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ARTICLE INFO ABSTRACT

Keywords: The novel coronavirus disease (Covid-19) has become a major health threat globally. The interaction of SARS-
ACE2 CoV-2 spike (S) glycoprotein receptor-binding domain (RBD) with ACE2 receptor on host cells was recognized
SA,RS'COV'z . as the first step of virus infection and therefore as one of the primary targets for novel therapeutics. Pomegranate
izﬁz;g::imtem extracts are rich sources of bioactive polyphenols that were already recognized for their beneficial health effects.
Punicalagin In this study, both in silico and in vitro methods were employed for evaluation of pomegranate peel extract
Punicalin (PoPEx), their major polyphenols, as well as their major metabolite urolithin A, to attenuate the contact of S-

Urolithin A

glycoprotein RBD and ACE2. Our results showed that PoPEx, punicalin, punicalagin and urolithin A exerted

significant potential to block the S-glycoprotein-ACE2 contact. These in vitro results strongly confirm the in silico
predictions and provide a valuable insight in the potential of pomegranate polyphenols for application in SARS-

CoV-2 infection.

1. Introduction

Since December 2019 when the first media statement was released
by the Wuhan Municipal Health Commission on cases of ‘viral pneu-
monia’ in China, the pandemic has spread over 200 countries with over
100 million confirmed cases (https://covid19.who.int/). The SARS-
CoV-2, a newly discovered type of coronavirus, was identified as the
main causative pathogen of disease named coronavirus disease (COVID-
19). Coronaviruses (CoV) (Family: Coronaviridae) are viruses with a
spiked envelope which is crucially involved in a process of viral infection
with nonsegmented, positive-stranded genomic RNA contained therein
[1]. The SARS-CoV-2 contains 4 main structural proteins: Envelope (E),
Membrane (M), Nucleocapsid (N) and Spike (S) transmembrane glyco-
protein. While other proteins are included in different processes of virus
life cycle, only S-glycoprotein is directly involved in virus attachment to

* Corresponding author.

