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Abstract
The search for effective coronavirus disease (COVID-19) therapy has attracted a great deal of scientific interest due to its 
unprecedented health care system overload worldwide. We have carried out a study to investigate the in silico effects of 
the most abundant pomegranate peel extract constituents on the multi-step process of serious acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) internalization in the host cells. Binding affinities and interactions of ellagic acid, gallic acid, 
punicalagin and punicalin were studied on four selected protein targets with a significant and confirmed role in the process of 
the entry of virus into a host cell. The protein targets used in this study were: SARS-CoV-2 spike glycoprotein, angiotensin-
converting enzyme 2, furin and transmembrane serine protease 2. The results showed that the constituents of pomegranate 
peel extracts, namely punicalagin and punicalin had very promising potential for significant interactions with the selected 
protein targets and were therefore deemed good candidates for further in vitro and in vivo evaluation.
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Introduction

Coronaviruses are members of the Coronaviridae family 
and can cause respiratory tract infections in humans which 
are usually mild, although some beta coronaviruses, includ-
ing the Middle East respiratory syndrome coronavirus 
(MERS-CoV), severe acute respiratory syndrome corona-
virus (SARS-CoV) and novel coronavirus SARS-CoV-2 
may induce severe symptoms [1, 2]. Differently from the 
former two, the SARS-CoV-2 virus has spread rapidly with 

a high human-to-human transmission rate, affecting the 
respiratory system and causing serious clinical impairment 
with extremely high mortality worldwide, putting the World 
Health Organization in a position to declare pandemic on 
March 11, 2020 [3]. The structure of SARS-CoV-2 virus 
is well determined and the virus itself is composed of four 
main structural proteins such as spike (S) glycoprotein, small 
envelope (E) glycoprotein, membrane (M) glycoprotein and 
nucleocapsid (N) protein, as well as several accessory pro-
teins [4]. The S glycoprotein, which is incorporated into 
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the viral envelope, is crucial for virus binding to a specific 
receptor and fusion with target host cells. It has already been 
well established that SARS-CoV-2 virus enters the cells of 
the respiratory system by interacting with angiotensin-con-
verting enzyme 2 (ACE2) as its specific receptor [5]. The 
ACE2 receptors are highly expressed throughout the respira-
tory tract cells such as nasal epithelial cells, goblet/secretory 
cells and type II pneumocytes of the lung [6]. The virus-
receptor attachment occurs at the binding domain presented 
at 331 and 524 residues of the virus S glycoprotein [7]. The 
S glycoprotein comprises of two functional subunits known 
as S1, which is an amino (N)-terminal subunit and S2, a car-
boxyl (C)-terminal subunit. The surface (S1) subunit binds 
to the ACE2 receptor, while the transmembrane subunit (S2) 
interacts with the host cell membrane to facilitate the fusion 
of the viral cell membrane with the host cell membrane, 
and thus initiate the process of endocytosis. The process 
of membrane fusion depends on host cell proteases that are 
responsible for S glycoprotein cleavage at S1/S2 and S2′ site 
[8, 9]. One of these is the enzyme transmembrane serine pro-
tease 2 (TMPRSS2) which is, together with ACE2, required 
for SARS-CoV-2 cell entry [10]. Both of these enzymes are 
highly expressed on the surface of the epithelial cells of the 
respiratory system, and after the fusion the TMPRSS2 will 
cleave the S glycoprotein. However, it has become evident 
that the S glycoprotein is activated by a two-step process 
requiring another enzyme, furin. Furin is a membrane-bound 
member of the proprotein convertases family which pro-
cesses latent precursor proteins into their biologically active 
products. During the viral entry into the host cell, the SARS-
CoV-2 S- glycoprotein is first pre-cleaved by furin at the 
S1/S2 site and then subsequently cleaved by the TMPRS2 
enzyme at S2′ site [11, 12]. Some recent studies have shown 
that cleavage of the S glycoprotein by furin might increase 
the binding affinity of the SARS-CoV-2 virus to ACE2 as 
its receptor [13]. It is clear that in addition to the ACE2, the 
furin/TMPRSS2 coexistence is a crucial human host fac-
tor for the SARS-CoV-2 infection, and these proteases are 
potential therapeutic targets for the coronavirus infection. 
Different substances, like camostat mesylate as a TMPRSS2 
inhibitor, as well as several furin inhibitors, could potentially 
attenuate or block the virus entry process [14].

