-CoV-2 [12,13]. The spike protein, or S protein of 
SARS-CoV-2, mediates viral infection and is involved in viral patho-
genesis [14]. The S1 subunit of the S protein recognizes and binds to the 
host receptor, angiotensin-converting enzyme 2 (ACE2), which induces 
the cleavage of the spike protein that produces a conformational change 
in S2 region to facilitate the fusion of the viral envelope with the host 
cell membrane [1,15]. The region of the S protein that binds to ACE2 
receptor is the receptor-binding domain (RBD) or Spike-RBD [16]. The 
ACE2 receptor is a transmembrane metalloproteinase that is a functional 
receptor for SARS-CoV-2 [17,18]. The interaction between the viral S 
protein and ACE2 trimerizes the S glycoprotein, producing the inter-
nalization of the virus by the host cell [19]. Therefore, the ACE2 and S 
proteins are important drug targets for preventing the entry of 
SARS-CoV-2 into the host cell [20]. The non-structural protein 12, in 
combination with the non-structural proteins 7 and 8, catalyzes the 
synthesis of a positive-stranded RNA molecule that is required for viral 
translation and replication and thus, infectivity [21,22]. A number of 
studies have reported that the inhibition of the Nsp12 by compounds 
such as favipiravir and remdesivir, inhibits the in vitro and in vivo 
replication of SARS-CoV-2, thereby significantly decreasing infectivity 
[23,24]. Finally, the coronavirus uridylate-specific endoribonuclease, 
Nsp15, a highly conserved protein among vertebrate nidoviruses, has 
been suggested to be a target for the development of drugs for 
SARS-CoV-2 [25]. Nsp15 mediates replication and the processing of 
sub-genomic RNAs during the replication cycle and it biodegrades viral 
polyuridine sequences to decrease the detection of the virus by the im-
mune system of the host cell [26]. 

It has been reported that natural phytochemicals, such as certain 
bioflavonoids, have efficacy against viruses such as the dengue virus, 
herpes simplex virus (HSV), Japanese encephalitis virus and Ebola 
[27–32]. In addition, certain bioflavonoid compounds have in vitro and 
in vivo anti-inflammatory and anti-oxidant efficacy [33]. Thus, it is 
possible that bioflavonoids could have efficacy in the treatment of 
SARS-CoV-2 by decreasing viral infectivity and replication and/or 
decreasing the inflammatory response. The identification of 
naturally-derived anti-SARS-CoV-2 compounds can be done by screening 
various databases/libraries using computational approaches, such as 
molecular docking, pharmacophore mapping, 3D-QSAR and molecular 
dynamics (MD) simulations [34–41]. The computational screening 
approach is advantageous at this time due to the limited access to lab-
oratories and researchers can focus on the outcome of these studies, 
which could represent a platform for the design and development of 
novel compounds within a relatively short period of time [42]. 

In this study, we screened 85 flavonoids that were previously re-
ported to have antimicrobial and antioxidant efficacy based on docking 
scores and molecular mechanics/generalized Born surface area 
(MMGBSA) [43]. The purpose of the high-throughput screening was to 
identify compounds that have high docking scores for the active site of 
the SARS-CoV-2 proteins, Mpro, SpikeRBD, Nsp12 and NSP15 in 

SARS-CoV-2 and the host ACE-2 receptor. 

2. Material and methods 

2.1. Platform for molecular modeling 

All computational studies and visualization of the protein-ligand 
complexes were performed using the Schrodinger drug discovery suite 
(Release 2020-4: Schrödinger, LLC, New York, NY, 2020) and Pymol 
version 2.4.1 [44]. 

2.2. Flavonoid compounds library preparation 

A dataset of 85 flavonoid molecules, with known antiviral and 
antimicrobial efficacy, were selected from the PubChem database (www 
.pubchem.ncbi.nlm.nih.gov) and their in silico interaction with the 
SARS-CoV-2 target proteins was determined for binding energy [Suppl 
file Table 1]. The SDF files of the compounds were imported to the 
Maestro molecular modeling suite. The LigPrep tool of Maestro 
(Schrödinger Release 2020-4) was used to generate optimized, low- 
energy conformers of the ligands using the OPLS3e force field [45]. 
Possible tautomeric states were generated for each ligand at a pH of 7.0 
± 2.0 using the Epik [46,47]. The specified chirality was retained and a 
maximum of 32 stereoisomers were generated per ligand. This approach 
yielded 843 structures generated from the 85 selected compounds and 
were used for docking and to estimate binding free energy. 