specific receptors on the host cells and presents druggable target of
SARS-CoV-2 with therapeutic perspective [2]. This process is essential
for virus entry and the beginning of infection [3]. The S-glycoprotein is
composed of two subunits, S1 and S2, with different functions. The S1
subunit contains a receptor-binding domain (RBD), which binds to the
cell surface receptor Angiotensin-Converting Enzyme 2 (ACE2), causing
conformational changes to the S2 subunit, which allows the membrane
fusion process. In particular, SARS-CoV-2 has a higher affinity for the
human ACE2 receptors than other coronaviruses and the described
mechanism is considered as the primary mechanism of SARS-CoV-2
entry into the host cells. The increased transmission of SARS-CoV-2 in
comparison with SARS and MERS viruses could be explained by the
increased number of cellular ACE2 receptors that enable the SARS-CoV-
2 to enter host cells [4]. Both processes depend on proteolytic activity of
the enzymes present in the membrane of the host cell, such as
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transmembrane protease, serine 2 (TMPRSS2) and furin [5,6]. Natural
products that are used as food or herbal medicines have historically been
used to prevent viral infections and are generally proved as beneficial
and safe [7]. It was previously reported that several naturally occurring
molecules exert significant antiviral activity against different strains of
coronaviruses. Although these molecules represent different chemical
classes, they all possess functional groups which can serve as hydrogen
bonds acceptors or donors. Saikosaponins are triterpene glycosides that
effectively disable virus attachment and penetration into the host cell.
Other polyphenolic compounds such as amentoflavone, lycorine, myr-
icetin and scutellarein have documented anti-SARS-CoV effects, as well
[7]. Among the myriad of substances that are currently being studied for
anti SARS-CoV-2 activity, natural products are of particular importance
[8]. Computational methods were introduced to achieve fast screening
of a large natural products databases [9]. This approach could easily
identify herbal substances with the most promising characteristics. One
of the chemical classes that have recently drawn significant attention for
its anti-SARS-CoV-2 potential, are polyphenols from various natural
sources [10,11]. Frank et al. (2020) tested and compared virucidal ac-
tivity of different food products as natural beverages. Results of their
study showed a significant ability of pomegranate juice to inactivate
SARS-CoV-2 particles in vitro. Considering that for certain pomegranate
polyphenols, such as punicalin, the ability to inhibit influenza virus
through interaction with its surface glycoproteins has already been
shown, it was logical to assume that similar mechanism for SARS-CoV-2
inhibition is involved [12]. In our previous computational study, we
confirmed that the most abundant polyphenols from pomegranate peel
extract (PoPEx) formed stable interactions with S-glycoprotein residues
from the predicted active site and therefore proved to be potential
candidates to prevent the process of virus internalization into the host
cells [13]. Some other studies have shown that certain hydrolysable
tannins including punicalagin and punicalin had the potential not only
to intervene in SARS-CoV-2 entry process but also to interfere with the
viral replication process inside the host cell [14-16]. Pomegranate fruit
peel is usually discarded as waste, but chemical analysis of peel extracts
showed they are also a rich source of bioactive polyphenols [17], which
affects the increase in their use as the ingredients in herbal products and
dietary supplements. Moreover, the highest total phenolic content was
detected in pomegranate peel in comparison with juice and seeds [18].
Although being promising candidates, the potential therapeutic appli-
cation of pomegranate polyphenols is contingent upon their bioavail-
ability. Several studies investigated ellagitannin biotransformation in
rats and humans. Just in one study, punicalagin was detected in bio-
logically relevant concentrations in rats [19]. However, it has generally
been accepted that the majority of these compounds undergo intensive
metabolism in humans, and one of the major metabolites was identified
as urolithin A [20]. Urolithins are biologically active metabolites with
confirmed anti-inflamatory activity through the mechanism of mito-
phags activation [21]. Recently reported results from in silico study
showed that urolithin formed stable complexes with enzymes involved
in the SARS-CoV-2 replication process. In our previous in silico study, we
searched for the most druggable binding site on RBD of S-glycoprotein
for testing the PoPEx potential for interaction. However, interactions
with any of RBD amino-acid residues might interfere with S-glycopro-
tein and ACE2 receptor contacts [22]. Therefore, in this study, we
expanded our docking simulation to the whole S-glycoprotein RBD re-
gion and introduced the molecular dynamic simulation to test the
ligand-protein dynamics. Furthermore, along with the PoPEx poly-
phenolic constituents analysis, we also tested the urolithin A, for the
same activity in vitro. According to the available literature, urolithin A as
a major metabolite of ellagitannins from pomegranate and biologically
active compound haven’t been previously evaluated for anti SARS-CoV-
2 activity. The obtained in silico and in vitro results for all tested com-
pounds in this study were compared with the results obtained for umi-
fenovir as a positive control under the same experimental conditions.
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2. Results
2.1. HPLC analysis

We studied anti-SARS-CoV-2 activity of PoPEx with main poly-
phenols quantified by HPLC (Table 1, Fig. 1). The selected polyphenols
eluted as sharp, well separated symmetrical peaks under analytical
conditions. Moreover, a- and B-punicalagin were completely separated
with retention times of 8.6 and 10.9 min, respectively.

The results showed that PoPEx phenols were principally composed of
punicalagin isomers: a- and B-punicalagin (26.02 and 45.57 mg/g DW,
respectively). The second most abundant ellagitannin was punicalin
(31.31 mg/g DW), followed by ellagic (22.82 mg/g DW) and gallic acid
(7.74 mg/g DW). Ellagic acid is commonly found in ellagitannin-rich
fruits in free or bound forms from which it can spontaneously hydrolyze.

2.2. Molecular docking simulation

Molecular docking studies were employed for the prediction of the
most stable binding pose of the investigated molecules in complex with
S-glycoprotein. The data obtained from these protein-ligand in-
teractions are summarized in Table 2.