However, there are currently no medications proven to be 
effective for the prevention or treatment of the SARS-CoV-2 
infection, and researchers are desperately trying to discover 
molecules with efficient antiviral activity. Including natural 
products from herbal medicine [15]. One of those is pome-
granate (Punica granatum L., Punicaceae family) which is 
a well-known fruit consumed worldwide. Pomegranate has 
been traditionally used in the folk medicine due to its benefi-
cial health properties and treatment of different chronic dis-
eases like diabetes type 2 [16, 17], atherosclerosis [18, 19], 
cardiovascular diseases [20], inflammatory diseases [21] or 

cancer [22]. Pomegranate peel extracts are particularly rich 
with phytobiotics such as hydrolysable tannins (ellagitannin, 
punicalagin, punicalin, gallic and ellagic acid), flavonoids, 
anthocyanins and other phenols. These polyphenols possess 
a wide range of biologic properties including anti-inflamma-
tory, antioxidant, hypoglycemic, lipid-lowering, antihyper-
tensive or antimicrobial effects [17, 23, 24].

Several studies have reported the inhibitory effect of 
pomegranate extracts on the influenza virus, herpes virus, 
poxviruses and human immunodeficiency virus [25, 26]. In 
a computational study the pomegranate ligand molecules, 
namely the punicalagin, punicalin and ellagic acid, showed 
a strong interaction with the catalytic and substrate binding 
residues of the hepatitis C virus (HCV) NS3/4A protease. 
In an additional experiment, these polyphenols specifically 
blocked the NS3/4A protease in vitro [27]. Recent in vitro 
studies have shown that the antiviral effect of pomegranate 
peel extracts (PoPEx) on influenza virus is associated with 
the inhibition of viral absorption and RNA transcription [28, 
29].

Our review of the available literature has shown that a 
possible anti-SARS-CoV-2 properties of PoPEx have not 
been studied so far. Based on the existing data, we hypoth-
esized that polyphenols derived from PoPEx have potential 
interactions with SARS-CoV-2 S-glycoprotein, as well as 
ACE2, furin and TMPRSS2 enzymes.

Therefore, the aim of this study was to explore the anti 
SARS-CoV-2 properties of four major ellagitannin members 
derived from PoPEx i.e. punicalagin, punicalin, ellagic acid 
and gallic acid using in silico tools (Fig. 1).

Materials and methods

In silico study

Protein active sites, protein-ligand interactions, binding 
affinities of the selected protein targets with umifenovir, 
lopinavir, camostat, and selected PoPEx constituents (puni-
calagin, punicalin, ellagic acid and gallic acid) were deter-
mined through the following protocol steps.

Proteins In the present study, the S glycoprotein, ACE2, 
furin and TMPRSS2 were selected as known key proteins 
for SARS-CoV-2 virus internalization and as relevant ther-
apy targets. The crystal structures of furin and ACE2 in a 
complex with the S glycoprotein used for docking studies 
were downloaded from the Protein Data Bank (PDB; www.
pdb.org, PDB ID:5MIM and www.pdb.org, PDB ID:6LZG, 
respectively). The protein structures of TMPRSS2 built by 
homology modelling were also used for a molecular docking 
analysis. All protein structures were prepared for the docking 
analysis using Yasara Structure (http://www.yasar a.org/) [30, 

http://www.pdb.org
http://www.pdb.org
http://www.pdb.org
http://www.yasara.org/
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31]. This procedure included deletion of solvents from the 
PDB files, adding hydrogens and charges to the structure, 
and process of energy minimization.

Protein active site prediction Selected protein targets were 
analysed for druggable regions using the online DoGSiteS-
corer tool (https ://prote ins.plus/#dogsi te) provided by the 
University of Hamburg – Center for Bioinformatics [32, 
33]. Pocket sites with a favourable volume, surface area and 
drug score were further evaluated regarding constitutive 
amino acid residues. The grid box cube which included all 
pocket site amino acid residues was then used for the dock-
ing analysis.

