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Abstract: The spike glycoprotein (S protein), 3-chymotrypsin-like protease (3CL-Pro), and papain-
like protease (PL-Pro) of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus are
widely targeted for the discovery of therapeutic compounds against this virus. Dietary flavonoid
compounds were proposed as a candidate for safe therapy for COVID-19 patients. Nevertheless, wet
lab experiments for high-throughput screening of the compounds are undoubtedly time and cost
consuming. This study aims to screen dietary flavonoid compounds that bind to S protein, 3CL-Pro,
and PL-Pro of SARS-CoV-2. For this purpose, protein structures of the receptor-binding domain
(RBD) of S protein (6M0J), 3CL-Pro (6LU7), and PL-Pro (6W9C) were retrieved from the RCSB Protein
Data Bank (PDB). Twelve dietary flavonoid compounds were selected for the studies on their binding
affinity to the targeted proteins by global and local docking. The docking and molecular dynamic
(MD) simulations were performed using YASARA software. Out of 12 compounds, the highest
binding score was observed between hesperidin against RBD S protein (−9.98 kcal/mol), 3CL-Pro
(−9.43 kcal/mol), and PL-Pro (−8.89 kcal/mol) in global docking. Interestingly, MD simulation
revealed that the complex between 3CL-Pro and RBD S protein has better stability than PL-Pro. This
study suggests that hesperidin might have versatile inhibitory properties against several essential
proteins of SARS-CoV-2. This study, nevertheless, remains to be confirmed through in vitro and
in vivo assays.

Dataset: See Supplementary Materials.

Dataset License: : CC BY

Keywords: SARS-CoV-2; receptor-binding domain (RBD) of S protein; 3-chymotrypsin-like protease
(3CL-Pro); papain-like protease (PL-Pro); molecular docking and dynamic simulation

1. Summary

Since its first emergence in December 2019, a new strain of coronavirus, namely, severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has infected more than 500 million
people worldwide [1–3]. The rapid person-to-person transmission of this virus has caused a
global pandemic (COVID-19), which is currently still threatening us [3]. The World Health
Organization (WHO) has reported over 6 million mortality cases globally throughout
the COVID-19 pandemic caused by this virus [4]. While vaccination for COVID-19 is
widely administrated, the efficacy of the vaccines remains challenging, mainly due to
the emergence of new variants. Besides, some groups of people were also not eligible
for vaccination due to their health issues [5]. Accordingly, a quest for safe and efficient
therapeutic drugs for COVID-19 patients remains a global concern. While the cases are
declining, drug discovery remains essential for addressing any possible threat by a new
strain of coronavirus. Existing SARS-CoV-2 variants, such as Alpha (B.1.1.7), Beta (B.1.351),
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Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529), have posed an increased risk to
the global community health [6].

Several studies and clinical trials have been conducted to test the feasibility of several
drugs, for example, repurposed anti-malaria drugs, such as chloroquine and hydroxy-
chloroquine, and even antiviral HIV drugs, such as lopinavir and ritonavir [7–9]. However,
their safety and clinical proof is still questionable [10,11]. Dietary bioactive compounds are
believed to be excellent sources for discovering safe and edible drug candidates against
SARS-CoV-2 [12]. Earlier, dietary bioactive compounds have proven to exert multiple
health benefits and counteract metabolic alterations [13]. The compounds are structurally
classified into alkaloids (nitrogen-containing substances), terpenes, and phenolic com-
pounds [14,15]. Phenolic compounds, characterized by an aromatic ring with at least one
hydroxyl group, have gained broad interest. The group was demonstrated to have a wide
variety of beneficial health. The compounds are structurally sub-grouped into flavonoid
and non-flavonoid compounds, which are abundant in plants [13]. Among these, flavonoid
compounds are widely accepted as therapeutic agents for various diseases [16]. These
compounds are characterized by a benzopyrone ring bearing a phenolic or poly-phenolic
group at different positions and they are widely found in fruits, herbs, stems, cereals, nuts,
vegetables, flowers, and seeds [13]. More than a million flavonoid compounds are believed
to exist in nature, which is an excellent tool for discovering drug candidates. Nevertheless,
only about 10,000 flavonoid compounds have been identified and isolated [17].

A regimen of flavonoid-rich plants can be recommended to supplement enough
flavonoids to protect and treat SARS-CoV-2 infection. This is due to the excellent im-
munomodulatory and anti-inflammatory activities of the natural flavonoid compounds
and their inhibition properties against various inflammatory cytokines [18]. Nevertheless,
translating the flavonoid compounds into the drug for COVID-19 is challenged by the
issue of fishing out the best flavonoid compounds for being developed as drug candidates.
The process involving thousands of compounds to screen using a conventional wet lab
approach is lengthy and time consuming. Recent advancements in silico have allowed
scientists to achieve quick and effective practices in many studies, one of which is in silico
for drug development. Many studies involving the computation field has achieved success-
ful preliminary results before proceeding to the next experiment, either in vivo or in vitro.
Drug discovery and development is indeed a very lengthy process, and virtual screening of
potential drug candidates has been regarded as a quick and accurate protocol to accelerate
the preliminary stage of a drug-design plan [19].

Among the many proteins involved in the replication of the SARS-CoV-2 virus, the
spike glycoprotein (S-protein) and two proteases (3-chymotrypsin-like protease/3CL-Pro
and papain-like protease/PL-Pro) of this virus are considered as viable targets for being
inhibited from locking the virus replication [20,21]. This is due to the essential roles of
these proteins during the replication process. The receptor-binding domain (RBD) of the
S-protein gains particular interest due to its crucial role in making the first interaction with
the host cells through the ACE2 receptor. Indeed, many vaccines were developed based on
blocking the interaction between the S-protein of SARS-CoV-2 and the ACE2 receptor of the
host cells [22]. Meanwhile, 3CL-Pro and PL-Pro are essential for processing the translated
polypeptide from the viral RNA to form functional viral proteins required to create a new
virus particle [23]. Interestingly, the antiviral activity of the natural flavonoid compounds
was also reported to be associated with their inhibition activity against SARS-CoV-2 targets
for these flavonoids, including 3CL-Pro, S-protein, and PL-Pro [24]. Accordingly, screen-
ing flavonoid compounds against these three proteins is an exciting avenue for further
COVID-19 drug development.