The molecular docking study revealed that punicalin had the highest
docking score (—9.25 kcal/mol) compared to other tested compounds
from PoPEx. Punicalagin interacted as the second most stable complex
with target protein with the score of —7.79 kcal/mol. All other tested
compounds could also form hydrogen bond complexes with S-glyco-
protein amino acid residues but with higher binding energies. Some of
the RBD amino acid residues which stabilize complexes through in-
teractions with PoPEx polyphenols have been previously identified as
key interaction residues with other potent phytochemicals (Fig. 2).
Predicted active sites for all tested compounds except for ellagic acid and
umifenovir contain aspartic and glutamic acid which are negatively
charged at physiological pH. Considering that gallic acid according to its
pKavalue (4.4 at 25 °C) is a negatively charged molecule at pH = 7.4 it is
expected that presence of negatively charged residues in active site
significantly influences binding affinity of this compound.

2.3. Molecular dynamics simulation

For the following set of experiments, we introduced the ligand—-
protein MD studies. The RMSD is the measure of the average distance
between the atoms of superimposed structures. The RMSD results of
ligand—protein MD simulation of 6 selected docked complexes showed
that the interactions were stable over 1 ns simulation time step. The Rg
parameter is very important for the evaluation of protein folding state.
The detected values of Rg were in a range of 18.06 A to 18.55 A
(interaction of 6MO0J and ellagic acid), 18.11 Ato18.54 A (interaction of
6MO0J and gallic acid), 18.05 A to 18.50 A (interaction of 6M0J and
punicalagin), 18.15 A to 18.60 A (interaction of 6M0J and punicalin),
18.12 A to 18.57 A (interaction of 6M0J and urolithin A), as well as
18.11 A to 18.52 A (interaction of 6MO0J and umifenovir). Another
important parameter that changes with the unfolding of protein is the
Qx. The MD simulation results with Qx values close to 1 indicate a native

Table 1
The quantity of the most abundant pomegranate peel extract (PoPEx) poly-
phenols and their retention times determined by using HPLC method.

Retention time (min) Compound mg/g DW*
4.9 Gallic acid 7.74 £ 0.29
5.8 Punicalin 31.31 £ 0.71
8.6 a-Punicalagin 26.02 + 6.77
10.9 p-Punicalagin 45.57 + 4.62
25.2 Ellagic acid 22.82 +0.22

" milligrams per gram of dry weight.
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Fig. 1. The HPLC chromatogram of pomegranate peel extract (PoPEx) major constituents.

Table 2
Molecular docking study results for the PoPEx most abundant compounds and
their metabolite urolithin A.

Molecule Binding energy H-bond receptor-ligand
[kcal/mol] interactions
Ellagic acid —7.56 Asn 343, Ser 373, Asn 437, Asn
440, Arg 509
Gallic acid —6.29 Asp 467, Ser 469, Glu 471
Punicalin -9.25 Asp 428, Pro 463, Phe 515, Glu
516, Leu 517
Punicalagin -7.79 Glu 340, Ala 348, Ala 352, Ser
399, Asn 450
Urolithin A —6.86 Asn 343, Asp 364, Val 362
Umifenovir (positive —5.97 Thr 430
control)

state of protein (Fig. 3).

2.4. In vitro SARS-CoV-2 inhibition assay

Different concentration ranges of the selected PoPEx polyphenols
samples were evaluated in vitro for S-glycoprotein-ACE2 receptor con-
tact inhibition. The results of SARS-CoV-2 inhibitory activity of tested
samples and reference compounds at the concentration range of
(62.5-1000 pg/mL) are presented in Fig. 4. The PoPEx exhibited the
highest inhibition against SARS-CoV-2 compared to the other tested
samples. The SARS-CoV-2 inhibitory activity of all tested compounds
was as follows: PoPEx > Punicalin > Punicalagin > Ellagic acid >
Urolithin A > Gallic acid > Umifenovir (positive control). The dose-
dependent responses of PoPEx, punicalin, punicalagin and ellagic acid
were observed in the tested concentration ranges. While punicalagin
inhibited 50% of S-glycoprotein and ACE2 contact only in the sample of
the highest concentration (1 mg/mL), PoPEx and punicalin attenuated
this contact in different concentration ranges in a dose-dependent
manner. The calculated ICs( values for PoPEx and punicalin were 0.06
and 0.14 mg/mlL, respectively (Fig. 5).

