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ABSTRACT

Molecular docking and dynamics simulations were conducted to investigate the antiviral activity of
Propolis Sulabiroin-A to inhibit the SARS-CoV-2 virus with quercetin, hesperidin, and remdesivir as con-
trol ligands. The parameters calculated were docking score and binding energy/molecular mechanics-
generalized born surface area (MMGBSA), root mean square displacement (RMSD), and root mean square
fluctuation (RMSF). Docking and MMGBSA scores showed that all the ligands demonstrate an excellent
candidate as an inhibitor, and the order of both scores is hesperidin, remdesivir, quercetin, and
sulabiroin-A. The molecular dynamics simulation showed that all the ligands are good candidates as inhi-
bitors. Although the fluctuation of Sulabiroin-A is relatively high, it has less protein-ligand interaction
time than other ligands. Overall, there is still a good possibility that sulabiroin-A can be used as an alter-
native inhibitor if a new structure of receptor SARS-CoV-2 is used.

© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Coronavirus disease 2019 (COVID-19) started in the Wuhan
People’s Republic of China in December 2019. It has spread rapidly
to almost every country, with 209,201,939 confirmed cases and
4,390,467 confirmed deaths worldwide (World Health Organiza-
tion Data reported on 19 August 2021 6:00 CEST). The USA, Brazil,
and India are the initially hardest-hit countries, followed by Russia,
South Africa, Mexico, Peru, and Indonesia. Thus, the availability of
SARS-CoV-2 virus inhibitors is urgently needed.

Various efforts have been made to discover drugs against the
virus SARS-CoV-2. Antiviral for Ebola, remdesivir, has been

Abbreviations: COVID-19, Corona Virus Disease 2019; MD, Molecular Dynamic;
MM-GBSA, Molecular Mechanics/Generalized Born Surface Area; RMSD, Root Mean
Square Deviation; RMSF, Root Mean Square Fluctuation; SARS-Cov-2, Severe acute
respiratory syndrome coronavirus 2.
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reported to effectively inhibit SARS-CoV-2 virus infection in vitro
along with hydroxychloroquine (Liu et al., 2020). In addition to
in vitro investigations, chloroquine (Gao et al., 2019), oseltamivir
(Muralidharan et al., 2020), and lopinavir/ritonavir (Cao et al,,
2020; Chang et al., 2020) have been investigated computationally
in an effort to find the most effective drug for fighting against this
virus.

SARS-CoV-2 is a beta-coronavirus that belongs to the subgenus
sarbecovirus, Ortho Coronaviridae subfamily (Zhu et al., 2020). The
genome sequence of SARS-CoV-2 is 96.2%, similar to bat CoV
RaTG13, and 79.5% similar to SARS-CoV (Guo et al., 2019). SARS-
CoV-2 uses angiotensin-converting enzyme 2 (ACE2), which is
the same receptor as SARS-CoV, to infect humans (Zhou et al.,
2020).

Sulabiroin-A is a compound that can be isolated from the pro-
polis of stingless bees (Tetragonula aff. biroi) collected in South
Sulawesi, Indonesia (Miyata et al., 2020). Propolis is a well-
known medicinal beehive product due to its antiviral properties
(Kwon et al., 2020). Propolis was reported to have beneficial bio-
logical activity, including antiviral antibiotics, antifungal, antiviral,
and antimicrobial activities (Burdock et al., 1998; Kujumgiev et al.,
1999; Miyata et al., 2020; Yildirim et al., 2016). Molecular docking
studies have found that sulabiroin-A has SARS-CoV-2-inhibiting
potency (Khayrani et al., 2020; Sahlan et al., 2021).

1018-3647/© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Indonesia is currently (April 2021) one of the fastest-growing
coronavirus spreading countries, which strains its resources,
including inadequate medical resources. The availability of SARS-
CoV-2 antiviral agents is urgently needed. Furthermore, Indonesia
has the availability of required natural resources, which can be
extracted to synthesize Sulabiroin-A.