Among many natural flavonoids, dietary flavonoids are particularly interesting to
explore for developing safe COVID-19 therapeutic drugs due to their edible properties.
While Malaysia is blessed with mega biodiversity that serves as local sources for dietary
flavonoid compounds, exploring the compounds for combating SARS-CoV-2 remains
limited. Among the many types of dietary flavonoids, hesperidin, curcumin, galangin,
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rutin, kaempferol, gallic acid, ellagic acid, maslinic acid, quercetin, morin, epigallocatechin
gallate (ECGC), and gallocatechin gallate (GCG) are among the dietary flavonoids that
are promising for inhibiting the SARS-CoV-2 protein [25–33]. These compounds are also
easily obtained from local food sources in Malaysia, including turmeric, pomegranate,
walnut, green tea, avocado, mango, plum, honey, orange, green vegetables, guava, jackfruit,
and many others. Notably, these compounds inhibit different proteins of SARS-CoV-2.
To our knowledge, none of the reports, to date, simultaneously screen for the dietary
flavonoid compounds targeting the SARS-CoV-2 proteins commonly targeted by flavonoid
compounds (S protein, 3CL-Pro, and Pl-Pro). For example, the inhibition activity of
galangin was studied against 3CL-Pro [34] but not for another SARS-CoV-2 protease or
the structural proteins. The simultaneous screening of the compounds should allow us
to obtain dietary flavonoid compounds that block more than one SARS-CoV-2 protein. In
addition, the antiviral activities of some dietary compounds above were predicted due to
the involvement of the compounds in immunomodulatory and anti-inflammatory activities.
The interaction of some compounds against SARS-CoV-2 proteins has not been well studied.

This paper, therefore, gives an extensive description of data on virtual analysis (in
silico) of plant-based compounds against SARS-CoV-2 proteins to interact with RBD S
protein, 3CL-Pro, and PL-Pro (Table 1). The interaction pattern of these compounds
provides insight into possible inhibition properties against the target proteins of SARS-CoV-
2. The rest of the paper is arranged as follows: data description is done in Section 2, and a
discussion of the materials and methods used in this research is presented in Section 3.

Table 1. Specifications of the table.

Subject Biological Science

Specific Subject Area Biotechnology and Bioinformatics

Type of Data Table
Figure

How Data Were Acquired

The basic properties of the 12 dietary compounds were collected from the references (secondary data). The
binding affinities of the compounds against SARS-CoV-2 proteins were obtained through docking
simulation under YASARA software. The interaction map was visualized in the 2D format using LigPlot+
software. The complex structure obtained from the docking was visualized using PyMol. The dynamic of
the complex was acquired through molecular dynamic simulation using YASARA software with AMBER14
forcefield for 50 nanoseconds (ns) in a solvated environment with 298 K.

Data Format
Raw (binding affinity table)

Figure
Analyzed

Parameters for Data Collection

The basic properties of the 12 dietary compounds were the compound names, Pubchem IDs, molecular
weights, structures, and sources. Docking simulation parameters were the binding affinity of compounds
against proteins (kcal/mol) and the list of residues involved in the interaction. Molecular dynamic
simulation of the complex involves the parameters of the Root-Mean Square Deviation (RMSD) of
protein-ligand complex (Å); Root-Mean Square Fluctuation (RMSF) of protein-ligand complex (Å), Radius
of gyration (Rg) of protein-ligand complex (Å), Number of Hydrogen Bond between solute and solvent.

Description of Data Collection

The whole data were collected using a computation approach involving two-step analyses. The first step
was the molecular docking (virtual screening) of the 12 dietary flavonoid compounds of three targeted
SARS-CoV-2 proteins (RBD S protein, 3CL-Pro, and PL-Pro) by using YASARA software. The simulation
yielded a binding energy (kcal/mol) for each compound to the target protein, representing the energy
required to separate the compound from the complex. The second step involved the complex’s molecular
dynamic simulation (MD simulation). The simulation was performed on the best complex of
protein-compound, which yielded the dynamic of the complex in the form of Root-Mean Square Deviation
(RMSD), Root-Mean Square Fluctuation (RMSF), radius of gyration (Rg) of protein–ligand complexes, and
also the number of hydrogen bonds between the solute and solvent based on YASARA’definition.

Data Source Location In silico screening analysis and data collection were performed at the Biotechnology Research Institute,
Universiti Malaysia Sabah (UMS), Kota Kinabalu, Sabah, Malaysia.

Data Accessibility With the article and as Suplementary Materials
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2. Data Description

Detail of the dietary flavonoid compounds to analyze in this study is shown in Table 2.
These 12 compounds were selected for some reasons. Firstly, the compounds were earlier
reported to be promising dietary flavonoid compounds inhibiting SARS-CoV-2 proteins.
Secondly, while some compounds were reported to interact or inhibit specific SARS-CoV-2
proteins, the compounds have never been tested simultaneously against different SARS-
CoV-2 proteins. Thirdly, while some of the compounds were predicted to have anti-
SARS-CoV-2 activity through their immunomodulation and anti-inflammation activities,
the interaction of these compounds against SARS-CoV-2 proteins has so far never been
examined. Lastly, all these compounds (or their sources) are locally available in the local
market of Malaysia. This availability should be easy for further studies on the compounds
for further development as drugs. As shown in Table 2, the compound sizes range from
170.12 Da (gallic acid) to 610.19 Da (rutin). Accordingly, these molecules are categorized as
small molecules, defined as molecules with a size of less than 1 kDa [35]. Small molecules
are more favorable for drug development due to the simple process of synthesizing and
ease of entering the cell target for blocking the target proteins inside the cells [36]. To note,
gallic acid has not only the smallest size but also the simplest structure, containing only a
single aromatic ring. The most complex structure is observed for hesperidin, with five ring
structures. The source of compounds, as shown in Table 2, indicated that the compounds
primarily exist in the plant (fruit or leaves). Only one compound (galangin) originated
from honey. Nevertheless, all compound sources are edible; it is, therefore, acceptable to
consider the compounds to be dietary compounds.