In the tested concentration range the highest inhibitory activity for S-
glycoprotein-ACE2 receptor-binding interaction was 83.25%, recorded
for PoPEx sample (1 mg/mL). In the same concentration, punicalin
inhibited 78% of the same binding activity. The lowest inhibition ac-
tivity was observed for gallic acid which in maximally tested concen-
tration inhibited the S-glycoprotein-ACE2 binding interaction for
17.42%. However, gallic acid was still more potent inhibitor than
umifenovir with 12.68% inhibition activity in the same concentration.
These in vitro results regarding the order of PoPEx polyphenols inhibit-
ing potential for S-glycoprotein-ACE2 binding interaction are in exact

accordance with our in silico docking study results.
3. Discussion
3.1. HPLC analysis

Pomegranate is a rich natural source of vitamins, polyphenols and
dietary fibers, which makes it valuable and worldwide popular dietary
fruit [23]. It is even considered as a superfood due to its high antioxidant
potential and other beneficial effects on human health [24,25]. The most
abundant phenolic compounds found in pomegranate belong to the
ellagitannins and anthocyanins. Interestingly, non edible parts of
pomegranate such as peel and seeds are also a rich source of poly-
phenols, which are considered as principal contributors to pomegranate
beneficial effects [24]. The selection of extraction method parameters
such as solvent, temperature, solid-solvent ratio or particle size could
significantly influence the total polyphenolic content [26]. Moreover,
the ratio of ellagitannins and ellagic acid content was also influenced by
the origin of pomegranate material [27]. Although certain variations in
the amount of PoPEx ellagitannins detected in our sample were
observed, the content of punicalagin remains inside a variation range
reported in the literature [15,17,28].

3.2. Molecular docking simulation

The results obtained from the molecular docking simulation study
showed that all the most abundant PoPEx polyphenols formed more
stable complexes with amino-acid residues in receptor-binding site than
positive control umifenovir (—5.97 kcal/mol), under the same experi-
mental conditions. Umifenovir is a well known synthetic broad-
spectrum antiviral agent, which mechanism of action is based on pre-
vention of the S-glycoprotein contact with the host cell receptor [29].
Punicalin with the highest binding affinity was the most promising
candidate for the inhibition of S-glycoprotein-ACE2 interaction, which is
in accordance with the results from recent in silico studies [13,30]. This
complex of S-glycoprotein and punicalin is also stabilized with in-
teractions of Pro 463 and Glu 516, which are previously marked as key
interactions of ashwagandhanolide, a bioactive herbal ligand with the
hydrogen bond interactions at the active site of SARS-CoV-2 S-glyco-
protein [31]. Lower binding affinity of gallic acid compared to other
tested compound could be explained by repulsive forces between
negatively charged ligand and residues from the active site at pH = 7.4
[32]. However, other negatively charged ligands (ellagic acid and
umifenovir) are not expected to be affected by these forces due to lack of
negatively charged residues at the respective active sites. Urolithin A
also formed a complex with RBD residues with higher binding affinity
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Fig. 2. Molecular docking ligand S-glycoprotein interactions with: a) Ellagic acid, b) Gallic acid, ¢) Punicalagin, d) Punicalin, e) Umifenovir and f) Urolithin A.
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Fig. 3. The MD simulation results of a) RMSD, b) Radius of gyration (Rg) and c) Fraction of Native Contacts (Qx) of the most stable complexes ligand-receptor
complexes from the docking studies.

(—6.86 kcal/mol) than umifenovir, which indicates a significant po-

tential for inhibitory activity.

3.3. Molecular dynamics simulation

RMSD plots from MD simulation revealed that ellagic acid, gallic
acid, punicalin and urolithin were stable during simulation while a low
fluctuation was recorded for punicalagin and umifenovir (positive
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control). Moreover, other MD simulation parameters confirmed that S-
glycoprotein interacted in its native state that are only considered
energetically favorable [33]. Equalized RMSD and Rg plots indicate the
equilibrium of the system and minimal changes in the macromolecule
folding state, respectively [34]. The detected Rg values range from
18.05 to 18.60 A represents a characteristic of the compactness of pro-
tein structure and shows that globular portion of spike protein con-
taining RBD region possesses structural characteristics of class A
globular proteins [35].