2.3. Protein preparation 

Based on the available 3D structures of the target proteins, high 
resolution structures were retrieved from the protein data bank (PDB) 
[48]. The structures of the SARS-CoV-2 main protease (Mpro) (PDB ID: 
6LU7) [49], the non-structural protein 12 (nsp12) (PDB ID: 7BV2) [42] 
and non-structural protein 15 (nsp15) (PDB ID: 6WXC) [43], were 
complexed with a co-crystallized inhibitor. The structure of the spike 
receptor binding domain was complexed with the 
angiotensin-converting enzyme-2 (ACE2) without a co-crystallized in-
hibitor (PDB ID: 6M0J) [44]. Using the Protein Preparation Wizard of 
Maestro, the selected structures were processed as as per the general 
protocol. Briefly, the missing hydrogen atoms were added to the struc-
ture and the hydrogen bond network was optimized using PROPKA at 
pH 7.0. All water molecules beyond 3 Å were removed and a restrained 
minimization was conducted using the OPLS3e force field with a 
convergence criterion of 0.3 Å root-mean-square deviation (RMSD) for 
all the heavy atoms. The histidine protonation state for the structures of 
Mpro and Nsp15 were given specific attention. The histidine protonation 
network for SARS-CoV-2 Mpro was optimized as per our previous pro-
tocol [50]. While processing the structure of Nsp15, the protonation 
state was optimized using an interactive H-bond optimiser panel usinf 
PROPKA at pH 7.0. The His-250 residue was kept delta protonated 
(HID-250), whereas His-235 was eta protonated (HIE-235) as previously 
reported [11]. 

2.4. Docking protocol 

For docking with the SARS-CoV-2 main protease, Nsp12 and Nsp15, 
the coordinates of the co-crystallized ligands were used to prepare the 
receptor grid. For the spike RBD and ACE2, the binding site was defined 
based on the interactions between the interfaces of spike and ACE2 
protein. The receptor grid generation tool of the docking program Glide 
in Maestro was used to define the docking site for the target proteins 
[51–53]. The partial charge limit was 0.25 and the van der Waals scaling 
factor was 0.80. While preparing the grid for the target proteins, the size 
of the outer box of the docking grid was fixed at 30 Å × 30 Å × 30 Å and 
the inner box dimensions were 10 Å × 10 Å × 10 Å. The size of the li-
gands to be docked was ≤20 Å. The docking was conducted using the 
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Glide extra precision (XP) modes with flexible ligand sampling. The Epik 
state penalties were added to the final docking scores. For each ligand, 
ten poses were used for post-docking minimization. A maximum one 
pose per ligand was generated. The docking protocol for Mpro, Nsp12 
and Nsp15 was validated by redocking the co-crystallized ligand with 
their respective crystal positions. 

2.5. Binding free energy estimation 

The output pose viewer file from the Glide XP docking was used as an 
input to re-rank the compounds using the Prime MM-GBSA binding 
energy [54,55] values calculated with implicit solvation model 
(VSGB2.1) in the OPLS3e force field. The binding free energy ΔGbind was 
calculated using the following equation: 

ΔGbind =ΔEMM + ΔGsolv + ΔGSA  

where ΔEMM is the difference in energy between the complex structure 
and the sum of the energies of the ligand and unliganded receptor. The 
ΔGsolv is the difference in the GBSA solvation energy of the complex and 
the sum of the solvation energies for the ligand and unliganded receptor. 
The ΔGSA is the difference in the surface area energy for the complex and 
the sum of the surface area energies for the ligand and uncomplexed 
receptor. The Prime/MM-GBSA energies after MD simulation were 
calculated from the last 50 ns of the simulation trajectories. 