Ligands The 3D structures of molecules of ellagic acid, 
gallic acid, umifenovir, lopinavir and camostat were down-
loaded from PubChem (https ://pubch em.ncbi.nlm.nih.
gov/) whereas Chemspider (http://www.chems pider .com/) 
was used to download the punicalagin and punicalin mol-
ecules. All ligands were further prepared for the docking 
study using the biocomputing software Yasara Structure (v. 
20.4.24) energy minimization process.

Molecular docking By predicting druggable active sites, 
working cavities were created with the grid box generated 
around amino acid descriptors within a distance of 1 Å. Then 
docking procedure was conducted through the Yasara Struc-
ture software based on the AutoDock Vina algorithm and 

AMBER03 force field [34]. Output files of the best binding 
affinity docking positions were further analysed with visu-
alization software (Discovery Studio v.20.1.0.19295).

The results obtained employing the DogSiteScorer online 
tool were expressed through a tabular presentation of shape, 
size, drug score and apolar amino acid ratio values. The 
highest drug score value suggested an energetically favour-
able site for interaction with ligands. Furthermore, the 
selected pocket sites were additionally characterized with 
enclosure parameters and constitutive amino acid residues. 
Based on these results, input data for docking calculation 
were defined. The molecular docking results were outlined 
through tabular free binding energy values and 2D illus-
trations of interactions for the most stable protein-ligand 
complexes.

Results

Protein active site prediction The DoGSiteScorer tool uses 
a Difference of Gaussian filter to detect potential binding 
pockets - entirely based on the 3D structure of the protein. 
Energetically favourable pockets were uncovered for all ana-
lysed targets. The most druggable pockets for the S glyco-
protein (Drug score: 0.79), ACE2 (Drug score: 0.83), furin 
(Drug score: 0.73) and TMPRSS2 (Drug score: 0.84) were 
selected for performing further molecular docking studies 

Fig. 1  Chemical structure of the most abundant components of the pomegranate peel extract

https://proteins.plus/#dogsite
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
http://www.chemspider.com/
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(Table 1). A high apolar amino acid ratio implies a promis-
ing drug target and 0.63 as the highest value was detected for 
the S glycoprotein. The other selected pockets apolar amino 
acid ratio values for ACE2, furin and TMPRSS2 were 0.38, 
0.26 and 0.40, respectively.

Positions of the selected pocket sites for different protein 
targets of interest are shown in Fig. 2.

Amino acid residues that define the predicted pocket site 
and are involved in interactions with potential ligands are 
shown in Table 2. A pockets comparison revealed that the 
number of residues of the integral amino acid varied from 

19 to 43. The highest number of amino acids was found at 
furin predicted active site.

Amino acid descriptor analysis revealed the occurrence of 
20 amino acids at the predicted active sites. The frequencies 
of these residues were found to be different and markedly 
depended on the analysed protein targets. The most frequent 
amino acids were Asp and Ser, which were constituents of 
the furin predicted active site. The most abundant amino 
acids for the S glycoprotein were Leu and Phe with 3 rep-
etitions. The same amino acids together with Glu and Leu 
were also noticed as the building blocks of the ACE2 active 
site. Asp and Tyr were also found to be the most significant 

Table 1  DoGSiteScorer 
descriptors results for predicted 
pockets of S glycoprotein, 
ACE2, furin and TMPRSS2 
proteins

ACE2- angiotensin converting enzyme 2; TMPRSS2 – transmembrane serine protease 2

Proteins Pocket Volume Surface Drug score Simple score Apolar 
amino acid 
ratio

S glycoprotein P_0 404.61 682.33 0.79 0.31 0.63
P_1 281.86 515.54 0.5 0.14 0.29
P_2 215.87 460.4 0.59 0.01 0.45

ACE2 P_0 876.74 1068.47 0.83 0.56 0.38
P_1 639.94 896.33 0.73 0.42 0.35

Furin P_0 545.34 635.62 0.73 0.29 0.26
P_1 541.25 943.85 0.68 0.37 0.37

TMPRSS2 P_0 525.12 813.49 0.84 0.27 0.40
P_1 350.59 628.49 0.69 0.24 0.52

Fig. 2  Selected active sites of 
analysed protein targets; (a) 
S glycoprotein, (b) ACE2, (c) 
Furin and (d) TMPRSS2
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amino acids at the TMPRSS2 active site with 4 repetitions 
(Fig. 3).

