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ARTICLE INFO ABSTRACT

Keywords: In the year 2019, the potent zoonotic virus, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
Coronavirus-2019 began to rage globally, which resulted in the World Health Organization (WHO) declaring it as a pandemic on
Cucurbitacin

March 11th, 2020. Although extensive research is currently ongoing worldwide to understand the molecular
mechanism and disease pathogenicity of SARS-CoV-2, there are still many nuances to elucidate. Therefore,
developing an appropriate vaccine or therapeutic drug to combat coronavirus 2019 (COVID-19) is exceedingly
challenging. Such scenarios require multifaceted approaches to identify suitable contenders for drugs against
COVID-19. In this context, investigating natural compounds found in food, spices, and beverages can lead to the
discovery of lead molecules that could be repurposed to treat COVID-19. Sixteen cucurbitacin analogues were
investigated for activity against the SARS-CoV-2 main protease protein (Mpro), angiotensin-converting enzyme 2
(ACE2) binding receptor, nonstructural protein 12 (NSP12) RNA-dependent RNA polymerase (RdRp), NSP13
helicase, and Janus kinase 2 (JAK2)/signal transducer and activator of transcription 3 (STAT3) pathway using
several relevant tools and simulated screening methods. All key proteins were found to bind efficiently only with
cucurbitacin G 2-glucoside and cucurbitacin H with the lowest global energy. Further, the absorption, distri-
bution, metabolism, and excretion (ADME) of all the cucurbitacins were analysed to explore their drug profiles.
Cucurbitacin G 2-glucoside and H showed the best hits and all the analogues showed no adverse properties that
would diminish their drug-likeness abilities. The encouraging results of the current study may lay the foundation
for future research and development of effective measures and preventive medications against SARS-CoV-2.

Molecular docking
ADME/Toxicity analysis

1. Introduction therapies for the SARS-CoV-2-induced coronavirus disease 2019

(COVID-19) requires the complete elucidation of the pathology and

Over the past two decades, humans have grappled with the spread of
zoonotic pathogenic strains of many viruses such as the severe acute
respiratory syndrome coronavirus (SARS-CoV) in 2002, followed by the
Middle East respiratory syndrome-related (MERS)-CoV in 2012 with
~10% and ~36% mortality rates, respectively [1]. Although the fatality
rate was lower, the advent of SARS-CoV-2 in 2020 heralded the spread of
a highly infectious and pathogenic strain of betacoronavirus causing
acute respiratory distress syndrome (ARDS), often leading to lung
dysfunction, arrhythmia, and death. To date, there are no marketable
antiviral agents or vaccines available against SARS-CoV-2. Developing
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molecular mechanisms underlying the viral mode of infection.
Therefore, it is crucial to understand and identify potential targets
for drug design against both SARS-CoV-2 and human proteins, wherever
they interact. Searching for biologically promising compounds from
natural sources could be an alternate strategy for developing remedies
against SARS-CoV-2. Although a few candidate drugs are currently
under consideration as effective antivirals for SARS-CoV-2, we believe
that the evaluation of small molecule drug candidates from natural
compounds could potentially provide durable, broad-spectrum host-
directed therapies. Earlier studies have shown that cucurbitacins have
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remarkable inhibitory activity against the herpes simplex virus (HSV)-1
[2] and, thus, may have the potential to be developed as antiviral drugs
against COVID-19.

Traditional belief as well as scientific evidences has proven that
Cucurbita pepo, the oldest known cultivated species of the Curcurbiteae
family, has immense medicinal and nutritional benefits [3]. Other spe-
cies of the Curcurbiteae family, which are indigenous to the western
hemisphere, include cucumbers, honeydew melons, cantaloupe, water-
melons, and zucchini. To date, six cucurbitacins (B, D, E, E glucoside, Iso
B, and Iso D) have been isolated from these species. Cucurbitacins are
tetracyclic triterpenoids, and both the fruit and seeds of these plants are
used as traditional medicines. Pulp with high carotenoid content and
low fat content is known to have both beneficial physiological and
immunomodulatory functions [4,5].