2.6. Molecular dynamics (MD) simulation 

The highest scoring ligand-protein complexes, with high binding free 
energies (ΔGBind) and/or Glide docking scores, were submitted to a 
100ns molecular dynamics (MD) simulation using Desmond 
(Schrödinger Release 2020-4: Desmond Molecular Dynamics System, D. 
E. Shaw Research, New York, NY, USA, 2020) [56]. The simulation was 
used to refine the docked poses and evaluate the stability of binding at 
the active sites on the target proteins. In order to compare the efficiency 
of these screened compounds, the native crystal complexes of Mpro, 
Nsp12 and Nsp15 were simulated using the same protocol. The simu-
lation systems were prepared using the System Builder tool of the Des-
mond module. The single point charge (SPC) water [57] was chosen as 
the explicit solvation model. Each system was neutralized using an 
appropriate number of Na+ or Cl-counter ions. An orthorhombic 
simulation box, with Periodic Boundary Conditions (PBC) and a 10 Å 
buffer space between the solute and the box edge, was used for each 
system. The simulation systems were minimized and equilibrated before 
the actual simulations and before production simulation in a stepwise 

manner. After system relaxation, the production simulation was per-
formed using the NPT ensemble for 100 ns, using a reversible reference 
system propagator algorithms (RESPA) integrator [56]. The temperature 
(300 K) was set using the Nosé–Hoover chain thermostat [58–60], with a 
relaxation time of 1.0 ps. The pressure was set at 1.01325 bar with the 
Martyna–Tobias–Klein barostat [61], using isotropic coupling and a 
relaxation time of 2.0 ps. Long-range interactions were handled using 
the U-series method [62] and for short range interactions, a cut-off 
radius of 9.0 Å was used. The MD trajectories were analyzed using the 
Maestro built-in Simulation Interactions Diagram tool and Microsoft 
Excel360. 

2.7. Docking validation 

The docked poses of co-crystallized complexes were redocked at 
their respective binding sites to determine the precision of the docking 
protocol we used for Mpro, Nsp12 and Nsp15. 

3. Results 

3.1. Computational screening of the therapeutic targets of SARS-CoV-2 

The ligprep generated 843 structures of the flavonoid’s compounds 
from the original 85 entries that were subjected to brief molecular 
docking and a binding free energy estimation protocol. The compounds 
were then selected based on binding free energy, docking scores and 
individual observation of each pose at the binding sites. For each target, 
the 10 compounds with best docking pose were identified. The molec-
ular dynamics (MD) simulation of the best 3 compounds at each of the 
targets were selected and subjected to 100 ns MD simulation. The RMSD 
and RMSF graphs for Cα carbon atoms were plotted. The interaction of 
the ligand with each protein was performed. The average binding free 
energy calculated by Prime-MM/GBSA method was based on the last 50 
ns MD simulation. 

3.1.1. SARS-CoV-1 main protease (Mpro) site 
The docking and subsequent binding free energy estimation yielded 

the top 10 flavonoids (Table 1). The monoxerutin shows the highest 
docking score among all the compounds at the Mpro site. The MMGBSA- 
based binding free energy for monoxerutin was − 78.88 kcal/mol, which 
is comparable to that of peptide inhibitor, N3. Furthermore, the com-
pounds, tribuloside and panasenoside, had a greater interaction with 
mPro compared to co-crystallized N3. All of the top 10 compounds had a 
binding free energy > − 70 kcal/mol (Table 1). 

Table 1 
Docking score and binding free energy values for the SARS-CoV-2 Mpro active site. 
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3.1.2. The spike -receptor binding domain (Spike-RBD) site 
The glycosylated spike protein (S-protein) directly interacts with the 

human angiotensin-converting enzyme 2 (ACE2) receptor via the 
receptor-binding domain (RBD) of the S-protein [63]. As the S-protein is 
exposed to the surface and is essential for viral entry into the host cells, 
the S-protein is considered to be a first-line therapeutic target for the 
treatment of SARS-CoV-2 infection [64]. The MMGBSA - based binding 
free energy for isosilybin was − 68.39 kcal/mol and this value was the 
highest compared to the other flavonoids for the Spike RBD. Table 2 
shows the 10 compounds with the highest scores for the RBD of spike, 
with binding free energy > − 50 kcal/mol before MD simulation. 

3.1.3. Angiotensin converting enyme-2(ACE-2) spike protein binding site 
The angiotensin-converting enzyme-2 (ACE-2) is a receptor that 

binds the spike protein of SARS-CoV-2, which activates the host cell 
protease and produces the fusion of the spike protein with host cell 
membrane [1]. Consequently, the inhibition of the binding of the spike 
protein with the ACE-2 protein could be an effective strategy to prevent 
SARS-CoV-2 infeciton [1]. The flavonoids with the highest docking 
scores are shown in Table 3. For the ACE-2 spike protein binding site, 
isorhoifolin had the highest docking score, whereas kikviritin had the 
lowest docking score. The MMGBSA based binding free energy for 
legalon was − 54.6 kcal/mol. 