Table 2. Datasets include the name of the compound, chemical structure, molecular weight (g/mol),
and its derivatives.

Compound Pubchem ID Structure Molecular Weight
(g/mol) Sources

Curcumin 969516

C21H20O6

368.38 Turmeric (Curcuma longa) [37]

Ellagic acid 5281855

C14H6O8

302.20 Pomegranates, walnut [38]

Epigallocatecatechin
gallate (EGCG) 65064

C22H18O11

458.37 Green tea (Camillea sinensis),
nuts, avocados [39]
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Table 2. Cont.

Compound Pubchem ID Structure Molecular Weight
(g/mol) Sources

Gallic acid 370

C7H6O5

170.12 Tea, mango, plum [40]

Gallocatechin
gallate (GCG) 5276890

C22H18O11

458.38 Green tea
(Camillea sinensis), nuts [41]

Galangin 5281616

C15H10O5

270.24 Honey [42]

Hesperidin 10621

C28H34O15

610.19 Orange (Citrus sinensis) [43]

Kaempferol 5280863

C15H10O6

286.24 Green and leafy vegetables,
broccoli, tea [44]

Maslinic acid 73659

C30H48O4

472.70 Olives, edible vegetables [45]

Quercetin 5280343

C15H10O7

302.24 Onions, tomatoes,
shallots, tea [46]

Rutin 5280805

C27H30O16

610.52 Tea, passion flower [47]
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Table 2. Cont.

Compound Pubchem ID Structure Molecular Weight
(g/mol) Sources

Morin 5281670

C15H10O7

302.23 Guava, jackfruit, tea, coffee [48]

Tables 3 and 4 show the binding energies of compounds against three SARS-CoV-2
target proteins obtained from global and local docking, respectively. Table 3 shows that
the compounds interacted with the target protein with different binding energies. The
lowest binding energy was found for the interaction between hesperidin and RBD S protein
or 3CL-Pro or PL-Pro. The energy was calculated to be –9.38 kcal/mol (RBD S protein),
−9.43 kcal/mol (3CL-Pro), and −8.89 (PL-Pro). The lowest energy binding indicated the
high stability of the complex, which implied that the compound was bound to the target
protein with the highest affinity.

Table 3. Binding affinity (kcal/mol) of the plant-based compounds against three targeted proteins in
global docking.

Plant-Based
Compounds

Binding Affinity (kcal/mol)

RBD S Protein 3CL-Pro PL-Pro

Hesperidin −9.38 −9.43 −8.89
Curcumin −6.94 −6.56 −7.40
Galangin −6.82 −6.88 −6.57

Rutin −7.54 −8.37 −7.31
Morin −6.83 −7.15 −6.50

Quercetin −6.72 −7.28 −6.83
Kaempferol −6.65 −7.46 −6.36

Epigallocatechin gallate (EGCG) −7.45 −8.16 −7.21
Gallocatechin gallate (GCG) −7.91 −8.51 −6.25

Gallic acid −5.43 −5.73 −5.10
Ellagic acid −6.78 −7.25 −6.70

Maslinic acid −8.25 −7.69 −8.36

Table 4. Binding affinity (kcal/mol) of the plant-based compounds against three targeted proteins in
local docking.

Plant-Based
Compounds

Binding Affinity (kcal/mol)

RBD S Protein 3CL-Pro PL-Pro

Hesperidin −6.80 −8.85 −6.62
Gallocatechin gallate (G.C.G.) −6.12 −4.54 −5.69

Curcumin −6.10 −6.20 −5.00
Ellagic acid −6.08 −6.16 −5.00

Morin −5.86 −6.04 −5.25
Maslinic acid −5.85 −6.10 −4.70

Epigallocatechin gallate (EGCG) −5.62 −5.92 −5.73
Kaempferol −5.55 −5.80 −4.92

Galangin −5.52 −5.83 −5.00
Rutin −5.52 −3.63 −5.98

Quercetin −5.51 −6.33 −5.40
Gallic acid −4.43 −4.71 −4.22
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Meanwhile, gallic acid exhibited the highest binding energy for whole three pro-
teins, with the energy of −5.43 kcal/mol (RBD S protein), −5.73 kcal/mol (3CL-Pro), and
−5.10 (PL-Pro). These energies were obtained from global docking, whereby the molecule
is allowed to dock to any sites of the protein, which is energetically favorable. This ap-
proach allows us to identify possible alternative sites of the target protein to be inhibited
while the predefined active sites in local docking were analyzed for insightful information.

Table 4, on the other hand, showed the binding energy of the dietary flavonoid
compounds against the SARS-CoV-2 proteases obtained from the local docking approach.
In the local docking, the binding sites of each target protein for the compounds to bind
were identified and targeted for the docking. Interestingly, local docking also resulted in
hesperidin as a compound, with the best binding energy for all the target proteins. The
energy was calculated to be−6.80 kcal/mol (RBD S protein),−8.85 kcal/mol (3CL-Pro), and
−6.62 (PL-Pro). On the other hand, gallic acid exhibited the worst binding energy toward
RBD S protein (−4.43 kcal/mol) and PL-pro (−4.22 kcal/mol). In addition, gallocatechin
gallate (GCG) was found to be the compound with the highest free binding energy toward
3CL-pro (−4.54 kcal/mol).