Molecular docking and dynamics are powerful computational
methods to discover a new drug and have consequent real applica-
bility in drug discovery (Salmaso and Moro, 2018). To computa-
tionally investigate a compound/drug candidate, we need control
ligands. In our study, we used quercetin and hesperidin as control
ligands under the classes of flavonoids and remdesivir. Flavonoids
are known as antioxidants and antimicrobial compounds. Querce-
tin, a bioflavonoid, is widely used as an antiviral for several viruses,
such as dengue virus, influenza virus, hepatitis C virus, and various
viruses (Anusuya et al., 2017; Zandi et al., 2011). Quercetin is found
in many plants, such as onion, guava, and cranberry. Hesperidin is
a flavonoid compound with antimicrobial activities against human
viruses despite its very low solubility in water (Abuelsaad, 2013;
Liu et al., 2011; Yi et al., 2008). Hesperidin is found in the citrus
family. Both compounds can be extracted from the various plants
mentioned (Ko et al., 2011; Londofo-Londofio et al.,, 2010; Ma
et al.,, 2008; Yang and Zhang, 2008).

On the other hand, in contrast to naturally extracted quercetin
and hesperidin, remdesivir is a synthetic drug that can be synthe-
sized in multiple steps from ribose derivatives. Remdesivir was ini-
tially developed by Gilead Sciences to treat Ebola virus disease and
Marburg virus infections (Warren et al., 2016). In addition, remde-
sivir was found to show antiviral activity against other single-
stranded RNA viruses, such as respiratory syncytial virus, Junin
virus, Lassa fever virus, Nipah virus, Hendra virus, and coron-
aviruses (Lo et al., 2017, Mohapatra et al.,, 2021). In this study,
we used remdesivir as a control ligand.

In this study, we explored molecular docking and molecular
dynamics (MD) simulations to investigate the antiviral activity of
sulabiroin-A with quercetin, hesperidin, and remdesivir as control
ligands to inhibit the SARS-CoV-2 virus. In our molecular docking
and dynamics study, the parameters calculated were docking
score, binding energy, RMSD (root mean square displacement),
and RMSF (root mean square fluctuation). The docking score and
binding energy show the rating of the drugs relative to each other.
RMSD (root mean square displacement) shows the stability of the
docked complex. RMSF (root mean square fluctuation) indicates
the conformational flexibility of the complex. The main objective
of this paper is to provide insight into how these ligands can be
used alternatively to fight the SARS-CoV-2 virus in strains of med-
ical resources amid the coronavirus pandemic.

2. Materials and methods
2.1. Data collection

The structures of quercetin, hesperidin, remdesivir, and
sulabiroin-A were drawn using MarvinSketch and saved as.mol
files, which were then converted into.sdf files using Open Babel.
The molecular structures are given in Fig. 1 (a), (b), (¢), and (d)
for quercetin, hesperidin, remdesivir, and sulabiroin-A,
respectively.

2.2. Protein preparation

The structure of the SARS-CoV-2 main protease was retrieved
from the Protein Data Bank (PDB ID: 6Y2F) (Zhang et al., 2020).
Protease cleaves the polyprotein at approximately 11 (eleven) dif-
ferent sites. Proteases generate various nonstructural proteins that
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are important for viral replication and play a critical role in the
replication of virus particles (Anand et al., 2003). This protease
was used as a receptor. The protein was prepared in a suitable form
using protein preparation wizard in Maestro ®, which has the fol-
lowing steps: (i) addition of missing disulfide bonds, (ii) removal
of water molecules, (iii) addition of missing hydrogen atom (iv)
fills missing side chain (vi) optimizing the hydrogen bonds to avoid
steric clashes (vii) refining the structure with restrained minimiza-
tion to an RMSD of 0.3 A.

2.3. Ligand preparation

The ligands were prepared using Ligprep in Maestro. In the
ligand preparation process, the ligands were desalted, and hydro-
gen atoms were added. All possible ionization and tautomeric
states were prepared using the Epik configuration at pH 7 £ 2.
The force fields used were OPLS3e, and the lowest penalty state
was used for the subsequent processes.

2.4. Glide docking

Glide docking for the grid parameter using receptor grid gener-
ation in Maestro was set in the center of the inhibitor alpha-
ketoamide in the protein’s active site (Anusuya et al., 2017). The
grid box coordinates were X = 11.476 Y = -1.396 Z = 20.745, with
the size of the Box 20 A. The van der Waals radius scaling was
set to 1 to soften the potential for nonpolar parts of the receptor,
and the partial charge was set to 0.25. All ligands were docked with
the target protein with the extra precision (XP) algorithm. The
advance setting was set so that a maximum of 5000 poses per
ligand were generated during the initial docking phase, keeping
at best 1000 poses per ligand for energy minimization, and 100
poses per ligand were filtered. The best-bound ligands to the active
site were determined based on the most negative docking score.