3.1.4. The non-structural protein-12 (Nsp12) 
The RNA-dependent RNA polymerase (RdRp), also known as Nsp12, 

catalyzes the synthesis of viral RNA, in combination with cofactors Nsp- 
7 and Nsp-8, within the host cell and plays a major role in the replication 
and transcription of SARS-CoV-2 [65]. In this study, we docked the 
compounds at Nsp12 using co-ordinates for co-crystallized remdesivir 
(Table 4). The flavonoids, isoorientin and tribuloside, had significantly 
greater docking scores of − 10.96 and − 11.571 kcal/mol, respectively, 
compared to − 6.244 kcal/mol for remdesivir (it is important to note that 
it can form a covalent bond at this site). Similarly, the binding free en-
ergy of isoorientin and tribuloside for Nsp12 were appreciable compared 
to remdesivir. 

3.1.5. Molecular docking with endoribonuclease (NSP15) 
The non-structure protein, Nsp15, is essential in the life cycle and 

virulence of SARS-CoV-2 [66]. We performed docking and MMGBSA 
analysis of our compounds at the tipiracil binding site and the results are 
presented in Table 5. The 10 compounds with the highest docking scores 
compounds at the tipiracil binding site were > - 4 kcal/mol, except for 
tribuloside. The docking scores and binding free energy value of Persi-
conin and Neosakuranin were comparable to that of Tipiracil 
co-crystallized at the tipiracil binding site on Nsp15. 

3.1.6. Validation of docking 
Before performing the docking analysis at these selected sites, the 

redocking of co-crystallized inhibitors was performed where the struc-
ture of the co-crystallized inhibitor was available. Unfortunately, we 
could not validate the docking performed at the ACE2 and Spike RBD 
site due to unavailability of the co-crystalized inhibitor complex at the 
interface between ACE2 and the Spike RBD. At the N3 and remdesivir 
binding sites, redocking was performed by cleaving the covalent bond 
using the 3D builder tool of maestro, which does not change the actual 
orientation of the groups after regenerating the original structure of 
ligand and amino acid side chain. Our results indicated a slight deviation 
in the orientation of N3 during redocking that was due to the larger size 
of this peptide ligand as we were able to generate very accurate 
redocked poses at the other two sites (Fig. 1). 

4. Discussion 

Numerous studies have reported that flavonoids and their derivatives 
are efficacious in vitro in several viral strains, including avian influenza 
strain H5N1, HIV, HSV and Ebola [67]. In this study, we used an in silico 
approach to screen a library of 85 flavonoids to identify compounds that 
have a high binding affinity for the critical SARS-CoV-2 proteins, main 
protease (Mpro), receptor binding domain of spike protein- (Spike-RBD), 
angiotensin-converting enzyme-2 (ACE-2), non-structural protein 12 
and non-structural protein 15. 

The active site of SARS-CoV-2 Mpro has been reported to have 4 sub- 
sites: S1′, S1, S2 and S4 [49]. The catalytic Cys-145 and His-163 are 
located in the S1’ site. The Glu-166 residue is in the S1 pocket, whereas 
Met-165 and Val-186 are in the S2 pocket and Pro-168 and Gln-189 are 
located in the S4 site [49]. As compared to other receptor sites in the 
SARS-Cov-2 proteins, the Mpro site is comparatively flexible and can 
accommodate a wide variety of ligands, including peptides and small 
molecules [68]. This characteristic is important as it makes the docking 
critical because many compounds could have appreciable docking 
scores at this site. Consequently, the use of MD simulation is critical for 
determining stable interactions between the screened compounds and 
the docking site. As shown in Fig. 2, certain flavonoid compounds 
formed an efficient hydrogen bond network with key amino acids and 
the details of these interactions are shown in the supplementary results 
[see suppl file- Figure S1, S6, S11, S16]. 