3.4. In vitro SARS-CoV-2 inhibition assay

In silico simulation results obtained in this study were fully
confirmed by the in vitro results. In vitro inhibition activities of studied
polyphenols were in the exact order as predicted in molecular docking
simulations. As expected, predicted repulsive forces between negatively
charged gallic acid and negatively charged residues at the active site
resulted in lower in vitro activity of this POPEx constituent compared to
the other tested compounds. Moreover, the in vitro results correspond
with a recently reported study, which tested PoPEx potential on inhi-
bition of S-glycoprotein-ACE2 interaction with the screening kit from
another manufacturer [15]. They tested extracts in a concentration
range from 40 to 1000 ng/mL and registered inhibition of up to 74%,
which was dose-dependent, but lower than in this study. Additionally,

the order of the exhibited activity for the individual PoPEx constituent
which they considered relevant was similar to the present findings,
except for punicalin, which was not tested [15]. However, in the present
study, punicalin was the most potent polyphenol tested, both in silico
and in vitro. Considering that none of the individually tested PoPEx
polyphenols exceeded the inhibitory activity potential of the PoPEx, we
assumed that some other constituents could contribute to the observed
activity. It is also possible that PoPEx constituents possess a significant
synergistic effect on the tested activity, similar to the higher efficiency of
plant-based molecules and synthetic drugs combination in reducing the
viral load showed in other studies [36]. Virucidal effects of pomegranate
constituent have been confirmed in studies that evaluated pomegranate
juice and lozenge potential for decreasing SARS-CoV-2 loads in oral
cavity [11,37]. This activity could be beneficial regarding prevention of
the initial infection, viral dissemination into the lower parts of the res-
piratory system or transmission to the next individual [37]. Prevention
of infection and viral dissemination are related to virus S-glycoprotein-
ACE2 receptor interaction as the first step toward the virus internali-
zation. In order to be able to prevent the interaction of SARS-CoV-2 with
the host cell receptor, the small molecule must have appropriate
bioavailability. The PoPEx polyphenols undergo intensive metabolism
by human gut microbiota forming urolithins, which are primarily
responsible for health beneficial effects [38]. Considering the afore-
mentioned, PoPEx polyphenols could have the most significant contri-
bution when applied locally for a viral load decrease in oral or nasal
cavity which is important for transmission prevention. Nevertheless,
other in vivo PoPEx effects should be considered through their main
metabolites (urolithins) activity as well. To the best of the authors’
knowledge, this is the first report about urolithin A (major ellagitannins
metabolite) in silico and in vitro potential to attenuate the SARS-CoV-2 S-
glycoprotein binding ability to ACE2 receptor.

4. Materials and methods
4.1. Chemicals

The chemical substances such as ellagic acid, gallic acid, punicalagin
(mixture of anomers), punicalin, umifenovir, urolithin A were obtained
from Sigma Chemical Co. (St. Louis, USA). Solvents used for dissolution
of the tested compounds were dimethylsulfoxide (DMSO) and
phosphate-buffered saline (PBS) which were also obtained from Sigma
Chemical Co. (St. Louis, USA). DMSO didn’t exceed screening kit rec-
ommended concentration.

4.2. Plant material

Pomegranate fruits were collected during November 2019 in village
Do, the Republic of Srpska, Bosnia and Herzegovina at natural locality.



R. Suruci¢ et al.

Manually separated peels were air-dried at room temperature for 4-6
days and grounded to provide particles of 0.75-2 mm size used further
for extraction.

4.3. Pomegranate peel extract

Dry PoPEx was prepared from triple percolate (1:1) obtained with
70% ethanol as a solvent further evaporated to dryness in a vacuum
evaporator. The most abundant polyphenols were quantified by the
HPLC method.