Both global and local docking implied that hesperidin is a versatile compound that
can dock to the RBD S protein, 3CL-Pro, and PL-Pro, with better binding energies than the
other tested compounds. Nevertheless, Tables 3 and 4 show that the binding energies of
hesperidin to the SARS-CoV-2 proteins resulting from global docking were slightly different
from that of the local docking. As the target sites for both docking approaches were set
differently during the simulation, the discrepancy in their binding energies might be related
to the differences in the detailed interaction of this compound to the target protein. Figure 1
shows the 2D interaction map between hesperidin and the RBD S protein, 3CL-Pro, and
PL-Pro derived from the complexes obtained from global docking.

As shown in Figure 1, the interaction between the RBD S protein and hesperidin is
mainly facilitated by a hydrophobic interaction. The seven residues involved in the inter-
action include Arg403, Tyr453, Tyr495, Phe497, Asn501, Gly502, and Tyr505. In addition,
Gly496 supports the interaction through the formation of hydrogen bonds to hesperidin,
with a distance of 3.07 Å. This distance is in the range of appropriate distance for hydro-
gen bonds (2.7–3.3 Å) [49]. To note, Gly496, Gly502, and Tyr505 were considered critical
residues for the RBD S protein to interact with the ACE2 receptor. As the map showed
that hesperidin had remarkable interaction with these residues, this might be implied
that hesperidin might be able to block the interaction between the RBD S protein and
the receptor.

Meanwhile, the interaction between hesperidin and 3CL-Pro is contributed almost
equally by both hydrophobic and non-polar interactions (Figure 1b). The eleven residues
involved in the hydrophobic interaction include Met49, Tyr54, Asn142, Gly143, Cys145,
His164, Met165, His172, Asp187, Arg188, and Gln189. Further, side chains of His41, Ser144,
His163, and Glu166 formed hydrogen bonds to hesperidin. The distances between the
interacting atoms of the residues and hesperidin were in the range of 2.91–3.18 Å. In
addition to these hydrogen bonds formed by the side chain, Thr26, Phe140, and Leu141 also
formed hydrogen bonds through their main chains, ranging from 2.88 to 3.00 Å. The dyad
catalytic site of 3CL-Pro (His41 and Cys145) was completely involved in the interaction. In
addition, other residues involved in the interaction were in the vicinity of the dyad, which
leads to an assumption that hesperidin is indeed bound around the active sites.



Data 2022, 7, 144 8 of 24

Figure 1. 2D interaction map of hesperidin against SARS-CoV-2 proteins derived from the global
docking-based complex structure: (a) hesperidin and RBD S protein; (b) hesperidin and 3CL-Pro;
(c) hesperidin and PL-Pro.

A similar interaction pattern was also found between PL-Pro and hesperidin, contribut-
ing almost equally by hydrophobic and hydrogen bond interactions. The hydrophobic
interactions were formed by the residues of Glu214, Tyr251, Glu252, Leu253, Lys254, His255,
Gly256, Thr257, and Tyr305. Meanwhile, hydrogen bonds were made by Phe258 (main
chain), Thr259 (side chain), Ser278 (side and main chains), Lys279 (side chain), and Lys306
(main chain). The distance between the hydrogen bonds ranged from 2.79 to 3.16 Å. Inter-
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estingly, the map showed that none of the triad catalytic sites of PL-Pro (Cys111, His272,
and Asp286) were involved in the interaction. In addition, other interacting residues were
also found to be located around the catalytic triad. This indicated that hesperidin binds to
the substrate binding pocket of PL-Pro.

Further, the 2D interaction map between hesperidin to RBD S protein, 3CL-Pro, and
PL-pro derived from the complexes obtained from local docking is shown in Figure 2. As
shown in Figure 2a, the interaction between the RBD S protein and hesperidin obtained
from local docking is also mainly facilitated by hydrophobic interaction. The number
of residues involved in the hydrophobic interaction between the hesperidin and RBD S
protein from local docking was four, namely, Ser494, Gly496, Gln498, and Tyr505, which is
less than that obtained from the global docking complex. In addition, the three supporting
interactions of the hydrogen bonds in the local docking-based complex were made by the
OH group of Tyr449 (3.02 Å), Tyr453 (3.01 Å), and Asn501 (3.15 Å). This is different from
global docking, which employed the main chain of Gly496 for the interaction. To note, while
the pattern looks similar, the free binding energy obtained from the global and local docking
were different (Tables 3 and 4), where the complex of global docking was energetically
more stable. This might be due to the differences in the interaction pattern formed by the
residues involved. To note, local docking revealed the involvement of important residues of
the RBD S protein for ACE2 receptor interaction (Tyr449, Gly496, and Tyr505). Tyr449 was
not involved in the interaction according to global docking. Meanwhile, the involvement
of Gly496 and Tyr505 were similarly obtained from the global docking.

Interestingly, Figure 2b showed the complex of the local docking for 3CL-Pro and
hesperidin yielded a slightly different interaction pattern to that derived from the global
docking. Hydrophobic interactions were remarkably more dominant in the local docking-
based interaction with ten residues involved (Thr25, His41, Met49, Asn142, Cys145, His164,
Met165, Asp187, Arg188, and Gln189). Meanwhile, only five hydrogen bond interactions
were observed between hesperidin and 3CL-Pro, which were formed by main chains of
Thr24 (2.72 Å), Thr26 (3.05 and 3.10 Å), and Gly143 (3.02 Å), and the side chain of Glu166
(2.79 Å). To note, as found in global docking, the dyad catalytic sites of 3CL-Pro (Cys145
and His41) were also involved in the interaction.

Meanwhile, as shown in Figure 2c, the interaction pattern between hesperidin and
PL-Pro in local-based docking is mainly due to the hydrophobic bond in Trp106, His272,
Lys274, Asp286, and Leu289. Only one residue is involved in the hydrogen interaction,
which is Thr265, with a distance of 3.14 Å. Interestingly, as found in the global docking
complex, the local docking also revealed no interaction between hesperidin and the triad
catalytic sites of PL-Pro (Cys111, His272, and Asp286). Nevertheless, the residues involved
in the interaction were in the proximity of the catalytic triad.