Tribuloside had the highest magnitude of interaction among all of 
the compounds for Mpro, based on the binding free energy before and 
after MD simulation. There was a slight decrease in initial interaction 
energy from − 93.55 to − 86.99 kcal/mol during the simulation. How-
ever, it is important to note that the latter value is the average binding 
score, which suggests that it could inhibit Mpro if tested in vitro, 

Table 2 
Docking score and binding free energy values for the SARS-CoV-2 Spike RBD active site. 
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Table 3 
Docking score and binding free energy values for the SARS-CoV-2 SpikeRBD active site of the human ACE2 
receptor. 

Table 4 
Docking score and binding free energy values for t remdesivir at the SARS-CoV-2 protein, Nsp12. 

Table 5 
Docking scorse and binding free energy values at the tipiracil binding site on SARS-CoV-2 Nsp15. 
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although this remains to be determined. 
As with the ACE2 site, the binding pocket of RBD is also relatively 

shallow and the MD simulation for the ligand is important to determine 
the stability of the interactions of the compounds at this site. Further-
more, this will allow for the detection of false positive ligand poses 

during docking. Isosilybin had hydrogen bond interactions with Gly-202 
and Gly-493, in addition to water mediated interactions with Thr-505, 
Arg-403 and Gly-498 (Fig. 3). Isosilybin also forms pi-pi interactions 
with Tyr-505, which increases the stability of its interaction with the 
binding pocket of RBD compared to panasenoside. Compared to 

Fig. 1. a The redocked N3 peptide (cyancolour ball and stick representation), in grey, at the active site of SARS-CoV-2 Mpro (PDB ID: 6LU7) with co-crystallized. 
covalently bonded N3 peptide (represented by and orange ball and stick). b. Co-crystallized tipiracil (represented by a cyan colour ball and stick) and redocked 
tipiracil (represented by a pink ball and stick) showing key interactions (green sticks representing amino acids, phosphate groups represented as red sticks and 
interactions represented by cyan dash lines) with Nsp15 (grey cartoon representation). c. Co-crystallized and redocked remdesivir (represented by white and green 
balls and sticks, respectively) with Nsp12 protein (the interacting amino acids and RNA chains are represented by thin grey sticks). Nonpolar hydrogens are hidden 
for clarity. 

Fig. 2. The 3D structure of SARS-CoV-2 Mpro (PDB ID:6LU7) and its interaction with Tribuloside (left) and the ligand interaction in 2D (right side). The protein is 
represented in grey, tribuloside is represented by a cyan ball and sticks, amino acids are represented by green sticks (right) and donor and acceptor hydrogen bonds 
interactions are represented by pink arrows (left). 
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panasenoside and helichrysoside, whose interaction decreased after MD 
simulation, isosilybin had a better docking pose. [see suppl file- 
Figure S2, S7, S12, S17]. 

In this study, we selected a novel binding site when we conducted the 
docking poses at ACE2. The rationale behind the selection of this site 
was based on the fact that this site is in close proximity to the N- 
glycosylation site of ACE2, which occurs at the conserved residue, Asn- 
90 [69–72]. It has been reported that N-glycosylation of ACE2 and its 
inhibition by chloroquine and its derivatives could affect the binding of 
the Spike-RBD to the ACE2 receptor [51–54]. 

Fig. 4 shows the binding interactions of legalon at the ACE2 site. The 
major interactions between legalon and the ACE2 site involved Asn-90, 
Lys-26, Asp-30, His-34, Gly-37, Gly-96, Ala-387 and Arg-393. Additional 
details of the interactions are presented in the supplemental results 
(Figure S3, S8, S13, S18 in Suppl file). The interactions of legalon could 
affect SpikeRBD binding at this site and future in vitro studies should be 
done to verify this possibility. 

The protein, Nsp12, in combination with the proteins, Nsp7 and 
Nsp8, is involved in the replication of the SARS-CoV-2 RNA genome 
[73]. Previous studies have reported that various flavonoids, including 
the compounds, C4, C8, C12, C16, C17, C20, C22, C23, calophyllolide, 
genistein, quercetin, tangeritin, arbutin and liquiritin, interact with the 
β-hairpin residues of Nsp12 [74]. The compounds we chose for MD 
simulation, tribuloside, isoorientin and silybin, had stable interactions 
at the remdesivir binding site is shown in Fig. 5. The rank order of the 

docking scores was tribuloside > isoorientin [see Suppl file-Figure S4, 
S9, S14, S19]. The root mean square fluctuation (RMSF) for the three 
compounds was convergent and was stable thought the MD simulation. 
The per residue interaction calculated using RMSF remained stable and 
was similar to the RMSF for the covalently bound, co-crystallized ligand, 
remdesivir. 