The best drug score values for analysed targets varied 
between 0.73 and 0.84. Beside the drug scores, pocket 
sites from all selected targets were characterized through 
the size, shape and amino acid descriptors. The size and 
shape descriptors together with a drug score value for every 
predicted active site of the selected targets are summarized 
in Table 3. The selected pocket′s volumes for the S glyco-
protein, ACE2, furin and TMPRSS2 proteins were 404.6, 
876.74, 545.34 and 525.12 Å3, respectively. The biggest vol-
ume, surface and depth of the selected pocket were detected 
for ACE2. The results revealed equable enclosure param-
eters for ACE2, furin and TMPRSS2 (0.10–0.11), while the 
highest value for this parameter was determined for the S 
glycoprotein (0.24).

Binding energy The results showed that some PoPEx com-
pounds, especially punicalagin and punicalin formed more 
stable complexes than positive controls with amino acid 
residues at the active sites of the selected protein targets 
(Table 4). The complex of lopinavir with ACE2 had a higher 
binding energy value (−7.512 kcal/mol) than ACE2 with 
any of the investigated PopEx constituents. Nevertheless, the 
binding affinity of punicalin and punicalagin was significant 
even for this protein target (−7.353 and − 7.144 kcal/mol, 
respectively).

Analysis of ligand-receptor interactions Docking analysis 
was further extended to the ligand-receptor type of inter-
actions analysis. Amino acid residues were colour-coded 
according to the nature of interactions they were involved 
in (hydrogen bonding, ionic bonding, cationic bond, Pi-Pi 
bonding). Molecular docking results showed that all PoPEx 
ligands interacted through hydrogen bonds with amino acid 
residues at the S glycoprotein predicted active site. Among 
all the analysed ligands, punicalin demonstrated the strong-
est interaction with the S glycoprotein with free binding 
energy of −7.406 kcal/mol and formation of a hydrogen 
bond with the Ser 371 amino acid. The molecule also 
showed two Pi-alkyl interactions with Val 367 and Leu 368 
residues at the predicted active site. Punicalagin was another 
PoPEX constituent with more stable binding conformation 
than reference substance lopinavir at the predicted active 
site. Although having slightly higher energy (−7.312 kcal/
mol) than punicalin, this ligand-protein complex was sta-
bilized through three hydrogen bonds (Asn 343, Asn 370 
and Ser 371). Furthermore, this complex was additionally 
stabilized through Pi-Pi stacked (Phe 342) and Pi-alkyl (Leu 
335 and Leu 368) interactions at the predicted active site 
(Fig. 4). Umifenovir, as the second positive control was a 
lower affinity binder for protein target than lopinavir.

Of all analysed targets, ACE2 was the only one that 
formed the most stable complex with lopinavir (−7.512 kcal/

Table 2  Amino acid descriptors of selected active pockets for S gly-
coprotein, ACE2, furin and TMPRSS2 proteins

ACE2- angiotensin converting enzyme 2; TMPRSS2 – transmem-
brane serine protease 2

S glycoprotein ACE2 Furin TMPRSS2

Leu_335_E Tyr_279_A Ile_151_A Val_76_A
Cys_336_E Val_283_A Leu_152_A Cys_77_A
Pro_337_E Phe_285_A Asp_153_A Gln_78_A
Phe_338_E Gly_286_A Asp_154_A Asp_79_A
Gly_339_E Gln_287_A Asp_191_A Trp_81_A
Phe_342_E Lys_288_A Asn_192_A Asn_82_A
Asn_343_E Pro_289_A His_194_A Asn_84_A
Ala_344_E Asn_290_A Arg_197_A Tyr_85_A
Val_362_E Ile_291_A Cys_198_A Ala_88_A
Ala_363_E Met_366_A Leu_227_A Arg_91_A
Asp_364_E Leu_370_A Asp_228_A Asp_92_A
Val_367_E Glu_406_A Ser_251_A Phe_112_A_B
Leu_368_E Ser_409_A Ala_252_A Met_119_A
Ser_371_E Leu_410_A Ser_253_A Lys_120_A
Ser_373_E Ser_411_A Trp_254_A Leu_121_A
Phe_374_E Ala_413_A Gly_255_A Asn_122_A
Trp_436_E Thr_414_A Pro_256_A Ala_125_A
Leu_441_E Pro_415_A Glu_257_A Val_128_A
Arg_509_E Lys_416_A Asp_258_A Asp_129_A