Altogether, the list of interacting residues of RBD S protein, 3CL-Pro, and PL-Pro are
listed in Table 5.

Figure 3a shows the ligand conformation obtained from both the local and global
docking of hesperidin and the RBD S protein. As shown in Figure 2, the superimposition
of ligands demonstrated a slightly different orientation, with an RMSD of 2.26 Å. Similarly,
slight differences in the ligand conformation were also found between local and global
docking of hesperidin and 3CL-Pro (Figure 3b), at 1.97 Å. Further, the superimposition
of the hesperidin orientation obtained from global and local docking to PL-Pro showed a
quite distinct spatial and structural orientation of the compound relative to the active site
positions (Figure 3b). This might explain the differences in the residues’ contribution to the
interaction, as described above (Table 5). In particular, Table 5 indicates that the interacting
residues of PL-Pro to hesperidin from the global and local docking are remarkably different.
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Figure 2. 2D interaction map of hesperidin against SARS-CoV-2 proteins derived from the local
docking-based complex structure: (a) hesperidin and RBD S protein; (b) hesperidin and 3CL-Pro;
(c) hesperidin and PL-Pro.
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Table 5. The list of interacting residues of each target protein of RBD S protein, 3CL-Pro, and PL-Pro.

Target Proteins Binding/Active Sites
from References

Residues Involved in the Interaction from 2D Map

Global Docking Local Docking

RBD S protein

(a) Tyr449
(b) Asn487
(c) Gly496
(d) Thr500
(e) Gly502
(f) Tyr505

a) Arg403
(b) Tyr453
(c) Tyr495
(d) Gly496
(e) Phe497
(f) Asn501
(g) Gly502
(h) Tyr505

(a) Tyr449
(b) Tyr453
(c) Ser494
(d) Gly496
(e) Gln498
(f) Asn501
(g) Tyr505

3CL-Pro (a) His41
(b) Cys145

(a) Thr26
(b) His41
(c) Met49
(d) Tyr54

(e) Phe140
(f) Leu141
(g) Asn142
(h) Gly143
(i) Ser144
(j) Cys145
(k) His163
(l) His164

(m) Met165
(n) Glu166
(o) His172
(p) Asp187
(q) Arg188
(r) Gln189

(a) Thr24
(b) Thr25
(c)Thr26
(d) His41
(e) Met49
(f) Asn142
(g) Cys145
(h) Gly143
(i) His164
(j) Met165
(k) Glu166
(l) Asp187

(m) Arg188
(n) Gln189

PL-Pro
(a) Cys111
(b) His272
(c) Asp286

(a) Glu214
(b) Tyr251
(c) Glu252
(d) Leu253
(e) Lys254
(f) His255
(g) Gly256
(h) Thr257
(i) Phe258
(j) Thr259
(k) Ser278
(l) Lys279

(m) Tyr305
n) Lys306

(a) Trp106
(b) Thr265
(c) His272
(d) Lys274
(e) Asp286
(f) Leu289

Further, the stability of each complex was examined under MD simulation. Figure 4
shows the Root Mean Square Deviation (RMSD) of the complexes during the simulation’s
50 nanoseconds (ns). As shown in Figure 4a, the RMSD of the RBD S protein and hesperidin
obtained from global docking was found to fluctuate more than that of local docking. The
global docking’s RMSD only began to stabilize from about 15 ns into the simulation. The
average RMSD simulation time from 15 to 50 ns was 5.44 Å ± 0.77 Å.



Data 2022, 7, 144 12 of 24

Figure 3. Superimposition of the hesperidin orientation obtained from the global and local docking
of (a) RBD S protein; (b) 3CL-Pro; and (c) PL-Pro.
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Figure 4. Root Mean Square Deviation (RMSD) obtained from the molecular dynamic
simulation: (a) RMSD of hesperidin and RBD S protein on global and local docking; (b) RMSD
of hesperidin and 3CL-Pro on global and local docking; (c) RMSD of hesperidin and PL-Pro of
SARS-CoV-2 on global and local docking.

Meanwhile, the local docking-based complex of the RBD S protein and hesperidin
was found to be stable starting from about 10 ns into the simulation, which was about 5 ns
earlier than the global docking (Figure 4a). Overall, the average RMSD was 3.24 Å ± 0.38Å.
This indicated that even though the free binding energy of local docking was not as good as
the global docking, the local docking-based complex was found to be less fluctuating, which
indicates more stability during the simulation than that of the global docking complex. To
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note, the fluctuation deviation was only 0.77 Å (global) and 0.38 Å (local), which is stable.
According to [50], the acceptable protein fluctuation to be considered in a stable structure
should be less than 3 Å. To note, the binding energy of the global docking was better than
local, which were −9.38 and −6.80 kcal/mol, respectively (see Tables 3 and 4). While the
global docking-based complex seems to fluctuate more in its RMSD than the local docking,
yet remaining considerably stable, the complex is, therefore, acceptable to represent the
interaction between RBD S protein and hesperidin. The detail of the RMSD changes of the
RBD S protein and hesperidin obtained during simulation is available in Figure S1 and
Table S1 of Supplementary Materials.

Furthermore, the RMSD values of the local and global docking-based complex of
hesperidin and 3CL-Pro are shown in Figure 4b. The global docking-based complex has
reached the stable RMSD from 5 ns, with an average RMSD of 3.69 Å ± 0.30 Å. Mean-
while, the RMSD range for the local docking-based complex reached stability and was
less dynamic, starting from 5 ns until 23 ns into the simulation. However, more fluctua-
tions occurred at about 23 ns, and fewer fluctuations happened at 35 ns until the end of
the simulation time. Overall, the average RM.SD of the complex from local docking was
2.47 Å ± 0.61 Å. As the range of RMSD fluctuation was less than 3 Å (0.30 Å for global and
0.61 Å for local), this indicated that the protein was indeed stable during the 50 ns simulation.