Our results indicated that the active binding site of Nsp15 is highly 
specific for the uridine moiety of tipiracil and consequently, tipiracil 
inhibits Nsp15 and thus, it catalytic activity [57]. The uracil ring of 
tipiracil can stack against Tyr-341 and forms hydrogen bond in-
teractions with Ser-294 and His-250. Our docking and binding free en-
ergy analysis indicated that certain flavonoid had high docking and 
binding free energy values at the active site of Nsp12. In addition, the 
compounds with the highest values were subjected to MD simulation but 
none of them maintained the initial interactions before simulation. The 
compounds, persiconin and isorhoifolin, had moderate interactions, 
whereas as biorobin lost significant interactions for Nsp12 after MD 
simulation. Furthermore, the RMSF did not converge well for biorobin. 
The detail binding interactions are shown in Fig. 6 and in the supple-
mental results [Suppl file-Figure S5, S10, S15, S20]. 

The coumarin ring of isorhoifolin and phenyl rings formed pi-pi in-
teractions with Trp-333 and His-235 respectively. Isorhoifolin formed 
hydrogen bonds with Gly-285, Gly-151, Gly-189 and Thr-286. Similarly, 
periconin had significant interactions with Ser-316, Val-318, Trp-333, 
Leu-346 and Gly-347. However, none of the compounds formed the 

Fig. 3. The 3D structure of the interaction of SARS-CoV-2 Spike RBD protein (PDB ID:6MOJ) with isosilybin (left) and the ligand interaction in 2D(right side). The 
proteinis represented in grey, isosilybin represented by cyan balls and stick and the amino acids are represented by green sticks (right). The hydrogen bond in-
teractions are represented in pink and the pi-pi interactions are represented by green arrows (left). 

Fig. 4. The 3D structure of SpikeRBD binding domain of human ACE2 receptor (PDB ID:6MOJ) with Legalon (left) and ligand interaction in 2D view (right side). The 
protein is in grey cartoon representation, Legalon in cyan ball and sticks, amino acids in green sticks (right). The hydrogen bond interactions in pink and pi-pi 
interactions in green arrows (left). 
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key interactions as observed for co-crystalized tipiracil. Also, none of the 
flavonoids interacted with key residues, such as Ser-294 and His-250. 

5. Conclusion 

In the present in silico study, 85 flavonoids, with known antiviral 
efficacy, were selected to determine their interactions at five proteins 
that are known to play a role in the infectivity of SARS-CoV-2. Our re-
sults indicated that tribuloside formed significant interactions with the 
SARS-CoV-2 proteins, Mpro and Nsp12. In contrast, our results sug-
gested that legalon could be a potential inhibitor of ACE2 spike RBD 

binding site. Compared to all of the compounds, isosilybin had the 
highest interaction with the Spike-RBD protein. The interaction of all of 
the compounds with the active site of Nsp15 was significantly weaker 
than that of tipiracil, which has been reported to have a low to moderate 
inhibitory efficacy for Nsp15. It is possible that further investigation of 
the effects of these compounds for the protein targets could help eluci-
date their exact mechanism of binding. Finally, our results could prove 
useful for exploring and developing novel natural compounds that have 
anti-SARS-CoV-2 efficacy. 

Fig. 5. The 3D structure of SARS-CoV-2 Nsp12 (PDB ID:7BV2), with Isoorientin (left) and the ligand interaction in 2D (right side). The protein is represented in grey, 
representation, isoorientin is represented by cyan balla and sticks, amino acids are represented by green sticks (right and the donor and acceptor hydrogen bond 
interactions are represented as pink arrows (left). 

Fig. 6. The 3D structure of SARS-CoV-2 Nsp15 (PDB ID:6WXC) with Persiconin and (left) Isorhoifolin (right) and ligand interaction in 2D view (right side). The 
protein is in grey cartoon representation, Persiconin and Isorhoifolin in cyan ball and sticks, amino acids in green sticks (right), donor and acceptor hydrogen bond 
interactions in pink arrows (left), Non-polar hydrogens are hidden for clarity. 
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