Leu_418_A Asp_259_A Ile_130_A
Phe_428_A Gly_260_A Tyr_131_A
Gln_429_A Lys_261_A Leu_134_A
Glu_430_A Thr_262_A Tyr_135_A
Asp_431_A Val_263_A Val_146_A
Thr_434_A Asp_264_A Pro_281_A
Glu_435_A Trp_291_A Thr_397_A
Asn_437_A Ala_292_A Asp_398_A
Phe_438_A Ser_293_A Tyr_401_A
Lys_441_A Gly_294_A Arg_402_A
Gln_442_A Asn_295_A Arg_405_A
Ile_446_A Asp_301_A
Phe_523_A Ser_302_A
Gln_526_A Cys_303_A
Cys_530_A Cys_305_A
Leu_539_A Asp_306_A
His_540_A Thr_309_A
Lys_541_A Glu_331_A
Cys_542_A His_364_A
Tyr_587_A Thr_367_A

Ser_368_A
Ala_371_A
Pro_372_A
Arg_519_A
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mol) as a positive control. The binding energies for ellagic 
acid, gallic acid, punicalagin and punicalin were found to 
be −6.854, −5.244, −7.144 and −7.353 kcal/mol, respec-
tively. Nevertheless, all tested PoPEx ligands showed signifi-
cant binding affinity at the ACE2 predicted active site with 
all ligand-protein complexes stabilized through hydrogen 
bonds. Amino acid residues Lys 441 involved in hydrogen 
bond interactions in the most stable lopinavir-ACE2 com-
plex was also found to be important for stabilization of com-
plexes punicalin-ACE2 and punicalagin-ACE2. Moreover, 
Asn 290 and Thr 445 key amino acid residues for stabiliza-
tion of lopinavir conformation with minimum energy were 
also found to be significant in stabilization of punicalin and 
gallic acid, respectively (Fig. 5).

The outlined results revealed that all PoPEx constituents 
formed the most stable complexes with furin. This was the 
only protein target analysed in this study that formed lower 
energy complexes with all investigated ligands compared to 
the positive control. The structure of the furin complex with 
ellagic, gallic acid and punicalin emphasized influence of 
amino acids Ser 311, Asp 258, Asp 301, Asp 306, Glu 257, 
Thr 262, Asp 258, Gly 255, His 194, Pro 256, Ser 368 and 
Thr 365 in polar interactions (Fig. 6).

Punicalagin and punicalin showed intensive interactions 
with TMPRSS2 amino acid residues at the predicted active 

site with binding energy values of −7.358 and −8.168 kcal/
mol, and with four and three hydrogen bonds, respectively. 
These binding energy values revealed higher affinity for 
the analysed target than camostat as a positive control 
(−7.069 kcal/mol). Polar interactions with Asn 97 and Arg 
405 residues were essential for stabilization of TMPRSS2 
complexes with punicalagin, punicalin as well as camostat 
(Fig. 7).

Discussion

A viral infection begins after initial entry of the virus 
into a host cell where the replication process starts. The 
quantitative measure of virus production through the pro-
cess of replication is called viral load. Although it has not 
been definitively established whether high values of viral 
load correspond to more severe symptoms, Liu et al. [35] 
showed that mild clinical manifestation of SARS-CoV-2 
infections could be associated with lower virus quantities 
detected in the patients [35]. Therefore, the virus entry pro-
cess represents a crucial step in the SARS-CoV-2 infection 
and research activities seek to identify specific binders that 
would be able to block the viral entry proteins.