Further, this also indicated that the complex obtained from global docking was found to
be less fluctuating than the complex obtained from the local docking. To note, Tables 3 and 4
showed that the binding energy of the global docking-based complex was comparable to that
of the local docking-based complex, which was −9.43 and −8.85 kcal/mol. Nevertheless,
since the complex obtained from global docking fluctuated less, we are of the opinion
that this complex is more reliable for representing the interaction between hesperidin and
3CLpro. The detail of the RMSD changes of 3CL-Pro and hesperidin obtained during
simulation is available in Figure S2 and Table S2 of Supplementary Materials.

Meanwhile, the RMSD of the local and global docking-based complex for hesperidin
and PL-Pro is depicted in Figure 4c. The complexes from both global and local docking
reached stability from 5 ns. As shown in Figure 4c, the RMSD of the local docking-based
complex was found to have an average RMSD of 2.52 ± 0.28 Å. Meanwhile, the global
docking-based complex has an average RMSD of 2.36 ± 0.25 Å. Accordingly, both com-
plexes were relatively stable during the 50 ns simulation based on the standard proposed
by [50]. To note, Tables 3 and 4 show that the complex obtained from global docking has a
binding energy of −8.89 kcal/mol, which is relatively better than that of the complex ob-
tained from local docking (−6.62 kcal/mol). Nevertheless, since both complexed exhibited
a similar RMSD fluctuation, and, consequently, a similar stability, the global docking-based
complex was considered the best complex as it has a better binding energy. The detail of
the RMSD changes of PL-Pro and hesperidin obtained during simulation is available in
Figure S3 and Table S4 of Supplementary Materials.

Furthermore, the dynamic and stability analysis was further analyzed by looking into
another critical parameter, the radius of gyration (Rg), as shown in Figure 5. The radius
of gyration (Rg) is one of the important aspects to be analyzed in MD simulation as it
denotes the level of compactness of the protein complex [51]. Overall, the Rg for all the
complexes obtained from both global and local docking was found to be relatively stable,
with only 1–2 Å deviation. In Figure 5a, the Rg value for the local docking-based complex of
hesperidin and RBD S protein depicted fewer fluctuations than that of the global docking-
based complex, in which it stabilized earlier compared to the global docking complex, at
about 1 ns simulation. In contrast, in the global complex, fluctuations started from the
10 ns simulation time and only began to stabilize at 15 ns. The Rg value range for the
local docking complex from 1 to 50 ns simulation time was between 18.50 Å and 18.56 Å,
while the global complex ranged between 18.66 Å and 18.69 Å. This indicated that the local
docking complex is more rigid than the global one as it showed fewer fluctuations during
the 50 ns simulation run. The detail of the Rg value of the hesperidin and RBD S protein is
provided in Figure S4 and Table S4 of Supplementary Materials. Further, the Rg for both
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the local and global docking complexes of hesperidin and 3CL-Pro are shown in Figure 5b
(the detail is provided in Figure S5 and Table S5 of Supplementary Materials). The graph
shows that a smaller range in Rg values for the local docking complex, which was between
22.36 Å and 22.44 Å, compared to the global complex (22.36 Å–22.53 Å). This suggested
that the local docking complex has fewer fluctuations, indicating that the complex is more
stable than the global complex. Meanwhile, Figure 5c revealed that the global complex of
hesperidin and PL-Pro has fewer Rg fluctuations than the local docking-based complex,
in which it reached stability at about the 2 ns simulation time and showed a range of
values between 23.29 Å and 23.54 Å. The Rg value range for the local complex was between
23.49 Å and 23.87 Å, which is a bit larger than that of the global complex. This suggests that
the free binding energy reflects the simulation analysis, as it showed better binding than
the local complex. The detail of the Rg value changes of complexes between hesperidin
and PL-Pro is provided in Figure S6 and Table S6 of Supplementary Materials.