2.5. Prime MM-GBSA calculation

The binding free energy (AG bind) of flavonoids and the drug
target SARS-CoV-2 was calculated using the Prime MM-GBSA
method. The best poses of protein-ligand complexes obtained in
Glide XP docking were chosen to calculate the binding free energy
(AG bind), as shown in Equation (1):

AGbind = Gcomplex - (Gprotein + Gligund) (1)

where Geomplexs Gprotein, ad Giigana are the free energies of the com-
plex, protein, and ligand, respectively. It has been shown that the
docking results from MM-GBSA can be used as an additional scoring
function despite the questionable approximations in conforma-
tional entropy and the number of free energies of water molecules
(Greenidge et al., 2014; Genheden & Ryde, 2015). The results sup-
ported the role of MM-GBSA in distinguishing between real and
decay states of a ligand in addition to the rescoring of datasets.
However, the docking score is still used as the main criterion.

2.6. Molecular dynamics (MD) simulations

The docked ligand targets were merged in Maestro. Then, the
system setup was used to model water TIP4P in a 10 A orthorhom-
bic box. The docked complex (merged ligand targets) was neutral-
ized by the addition of ions automatically calculated by Maestro.
Next, the equilibrated simulation time was set to 2 ns with a
recording trajectory every 4.8 ps, and the ensemble class was
assigned to NPT, with a temperature of 310 K. The obtained param-
eters were RMSD and RMSF.
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Fig. 1. The molecular structure of 1 (a) quercetin, (b) hesperidin, (c) remdesivir and (d) sulabiroin-A.

3. Results and discussion
3.1. Molecular docking

Visual analyses were conducted by comparing the poses for
each ligand-target interaction. Ligand interactions were already fit-
ted in protein active sites. First, we discuss the analysis for
Quercetin-target, in which its 2D projection interaction is shown
in Fig. 2 (a). Three OH groups in quercetin form hydrogen bonds
with Thr25, Asn142, and His41. In this case, quercetin acts as a
donor for the hydrogen bond and, on the other hand, that amino
acid acts as an acceptor.

Next, we discuss the hesperidin-target interaction, which is
shown in Fig. 2 (a). The figure shows that hesperidin forms hydro-
gen bonds with the polar residues Thr24, Thr25, Ser46, and nega-
tively charged Glu166. Here, Thr 24 shows interaction with two
OH groups in the form of hydrogen bonds, where hesperidin acts
as the donor and as an acceptor to the hydrogen bond with Thr
24. Here, the bonds formed are more complicated than those in
the quercetin target, especially considering the complex interac-
tion among Thr24, Thr25, and two OH groups in the hesperidin tar-
get. It can be estimated that the docking score for hesperidin
targets will be more negative than that for quercetin targets.

Next, we discuss the Sulabiroin-A-target interaction, which is
shown in Fig. 2 (c). Uniquely, the interaction does not indicate
any bond between ligand and target, although the docking score
is available. However, we observed that the ligands do not experi-
ence solvent exposure facing toward the target. This phenomenon
may contribute to the docking score’s negative value, although we
estimate that the docking score is somewhat less negative than
Quercetin-target and Hesperidin-target.

Next, we discuss the remdesivir-target interaction, which is
shown in Fig. 2 (d). This indicates that the OH group forms a hydro-
gen bond with polar residues Thr24 and Thr25. This interaction is
similar to the OH group interaction with Thr24 and Thr25 found in
the hesperidin-ligand interaction. However, for the remdesivir-
target case, only one OH group interacts, whereas the hesperidin-
target case includes both OH groups at once. This phenomenon

may suggest that the remdesivir-target docking score is less nega-
tive than the docking score for the hesperidin target.

In summary, the complexity of hydrogen bonds of ligand-target
interactions indicates the strength of molecular docking. Quercetin
has one hydrogen bond with Thr25, while hesperidin has more
complex hydrogen bonds between Thr24 and Thr25. Sulabiroin-A
has no bond, which indicates a weak interaction with the target.
Remdesivir, like quercetin and hesperidin, has hydrogen bonds
with Thr24 and Thr25, which is more complicated than quercetin
but less complicated than hesperidin. Thus, from visual analyses,
the best ligand to form a complex (ligand-target) is hesperidin-re
mdesivir-quercetin-sulabiroin-A, which was later approved by
the ligand-target docking score and binding energy.

The scores of molecular dockings for quercetin, hesperidin,
sulabiroin-A, and remdesevir are shown in Table 1. Docking results
reveal that the hesperidin ligand has the lowest binding affinity
toward the SARS-CoV-2 target. The lower value of the docking
score shows that the ligand binding with the target is more stable.