Fig. 3  Amino acid frequencies 
at targets predicted active sites 
of S glycoprotein, ACE2, furin 
and TMPRSS2 proteins (ACE2- 
angiotensin converting enzyme 
2; TMPRSS2 – transmembrane 
serine protease 2)

Table 3  Summarized size and 
shape descriptors and drug 
score values for the selected 
active sites of the analysed 
protein targets

Å – (ångström) is a metric non-SI unit of length equal to  10−10 m; ACE2- angiotensin converting enzyme 
2; TMPRSS2 – transmembrane serine protease 2

Protein target Size and shape descriptors Drug score

Volume (Å3) Surface (Å2) Depth (Å) Enclosure

S glycoprotein 404.61 682.33 19.30 0.24 0.79
ACE2 876.74 1068.47 23.22 0.11 0.83
Furin 545.34 635.62 15.99 0.11 0.73
TMPRSS2 525.12 813.49 21.77 0.10 0.84
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In the protein structure, sites with certain physicochemi-
cal and spatial characteristics are a prerequisite for a stable 
interaction between proteins and ligands. Non-polar amino 
acid ratios for selected ACE2, furin and TMPRSS2 pockets 
were lower than for the second ranged predicted pockets. 
However, drug score value was generally considered to be 
a more important druggability indicator. Drug score values 
obtained for all four proteins predicted pockets were found 
to exceed 0.5. Therefore, all the predicted active sites were 
deemed druggable binding pocket sites [33]. The best drug 
score (0.84) was revealed for TMPRSS2. Recent studies 
confirmed the DogSiteScorer capability to identify pocket 
active sites at the newly determined SARS-CoV-2 crystal 
structures [36, 37].

The results of this study showed that protein active site’s 
volume results ranged from 404.61 to 876.74 Å3. Accord-
ing to Nayal and Honig [38] non-drug binding sites’ volume 
values were lower than 328 Å3 hence all analysed pockets 
were considered as drug binding regarding the volume. The 
largest pocket volume and surface detected were for ACE2. 
The binding site depth above 4 Å is considered satisfac-
tory, with average values of 6.8–11.4 Å for drug-binding 
sites. Depth values of the analysed protein targets ranged 

between 15.99 Å (furin) and 23.22 Å (ACE2) which was 
above the statistical average according to the literature [38]. 
Low values for enclosure parameters for all targets showed 
that pocket sites were not entirely on the surface of the pro-
teins, but partly buried inside the structure. Cavities with 
hydrophobic amino acid residues such as Phe and Leu were 
found to exhibit high binding affinity. A possible explanation 
was that they did not go through a desolvation process before 
their interaction with ligands [39].

The most frequent amino acids at the selected druggable 
active sites were Leu and Phe for the S glycoprotein, Gln, 
Leu, Lys and Phe for ACE2, Asp for furin and Asp and Tyr 
for TMPRSS2. Asp was the most frequent single amino acid 
with 9 repetitions at the furin active site. This amino acid 
residue was mainly involved in the interactions as a hydro-
gen bond acceptor where polar interactions were especially 
favourable for complex protein-ligand stability [40]. Asp 
was also an acidic part of the so-called “classical” catalytic 
triad, three coordinated amino acids (together with Ser and 
His) which generated a charge-relay system for activating 
a nucleophilic attack on enzyme substrate. They were usu-
ally found close to each other at active sites of important 
enzymes such as proteases [41].

Table 4  Summary binding energy results of the selected PoPEx constituents on the selected protein targets

ACE2- angiotensin converting enzyme 2; TMPRSS2 - transmembrane serine protease 2

Protein target Compound Binding energy [kcal/
mol]

Interacting amino acid residues

S glycoprotein Punicalin −7.406 Ser 371, Leu 368, Val 367
Punicalagin −7.312 Asn 343, Asn 370, Ser 371, Leu 335, Leu 368, Phe 342
Lopinavir −6.508 Ala 363, Asp 364, Leu 335, Leu 368, Phe 374, Val 362
Ellagic acid −6.114 Ala 372, Phe 377, Tyr 369
Umifenovir −5.821 Cys 336, Leu 368, Phe 338, Phe 342, Val 362, Val 367
Gallic acid −4.808 Phe 374, Tyr 369

ACE2 Lopinavir −7.512 Asn 290, Asp 367, Glu 406, Ile 291, Leu 370, Lys 441, Met 366, 
Thr 276, Thr 445

Punicalin −7.353 Asn 290, Asp 292, Asp 367, Lys 441, Ser 280
Punicalagin −7.144 Asp 292, Lys 441, Phe 428, Pro 289
Ellagic acid −6.854 Asp 292, Asp 367, Gln 442, Lys 441
Umifenovir −6.558 Ala 413, Asp 367, Glu 406, Leu 370, Leu 410, Lys 441, Ser 409
Gallic acid −5.244 Gln 442, Ile 291, Lys 441, Thr 445