Further MD simulation analysis was done by determining the Root Mean Square
Fluctuation (RMSF), as shown in Figure 6. In Figure 6a, the RMFS changes of the global
and local docking-based complexes of hesperidin and RBD S protein displayed some
differences (the detail is provided in Figure S7 and Table S7 of Supplementary Materials).
The RMSF values of the global docking-based complex during the simulation were found
to be higher as compared to the local one. Notable, some residues exhibiting remarkably
high RMSF values include Tyr449 (2.43 Å), Phe486 (3.18 Å), Leu517 (3.39 Å), and His519
(3.22 Å), in which Tyr449 is an active residue of the RBD S protein for binding to ACE2
receptor. In contrast, other active sites showed low fluctuations (Asn487, Gly496, Thr500,
Gly502, and Tyr505), indicating a more stable binding of the ligand to its binding pocket
involving the catalytic sites. Meanwhile, the local complex showed fluctuations at the first
residue of the ligand, Thr333 (3.16 Å), which indicates instability of the ligand binding
to the receptor residue during the initial stage of simulation. Arg346 (2.91 Å), Asn370
(2.91 Å), Ser477 (2.86 Å), and His572 (2.72 Å) also depicted high fluctuations among the
other residues of the receptor. Even though more residues were involved in giving high
RMSF values for the local complex compared to the global complex, a higher range of
RMSF values is shown in the global complex, thus indicating less rigidity of the binding
complex. Furthermore, none of the active sites were involved in giving high peaks, which
indicates that the ligand binding with the active sites is stable. In Figure 6b, both the global
and local complexes of hesperidin and 3CL-Pro exhibited slightly high fluctuation at Ser1,
with RMSF values of 3.15 Å and 6.38 Å, respectively (the detail is provided in Figure S8 and
Table S8 of Supplementary Materials). This indicated that the ligand binding to the protein
was unstable at the beginning of the simulation run. Tyr154 (3.00 Å), Arg222 (2.89 Å),
and Gln306 (11.11 Å) also reflected high fluctuations for the local complex, in which the
range values were still better than that of the global complex, which has several residues
involving Pro52 (2.60 Å), Tyr126 (2.22 Å), Gln192 (2.16 Å), and Gln306 (12.84 Å). The RMSF
values for hesperidin and PL-Pro are presented in Figure 6c with the detailed is provided
in Figure S9 and Table S9 of Supplementary Materials. The amino acid residues of Arg3
(2.86 Å), Thr63 (2.15 Å), Tyr137 (2.39 Å), Lys190 (4.30 Å), Gln194 (3.00 Å), Cys224 (4.64 Å),
Lys228 (5.56 Å), Gln269 (4.12 Å), and Lys315 (4.96 Å) from global protein–ligand complex
exhibited more fluctuations. While in the case of local protein–ligand complex, higher
RMSF peaks were presented in the Asn60 (2.53 Å), Thr63 (2.43 Å), Arg138 (2.45 Å), Lys190
(4.55 Å), Thr191 (3.76 Å), Lys228 (5.69 Å), Tyr268 (6.10 Å), and Lys315 (4.25 Å) amino acid
residues. Overall, less fluctuation is depicted in the local complex compared to the global
one, making it more rigid for the complex during the binding process.
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Figure 5. Radius of gyration (Rg) obtained from the molecular dynamic simulation: (a) radius of
gyration (Rg) hesperidin and RBD S protein on global and local docking; (b) radius of gyration (Rg)
of hesperidin and 3CL-Pro on global and local docking; (c) radius of gyration (Rg) of hesperidin and
PL-Pro of SARS-CoV-2 on global and local docking.
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Figure 6. Root Mean Square Fluctuation (RMSF) obtained from the molecular dynamic simulation:
(a) RMSF of hesperidin and RBD S protein on global and local docking; (b) RMSF of hesperidin and
3CL-Pro on global and local docking; (c) RMSF of hesperidin and PL-Pro of SARS-CoV-2 on global
and local docking. The important residues of S-RBD for the interaction with the ACE2 receptor and
the catalytic sites of 3CL-Pro and PL-Pro are labeled and indicated by the line.
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RMSF values also were observed on the important residues of S-RBD for the interaction
with the ACE2 receptor and the catalytic sites of 3CL-Pro and PL-Pro. The result showed
that all residues exhibit RMSF values less than 3 Å during simulation (Table 6). According
to [50], the acceptable protein fluctuation to be considered in a stable structure is within
1–3 Å. This indicates that the important residues or active sites of all three SARS-CoV2
proteins remain stable during the simulation. Notably, less fluctuation of the active sites in
the complex implied a strong interaction with the ligand [52].

Table 6. The list of RMSF values involving the active site residues of each target protein in both global
and local dock simulation.

Target Protein Active Site Residues RMSF Global (Å) RMSF Local (Å)

RBD S protein

(a) Tyr449
(b) Asn487
(c) Gly496
(d) Thr500
(e) Gly502
(f) Tyr505

2.43
1.84
0.76
1.30
0.90
0.86

2.02
1.70
0.79
1.23
0.82
1.14

3CL-Pro (a) His41
(b) Cys145

0.80
0.68

0.63
0.94

PL-Pro
(a) Cys111
(b) His272
(c) Asp286

0.59
0.79
0.78

0.96
0.90
0.73

To further investigate the dynamic and protein refolding, the number of hydrogen
bonds between solute and solvent was analyzed (Figure 7). As shown in Figure 7, the
number of hydrogen bonds during simulation for three SARS-CoV-2 proteins is relatively
constant, indicating that the complexes were indeed stable. As shown in Figures 1 and 2,
some hydrogen bonds also facilitate the interaction between SARS-CoV-2 proteins and
the ligand. Therefore, the fluctuation in the hydrogen bond number might indicate the
changes in the interaction between the protein and ligand. Unstable interaction is often
characterized by the significant reduction of hydrogen bonds during simulation which
consequently affects the number of hydrogen bonds [53]. Accordingly, the hydrogen bond
changes during simulation are an excellent indicator to determine the complex stability.
Practically, a decreasing number of hydrogen bonds in the solute, and a growing number
of hydrogen bonds were presented [54]. To note, the number of hydrogen bonds depicted
in Figure 7 is the total bonds in the complex, which covers the hydrogen bond between
the protein and ligand and the intramolecular hydrogen bond stabilizing the structure of
the protein itself. As shown in Figure 7, hydrogen bonds of all complexes of hesperidin
and SARS-CoV-2 proteins (RBD S protein, 3CL-Pro or PL-Pro) were not seriously changed,
which indicated that all complexes were stable during the simulation. The details of
hydrogen bond changes on all complexes are provided in Figures S10–S12, as well as
Tables S10–S12 of Supplementary Materials.
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Figure 7. The number of hydrogen bonds between the solute and solvent obtained from the molecular
dynamic simulation: (a) number of hydrogens between the solute and solvent of hesperidin and RBD
S protein on global and local docking; (b) number of hydrogens between the solute and solvent of
hesperidin and 3CL-Pro on global and local docking; (c) number of hydrogens between the solute
and solvent of PL-Pro of SARS-CoV-2 on global and local docking.
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3. Methods
3.1. Compounds Selection

The flavonoid compounds were thoroughly selected based on a careful reading of
the literature concerning the potential natural compounds against SARS-CoV-2 proteins.
The structure and additional information of the compounds were retrieved from the
relevant references.

3.2. Protein and Ligand Preparations

Protein macromolecules of the receptor-binding domain of spike glycoprotein (RBD
spike protein) and two proteases of SARS-CoV-2 that are vital in viral replication,
3-chymotrypsin-like protease (3CL-Pro) and papain-like protease (PL-Pro), were down-
loaded from the Research Collaboratory for Structural Bioinformatics (RCSB) protein data
bank at https://www.rcsb.org/ (accessed on 23 March 2022), with PDB IDs of 6M0J, 6LU7,
and 6W9C, respectively. Water molecules were removed alongside other unnecessary
molecules and atoms while ligands were prepared by using Pymol software before convert-
ing them into yob format in YASARA software for docking. As for the ligands, all ligand
structures were downloaded in the PubChem database at www.pubchem.ncbi.nlm.nih.gov
in 2D and 3D conformers. The format downloaded was in sdf format before converting
them into yob format in YASARA software.