The differences between ligand-target interactions occurred
due to the different structures bound to the target, resulting in
the docking score, as shown in Table 1. The next step was to per-
form MMGBSA analysis for the binding energy of each ligand.
MMGBSA consideration factors for the free binding energy are lipo-
philic, hydrogen bonds, electrostatic, covalent, van der Waals inter-
actions, generalized Born electrostatic solvation energy, and m-7
packing correction energy. Table 1 shows that hesperidin has the
lowest free binding energy with a value of -52.07 kcal/mol, which
shows that the ligand binds the substrate best among other
ligands, followed by remdesivir at —44.03 kcal/mol. The binding
energy of hesperidin and remdesivir was lower than that of quer-
cetin, which verified that hesperidin and remdesivir have more
robust binding compounds than quercetin.

Meanwhile, Sulabiroin-A shows only -30,97 kcal/mol to ensure
that the binding is weakest among other ligands. The binding free
energy result supported the role of MM-GBSA in distinguishing
between real and decoy poses of a ligand in addition to rescoring
datasets (Cavasotto, 2015). The value calculation was based on
the influencing factor of MMGBSA shown in Fig. 3, and all the val-
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3.2. Molecular dynamics simulation

The stability of docked complexes and the binding pose
obtained in molecular docking is widely verified by molecular
dynamics simulation (MDS) (Anusuya et al., 2015). The MD simu-
lation utilized the Desmond package embedded in Maestro soft-
ware. The ligands and the target were simulated in the water
model TIP4P medium for two ns with ensemble NPT.

The stability of the docked complex was observed by measuring
the root mean square deviation (RMSD) of each trajectory record
for 4.8 ps (0.0048 ns) in the MD simulation concerning the initial
position of the docked complex.

The RMSD of Ca and side chain atoms (part of the target) during
the two ns period of MDS is shown in Fig. 4. The plot demonstrates
that the RMSD of Ca and side-chain atoms for each ligand has a

steep increase due to the initial binding to the substrate in the per-
iod of approximately 0.01 ns. Naturally, the target reaches stabi-
lized confirmation after a few nanoseconds. Remdesivir takes
1.0 ns to reach a stabilized conformation and is restabilized again
after 1.5 ns. Meanwhile, quercetin and hesperidin take one ns
and 1.5 ns, respectively, to reach stabilized conformations. How-
ever, sulabiroin-A does not reach a stabilized conformation even
after two ns.

The stability of the protein-ligand interaction can generally be
observed from the RMSD path, as shown in Fig. 5. However, it is
difficult to differentiate RMSD among the four protein-ligand
interactions. Thus, we fitted those RMSD trajectories with the
power function of Equation (2)

RMSD = At" 2)
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where A is a constant value, t is time, and n is a power coefficient. Next, we present the results for RMSF (root mean square fluctu-
After calculation, the fittings are shown in Fig. 5 (a), and the power ation). The RMSF for each ligand is shown in Fig. 6 (a), (b), (¢), and
coefficients (n) are shown in Fig. 5 (b). From the fitting, we can esti- (d). RMSF characterizes local changes along the protein chain. It is

mate the slope of the curve. The steeper the curve, the longer it expected that the RMSF value in the terminal part is higher than
reaches stability. We conclude that a higher n value yields a steeper that in the in-between part since these sites fluctuate more than
curve. The power coefficients (n) from highest to lowest are other sites.

Sulabiroin-A, Hesperidin, Remdesivir, and Quercetin.
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On the other hand, the RMSF value for the in-between part is
lower than that for the terminal part due to the rigid structure of
the alpha-helix and beta-strand. However, some sites in the in-
between region have an RMSF value higher than 2.5 A, which indi-
cates that these sites are not stable. The RMSF was observed to a
minimum of 0.36 A for Co atoms and 0.47 A for side-chain atoms,
whereas maximum RMSFs of 2.2 A and 3.6 A were observed for Cot
and side-chain atoms, respectively. In general, RMSF results
showed that the ligand target is sufficiently stable, and the confor-
mation has low flexibility.

To further verify that the protein-ligand complex is stable, we
observed the RMSF protein at specific residues where interaction

takes place. RMSF fluctuation is connected to the RMSD plot, in
which more fluctuation in the RMSF plot generally yields a less
stable RMSD plot. It is understood that RMSF gives local residual
fluctuation, while RMSD gives global fluctuation. For example,
the Sulabiroin-A-target RMSF has the most fluctuation in RMSF,
thus giving the least stable RMSD plot. From the results, it can be
observed that quercetin and hesperidin show the least fluctuation.