Furin Punicalin −9.725 Asp 258, Glu 257, Gly 255, His 194, Pro 256, Ser 368, Thr 365
Punicalagin −9.385 Arg 298, Asp 259, Gly 366, His 194
Ellagic acid −7.801 Ala 532, Arg 490, Gly 307, Ser 311, Trp 531
Gallic acid −7.486 Asp 258, Asp 301, Asp 306, Cys 303, Glu 257, Pro 256, Thr 262
Sulconazole −6.923 Ala 532, Phe 528, Trp 531, Val 263

TMPRSS2 Punicalin −8.168 Arg 87, Arg 91, Arg 405, Asn 97, Met 404
Punicalagin −7.358 Arg 87, Arg 91, Arg 405, Asn 97, Gly 408, Met 404
Camostat −7.069 Arg 87, Arg 405, Asn 97, Met 404, Phe 99
Ellagic acid −6.829 Arg 87, Arg 405
Gallic acid 5.709 Ala 88, Arg 91, Asp 92, Asp 129, Tyr 401
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Fig. 4  S glycoprotein amino acids involved in interactions with selected PoPEx ligands and positive controls
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Fig. 5  ACE2 amino acids involved in interactions with selected PoPEx ligands and positive controls
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Fig. 6  Furin amino acids involved in interactions with selected PoPEx ligands and sulconazole
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Fig. 7  TMPRSS2 amino acids involved in interactions with selected PoPEx ligands and camostat
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In our docking study at the predicted active sites on the S 
glycoprotein and ACE2 two molecules were used as positive 
controls, i.e. lopinavir and umifenovir. Some molecules such 
as chloroquine and hydrochloroquine strongly inhibited the 
SARS-CoV-2 infection in vitro, whereas others, like remde-
sivir have been recently conditionally approved for the treat-
ment of hospitalized patients with a severe COVID-19 infec-
tion [42, 43]. Our selection of positive controls was based 
on their affinity for binding on the S glycoprotein (lopinavir) 
as well as their mechanism of action (umifenovir). Results 
from similar docking studies showed that lopinavir exhibited 
good binding affinity for the S glycoprotein while hydrochlo-
roquine was found to be a poor binder due to a relatively 
small molecule -hypothetically [44]. Additionally, umifeno-
vir, as an in vitro proven broad-spectrum antiviral drug [45] 
showed a propensity to reduce viral (SARS-CoV-2) load in a 
clinical pilot trial conducted in China in February 2020 [46]. 
Our results showed better binding affinity of lopinavir than 
umifenovir at the predicted active site of the S glycoprotein 
with a binding energy value of −6.508 kcal/mol which cor-
responded with previously published results from Ozbil and 
Cubuk [44].

Results from the present study showed that punicalin 
and punicalagin exhibited higher affinity for the predicted 
druggable active site on the S glycoprotein than the positive 
controls. Both of the analysed tannins formed complexes at 
the active site which were stabilized with hydrogen bonds 
interaction between Asn 343, Asn 370 and Ser 371 amino 
acid residues for punicalagin and only Ser 371 for punica-
lin. Furthermore, the complexes were additionally stabilized 
with hydrophobic interactions, such as Pi-alkyl and Pi-Pi 
interactions. Interestingly, the Phe 342 residue which stabi-
lized the best pose of punicalagin in a complex with the S 
glycoprotein through a Pi-pi stacked interaction was found 
to be the central residue for allosteric disruption of the S 
glycoprotein (homology modelled structure) interaction with 
ACE2 [47].

Docking results showed that none of the PoPEx com-
plexes were more stable than the one of lopinavir with 
ACE2. Even though punicalagin, punicalin and ellagic acid 
showed lower affinity for this target, (as compared to the 
lopinavir), they were all found to be better binders than 
umifenovir (binding energy = −6.558 kcal/mol). Although 
blocking ACE2 and preventing it from an interaction with 
the S glycoprotein has been definitely recognized as a novel 
therapy approach for SARS-CoV-2 infections, ACE2 also 
acts as one of the important homeostasis regulators via the 
renin-angiotensin system [48]. Hence, careful considera-
tion of various potential side effects that ACE2 inhibition 
could cause is of paramount importance, especially concern-
ing the reported increase in pulmonary inflammation [49]. 
Hopefully, the anti-inflammatory activity of PoPEx constit-
uents (especially punicalagin) have already been reported 

by different investigations and could provide supplemen-
tary beneficial effects in COVID-19 patients therapy [50, 
51]. Yet, considering all abovementioned, a more adequate 
approach would be to use a soluble form of ACE2 as a virus 
trap rather than a membrane protein [52].