Pumpkin seeds have nutraceutical properties attributable to the rich
content of various elements such as antioxidant vitamins, tocopherols,
and carotenoids [6,7]. They are also known to contain proteins, poly-
unsaturated fats, and phytosterols [8,9]. Recently, cucurbitacins B, E,
and D have been shown to exhibit potent antiviral activity against the
bovine viral diarrhoea virus (BVDV), hepatitis C virus (HCV) [10], and
HSV [11]. In the current unprecedented times of the COVID-19
pandemic, there is an urgent need to explore the effects of natural
compounds such as cucurbitacins, and carefully bridging the gap in our
understanding of all the interacting proteins of both SARS-CoV-2 and
humans would facilitate this process.

Many strategic attempts have been made to interfere with the
different steps in the coronavirus replication cycle. Previous outbreaks
such as those of SARS-CoV and MERS have trained us to target key en-
zymes involved in viral replication such as proteases, polymerases, and
helicases, as attractive therapeutic approaches [12]. A few antivirals
with protease- and polymerase-related mechanisms of action are under
investigation to counteract SARS-CoV-2 infection. One example is
remdesivir, which is a nucleoside analogue and inhibitor of the
RNA-dependent RNA polymerase (RdRp) of coronavirus [13].

Enzyme kinetics have shown that remdesivir triphosphate (RDV-TP)
competes with natural ATP with four times more selectivity for position
(i), thus, inhibiting RNA synthesis at position (i+5). This process delays
chain termination and is a plausible mechanism for drug targeting in the
SARS-CoV RdRp complex [14-16]. Thus, in the present study, we
compared the cucurbitacin molecule with the RDV to assess its suit-
ability as a target against the SARS-CoV RdRp complex. Cucurbitacin
was also examined as a potential lead molecule to target the Mpro of
SARS-CoV-2, which is the main enzyme mediating both viral replication
and transcription [17]. Using combinatorial techniques of both
structure-based virtual and high-throughput screening, innumerable
pharmacologically active compounds, natural compound drug candi-
dates, and repurposed drugs have been shown to inhibit Mpro proteases
[18].

The various envelope proteins such as S, M, and E on coronaviruses
exhibit extensive variability, but the NSPs are quite conserved, including
the protein helicase (NSP13), which was first studied in SARS-CoV and is
an NTP-dependent 5’ to 3’ direction enzyme that coverts duplex oligo-
nucleotides (RNA or DNA) by catalysing the unwinding into single
strands [19,20]. Thus, by targeting ATP-binding or direct NTPase ac-
tivity, nucleic acids binding to the helicase, and blocking activities such
as helicase translocation, inhibitors of NSP13 activity offer a potential
therapeutic option against coronaviruses including SAR-CoV-2. Some
natural compounds such as benzotriazole, imidazole, imidazodiazepine,
phenothiazine, quinoline, anthracycline, triphenylmethane, tropolone,
pyrrole, acridone, small peptide, and bananin derivatives are under
consideration as potent inhibitors for NSP13 activity. Cucurbitacins
have also been used as inhibitors of helicases.

Studies have proven that angiotensin-converting enzyme 2 (ACE2), a
metallopeptidase, competently binds the S1 domain of the SARS-CoV
“S” protein and mediates entry of their target cells. It has also been
shown that the related enzyme ACE1 does not bind to the S1 domain and
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that the ACE2 receptor is the only functional receptor for SARS-CoV [21,
22]. The entry of SARS-CoV-2 S protein is known to be blocked by the
anti-ACE-2 antibody [23]. Recently, plasma therapy with infused
convalescent antibodies has been used to treat severe COVID-19 patients
[24]. We conducted in silico analysis to determine if cucurbitacin dis-
rupts the interaction between the virus and ACE2 receptors and, thus,
might be a potential effective therapy for COVID-19.

Finally, we also attempted to study the signalling mechanism
mediating the release of pro-inflammatory cytokines in SARS-CoV-2
infection. The release of interleukin (IL)-6, IL-1p, and IL-12 is known
to cause cytokine storm, inducing multiple organ failure in patients with
acute conditions. These cytokines are released from various innate im-
mune cells (monocytes, neutrophils, and NK cells), which in turn, acti-
vate T-lymphocytes via the JAK/STAT pathway [25]. Thus, antagonists
of the JAK/STAT pathway may be correlated in reducing the cytokine
storm and, thus, saving lives. In the present study, cucurbitacins were
also explored as inhibitors of relevant signalling pathways.