4.4. HPLC analysis

The analyses were carried out on Agilent 1200 RR HPLC instrument
(Agilent, Waldbronn, Germany), equipped with DAD detector, on a
reverse phase Zorbax SB-C18 (Agilent) analytical column (150 mm x
4.6 mm i.d., 5 um particle size), and the column temperature was
maintained at 25 °C. The mobile phase consisted of solvent A (1% v/v
solution of orthophosphoric acid in water) and mobile phase B (aceto-
nitrile). The injection volume was 3 pL, the flow rate was adjusted to 1
mL/min, and detection wavelengths were set at 260 and 320 nm.
Gradient elution was applied according to the following scheme: 0-5
min, 98-90% A; 5-15 min, 90% A; 15-20 min, 90-85% A; 20-25 min,
85-70% A; 25-30 min, 70-40% A; 30-34 min, 40-0% A, with post-time
of 2 min. Quantification of ellagic acid, gallic acids, punicalagin and
punicalin was done using calibration curves of authentic standards. The
results are presented as milligrams per gram of dry weight (mg/g DW).

4.5. Datasets

The crystal structure of S-glycoprotein RBD in complex with human
ACE2 was retrieved from the Protein Data Bank (PDB; www.pdb.org,
PDB ID:6MO0J). Protein structure was prepared for the docking analysis
using Yasara Structure (v. 20.4.24) (http://www.yasara.org/). This
procedure included deletion of solvents from the PDB files, adding hy-
drogens and charges to the structure, and process of energy minimiza-
tion. The 3D molecular structures of molecules of ellagic acid, gallic
acid, urolithin A and umifenovir were downloaded from PubChem (http
s://pubchem.ncbi.nlm.nih.gov/) whereas Chemspider (http://www.ch
emspider.com/) was used to download the punicalagin and punicalin
molecules. All ligands were further prepared for the docking study using
the biocomputing software Yasara Structure energy minimization pro-
cess at physiological pH (7.4).

4.6. Molecular docking simulation

The RBD residues (306-527) were selected as the binding site for the
ligand molecules with the grid box generated around amino acid resi-
dues within a distance of 5 A. Thereafter, a docking procedure was
conducted through Yasara Structure software based on the Auto-
DockLGA algorithm and AMBERO3 force field [39]. Output files of the
most stable complexes were further analyzed with the visualization
software (Discovery Studio Visualizer v.20.1.0.19295).

4.7. Molecular dynamics simulation

The molecular dynamics (MD) of six most stable docked complexes
with: 6M0J and ellagic acid, gallic acid, punicalagin, punicalin, urolithin
A and umifenovir were investigated on LARMD server (http://ch
emyang.ccnu.edu.cn/ccb/server/LARMD/) at Int mod parameter for 1
ns in an explicit water model [34]. LARMD provides an automatic
protocol for conformational sampling and analysis. The root-mean-
square deviation (RMSD), radius of gyration (Rg) and fraction of
native contacts (Qx) were evaluated.

Bioorganic Chemistry 114 (2021) 105145
4.8. In vitro SARS-CoV-2 inhibition assay

To investigate the effects of PoPEx polyphenols on SARS-CoV-2
binding activity to ACE2 the MBS669459 screening kit (MyBiosource.
com) was employed. This assay is based on a colorimetric ELISA kit that
measures the binding of RBD of the S-glycoprotein from SARS-CoV-2 to
its human receptor ACE2. All tested samples were dissolved in phos-
phate buffer solution or DMSO with a final concentration of <0.1%.
Reagents preparation and assay procedure steps were conducted strictly
following the provided protocol for default configuration (https://www.
mybiosource.com/covid-19-assay-kits/covid-19-coronavirus/669459).

4.9. Statistical analysis of ICsg

The ICsg values were calculated by The Quest Graph™ IC50 online
calculator (https://www.aatbio.com/tools/ic50-calculator) [40].

5. Conclusions

In this study, we confirmed that PoPEx and its major polyphenols,
such as punicalin and punicalagin, have a strong potential to attenuate
the SARS-CoV-2 S-glycoprotein binding ability to ACE2 receptor using in
silico and in vitro approaches. It was shown that pomegranate bioactivity
could also be attributed to urolithin A, one of the major PoPEx metab-
olites in humans. The most pronounced in vitro activity was observed for
PoPEx, suggesting a possible synergistic effect of pomegranate poly-
phenols. We have shown that pomegranate polyphenols have a potential
to attenuate the SARS-CoV-2 S-glycoprotein binding ability to ACE2
receptor and therefore to be excellent candidates for possible thera-
peutic application.
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