3.3. Molecular Docking Studies

The molecular docking studies were carried out using the YASARA software package
provided in the laboratory to perform virtual screening of all 12 compounds against three
targeted proteins, RBD spike protein, 3CL-Pro, and PL-Pro. The docking studies were
performed in two types, global and local docking, with each having different parame-
ters and commands or scripts. Both types were conducted by using the same software.
As for global docking, the simulation cell box was centered around the whole complex,
and protein + ligand with 5 Å was used as in default parameter. Local docking analysis
was done in which the simulation cell was centered at 90 Å, which includes only the
active site residues of proteins (receptor) with sizes x, y, z = 18.20 Å (RBD S protein),
x, y, z = 15.48 Å (3CL-Pro), and x, y, z = 16.61 Å. Local docking was done to analyze the
binding and interaction pattern, which only involved the active sites of the proteins and
ligand and not the whole residues of the receptor. The active site residues of each protein
are shown in Table 7.

Table 7. The active site residue information for the respective proteins involved in the study.

Protein Complex PDB ID Active Site Residues Literature

1. Receptor binding domain of spike glycoprotein (S RBD) 6M0J Tyr449, Asn487, Gly496, Thr500, Gly502 & Tyr505 [55]
2. 3Chymotrypsin-like protease (3CL-Pro) 6LU7 His41 & Cys145 [56]

3. Papain-like protease (PL-Pro) 6W9C Cys111, His272 & Asp286 [57]

3.4. Molecular Dynamic Simulation (MD Simulation)

The protein–ligand complexes of hesperidin and RBD spike protein (RBD S protein),
hesperidin and 3CL-Pro, and hesperidin and PL-Pro were analyzed for their dynamic
stability and interaction by using the MD simulation command in the YASARA commercial
package [58]. A 50 nanosecond (ns) time period was allowed for each complex, at the
maximum speed, by using the mdrunfast.mcr command. These three complexes were chosen
based on their strongest binding affinity, which was also the best ranked for each protein.
AMBER14 forcefield was applied to simulate the complexes, where water molecules were

https://www.rcsb.org/
www.pubchem.ncbi.nlm.nih.gov
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added as the solvent at a 298 K temperature. Root Mean Square Deviation (RMSD) was
calculated based on the following Equation (1):

Root Mean Square Deviation (RMSD) =

√
∑n

i = 1 Ri ∗ Ri

n
(1)

Root Mean Square Fluctuations (RMSF) were calculated based on the following
Equation (2):

Root Mean Square Fluctuation (RMSF) =

√√√√ 3

∑
j=1

(
1
N

N

∑
k=1

P2
ikj − Pij2 (2)

Meanwhile, the radius of gyration (Rg) was calculated based on the following Equation (3)
in YASARA software:

Radius of gyration (Rg), Mass =

√√√√√∑N
i=1 Massi

(
→
Ri
− →

C

)
2

∑N
i=1 Massi

(3)

The hydrogen bonds analysis based on YASARA’s definition was derived by the
formula below, whereby the analysis of bond energy as a function of the H-bond acceptor
distance in Angstrom (Å) and another two scaling factors:

EnergyHBo = 25 ∗
2..6−max

(
DisH−A2.1

)
0.5

∗ ScaleD−H−A ∗ ScaleH−A−X (4)

3.5. Data Analysis and Visualization

The results of the docking in YASARA software were provided in the output of
notepad format and complex in yob format. All the ligands’ docking conformation for
the 11 compounds were determined by choosing the strongest binding affinity with the
highest docking scores. The visualization and interaction of each complex’s binding pattern
were then conducted using LigPlot+ version 2.2.4 and Pymol software. The 2D output for
LigPlot+ was prepared in pdf format and converted into png form.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/data7110144/s1, Figure S1: RMSD of Hes + RBD S protein on Global and Local docking,
Table S1: RMSD values of Global and Local simulation between Hes + RBD S protein, Figure S2:
RMSD of Hes + 3CL-Pro on Global and Local docking, Table S2: RMSD values of Global and Local
simulation between Hes + 3CL-Pro, Figure S3: RMSD of Hes + PL-Pro on Global and Local docking,
Table S3: RMSD values of Global and Local simulation between Hes + PL-Pro, Figure S4: Rg of
Hes + RBD S protein on Global and Local docking, Table S4: Rg values of Global and Local simulation
between Hes + RBD S protein, Figure S5: Rg of Hes + 3CL-Pro on Global and Local docking, Table S5:
Rg values of Global and Local simulation between Hes + 3CL-Pro, Figure S6: Rg of Hes + PL-Pro on
Global and Local docking, Table S6: Rg values of Global and Local simulation between Hes + PL-Pro,
Figure S7: RMSF of Hes + RBD S protein on Global and Local docking, Table S7: RMSF values
of Global and Local simulation between Hes + RBD S protein, Figure S8: RMSF of Hes + 3CL-
Pro on Global and Local docking, Table S8: RMSF values of Global and Local simulation between
Hes + 3CL-Pro, Figure S9: RMSFof Hes + PL-Pro on Global and Local docking, Table S9: RMSF values
of Global and Local docking of Hes + PL-Pro, Figure S10: Number of hydrogen bond per simulation
time of Hes + RBD S protein on Global and Local docking, Table S10: Number of hydrogen bond of
Hes + RBD S protein, Figure S11: Number of hydrogen bond per simulation time of Hes + 3CL-Pro
on Global and Local docking, Table S11: Number of hydrogen bond of Hes + 3CL-Pro, Figure S12:
Number of hydrogen bond per simulation time of Hes + PL-Pro on Global and Local docking,
Table S12: Number of hydrogen bond of Hes + PL-Pro.

https://www.mdpi.com/article/10.3390/data7110144/s1
https://www.mdpi.com/article/10.3390/data7110144/s1
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