Two proteases with a crucial role in the process of S gly-
coprotein cleavage in two biologically active subunits are 
furin and TMPRSS2. Sheybani et al. [12] have conducted 
a study to evaluate inhibitory effects of the water-soluble 
vitamin B folic acid (folate) on furin activity. They sug-
gested folic acid as inexpensive and safe compound for the 
prevention or early stages treatment of respiratory infections 
associated with SARS-CoV-2 [12]. The results of our study 
confirmed that punicalin and punicalagin interacted with 
furin active site amino acid residues forming more stable 
complexes than sulconazole as a positive control. Sulcona-
zole, a broad-spectrum anti-fungal agent, was found to be the 
most promising candidate with anti-furin activity from the 
collection of about 8000 molecules [53]. Contrary to the less 
significant results of binding energies achieved in docking 
analysis with the S glycoprotein and ACE2, ellagic and gal-
lic acids formed stable complexes with furin revealing bind-
ing energies to be −7.801 and − 7.486 kcal/mol, respectively.

The best binding affinity for all active sites was detected 
for punicalin. The ligand conformation in the most stable 
complex was stabilized through hydrogen bonds interac-
tions with Asp 258, Gly 255, His 194, Pro 256, Ser 368 and 
Thr 365 amino acid residues from the active site. The His 
194 amino acid residue was also involved in the stabiliza-
tion of the punicalagin-furin complex, but through a Pi-Pi 
interaction.

Although molecular docking analysis is critically depend-
ent on the crystallized structures of the analysed targets, 
recent advances in the field of homology modelling ena-
bled interaction predictions even for non-crystallized struc-
tures. Molecular docking study of PoPEx constituents at the 
predicted TMPRSS2 active site revealed that all analysed 
ligands interacted through hydrogen bonds with this enzyme 
target. Yet, only punicalin and punicalagin were better bind-
ers than camostat a positive control. In a recently conducted 
study this clinically proven serine protease inhibitor signifi-
cantly decreased the SARS-CoV-2 entry and consequently 
the viral infection [10]. Amino acid residues involved in the 
interactions with punicalagin and punicalin were Arg 405, 
Arg 87, Asn 97 and Arg 91 additionally for punicalagin. Arg 
405 and Asn 97 were also the key residues involved in the 
stabilization of the camostat-TMPRSS2 complex through 
conventional hydrogen bonds, while Arg 87 additionally sta-
bilized the structure through a Pi-alkyl interaction.

Although, several studies have evaluated the activity of 
natural products as anti-SARS-CoV-2 agents, they were pri-
marily focused on single targets with confirmed role in virus 
internalization. In this study naturally derived polyphenols 



1191Molecular and Cellular Biochemistry (2021) 476:1179–1193 

1 3

were simultaneously studied against four the most important 
anti-SARS-CoV-2 targets. This is the first study so far that 
analysed the effect of PoPEx constituents (punicalagin, puni-
calin, ellagic acid and gallic acid) on major multiple targets 
responsible for virus internalization.

Based on the available literature data, punicalagin after 
oral administration in rats yields plasma concentration of 
30 μg/mL, which proves its absorption from digestive tract 
and its availability in biologically relevant concentration in 
body fluids [54]. These findings encourage us to continue 
with in vitro and bioavailability studies in humans, which 
would enable us to evaluate the clinical potential of PoPEx 
constituents for treatment or prevention of COVID-19.

Conclusion

The results described in the present study highlight the 
potential inhibitory activity of PoPEx polyphenols against 
the SARS-CoV-2 internalization process. Furthermore, the 
presented molecular docking study demonstrated that PoPEx 
constituents, i.e. punicalagin and punicalin are promising 
candidates for further anti-SARS-CoV-2 in vitro studies. 
Being the ingredients of a natural product that is used as 
food, these candidates also have a confirmed safety profile 
which is their additional and important advantage in the dis-
ease treatment.
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