Next, we investigated protein-ligand contact simulation results
to validate docking scores and MM-GBSA values. Figs. 7 and 8
demonstrate the number of contacts of each residue and pro-
tein-ligand contacts. Fig. 7 (a) shows that in the protein—quercetin
contact, the dominant contribution to the interaction is given by
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the Glu166 residue, where H-bond and water bridge interactions
form a 0.8 interaction fraction (80% of the total interaction), as
shown in Fig. 8 (a). The other interactions are given by other resi-
dues that help the protein-ligand interaction, Thr25, His41, Ser46,
Glu47, GIn189, and Asn142, where the combination of H-bonds
and water bridges with interaction fractions of approximately
0.35 to 0.4.

Fig. 7 (b) and 8 (b) show that the protein-hesperidin contact has
the highest interaction overall, whether in several contacts and
interaction fractions. The interaction fraction is approximately
1.6 for residue glu47, with the formation of hydrogen bonds and
water bridges, whereas other residues of Thr24, Thr25, His41,
and GIn189 gave interaction fraction values of approximately
0.65 to 0.8.

Fig. 7 (c) and 8 (c) show that the protein-sulabiroin-A contact
has the least interaction compared to other ligands. The highest
interaction fraction is only 0.25, given by Tyr118 and Ser121. All
the other residues cannot attain beyond 0.2 of the interaction frac-
tion. This result indicates that Sulabiroin-A has the least interac-
tion with protein compared to other ligands.

Fig. 7 (d) and 8 (d) show the protein-remdesivir contact, and the
interaction fraction is mainly given by Thr24, Thr25, and Glu47.
These interactions are given by the formation of H-bonds and
water bridges. The other interactions are given by another residue
of His41, Thr45 with the formation of H-bonds and water bridges,
and Asn142 with hydrogen bond formation. These interactions
give interaction fractions of approximately 0.1 to 0.4.

Overall, the consistency of interaction between protein ligands
has been found in hesperidin ligands, remdesivir ligands, and quer-
cetin ligands in the order of degree of consistency. This means that
the interaction between protein ligands occurs for most of the per-
iod in the simulation. Meanwhile, the least consistency was shown
for Sulabiroin A-ligand. This means that the protein-ligand interac-
tions do not occur continuously during the period in the simula-
tion. It can be understood by the fact that in Sulabiroin-A, the
interaction was driven by the hydrophobic part of the ligand.

From ligand-protein contact, Glu166, Glu47, and Thr24 domi-
nantly interacted in quercetin, hesperidin, and remdesivir, and
other less dominant residues were Asn142, His41, GIn189, Thr25,
Thr45, and Ser46. To further verify that the protein-ligand com-
plex interaction is stable, we evaluated the protein RMSF at specific
residues where interaction takes place, as shown in Fig. 9. RMSF is
a local fluctuation of each residue in the protein, and by these data,
we can observe whether an individual residue of the protein target
was stable during the simulation. The residues chosen were those
with dominant fraction interactions of protein-ligand contacts.
The RMSF of protein Ca of all complexes is shown in Fig. 9. Overall,
the RMSF of protein-ligand contact shows a low value of RMSF
(<1,5 A), which indicates stable contact at the residue.

4. Conclusion

We successfully conducted molecular docking and molecular
dynamics simulations on ligand-target CoV main protease ligands
(quercetin, hesperidin, sulabiroin-A, and remdesvir). Based on
molecular docking scores (docking score and MMGBSA), we found
that all the ligands were excellent candidates as inhibitors. The
docking scores order from high to low: Hesperidin, Remdesivir,
Quercetin, and Sulabiroin-A and MMGBSA with similar order.
These results place sulabiroin-A as a suitable inhibitor comparable
with other ligands. The molecular dynamics simulation demon-
strates that all the ligands can also serve as good candidates as
inhibitors, although the fluctuation of sulabiroin-A remains quite
high and has less protein-ligand interaction time than other
ligands. However, the possibility of Sulabiroin-A being an alterna-
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tive inhibitor is still widely open if the newer structure of SARS-
CoV-2 main protease is used as an alternative target.

Based on the molecular dynamics simulation, sulabiroin-A has
no interaction with essential amino acids in the binding site. Fur-
thermore, sulabiroin-A may be a potential inhibitor of other
SARS-CoV-2 proteins.
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