2. Molecular modelling methods
2.1. Ligand and protein preparation

Cucurbitacin was selected for screening for activity against SARS-
CoV-2, and its three-dimensional (3D) structure was retrieved from
PubChem (https://pubchem.ncbi.nlm.nih.gov/) in the SDF format. The
3D structure of cucurbitacin was minimized with retained specified
chirality using the default force field OPLS3 of ligprep/maestro and epik
to generate the possible state at the default pH. The molecular enzymes
of SARS-CoV-2 NSP12 (Protein Databank [PDB] Id 6NUR) [14] with
bound cofactor NSP7 and NSP8, the main protease (PDB Id 6LU7), JAK2
(PDB Id 4GFM), ACE2 (PDB Id 6VW1), and NSP13 helicase (6ZSL) were
targeted by the selected cucurbitacin to inhibit the viral infection of
COVID-19.

These protein structures were retrieved from the PDB (http://www.
resb.org/pdb) and prepared from protein preparation using the wizard
function of Maestro 12.4 in Schrodinger 2020-2. The 3D structures of
the proteins were pre-processed by choosing the default option and
filling the missing side chains and loops with prime. Further, the
structures were modified by removing hets/water within 5 A, and
finally, refined by assigning the H-bonds, removing water within 3 A,
and performing retrained minimization by choosing the OPLS3 force
field.

2.2. Sitemap analysis

The protein-binding site was constructed using the standard default
parameter setting of the sitemap maestro suite. The sitemap also facil-
itated the characterization of hydrophobic, hydrophilic, hydrogen
donor, and hydrogen acceptor residues in the binding site. The top-
ranked potential binding sites were identified, and the best predicted
binding site was chosen based on a Dscore value > 1.

2.3. Receptor grid generation and ligand docking

The receptor grid was generated by using default parameter settings
from maestro suite. Predicted sitemap binding sites were used for re-
ceptor grid generation, and further predicted receptor grids were used
for ligand docking. Docking calculations were performed using the
standard default parameter setting of the ligand-docking task of Maestro
in which Cucurbitacin was docked into the predicted receptor grid with
extra precision along with XP descriptor information. The ligand sam-
pling was kept flexible while the proteins were considered as rigid
structures and epik state penalties were applied. Finally, for the output
file, a pose viewer file was chosen and post-docking minimization was
performed. The best dock score was identified as a “hit”. Pymol 2.4.0
was also used for visualisation and figure generation.
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2.4. Drug disposition analysis of top cucurbitacins as potent drug
candidate

Drug performance and pharmacological efficacy are critically influ-
ence by four major parameters: absorption, distribution, metabolism,
and excretion (ADME). Prior knowledge of the ADME and toxicological
(Tox) parameters of drugs enables the control of their pharmacological
activity and pharmacokinetics. Thus, pharmacology and effectiveness
are mainly measured through the analysis of factors that influence the
kinetics of drug doses and contact with the tissues in an organism. In this
study, we used the gikprop function of maestro 12.4 to determine the
ADME/Tox properties of all 16 of the cucurbitacin analogues. The server
carefully predicts the toxicity endpoints by not only predicting the 2D
similarity to compounds with known median lethal doses (LDsp), but
also by drawing parallels on fragment and molecular similarity and
fragment tendency.

3. Results

3.1. Screening of cucurbitacins against various functional cellular
machinery of SARS-CoV-2

Considering the already known therapeutic activities of cucurbita-
cins and using XP docking methods, we identified all known cucurbi-
tacins with structures that could be used to inhibit multiple targets and
steps in the life cycle of coronaviruses (Table 1). In the present study, we
selected 16 of the best cucurbitacins with known structural configura-
tions designated as A, B, C, D, E,F, G, H, I, J, K, L, O, P, Q, R, and S
(Fig. 1). Based on binding affinity and structure-based potential, we
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virtually screened using an effective procedure to identify ligand hits
and conduct lead optimization for cucurbitacins as drug candidates. We
docked 16 potential candidates and arranged a congeneric series for
binding affinity prediction using methods such as macrocycle pose
prediction by engaging polypeptides, predicting protein-ligand complex
geometries, and free energy perturbation or MM-GBSA.

Consequently, we identified key molecules likely to bind well to the
cucurbitacins. Thus, based on structure-based virtual screening and the
induced fit docking protocols for the most effective ligand docking, we
determined the most important functional cellular machinery for SARs-
CoV-2 and host interaction. These were the SARS-CoV-2 polymerase,
NSP12 (known for direct supply of positive sense RNA, which increases
the rate of protein synthesis); the active viral protease, Mpro; COVID-19
protein, NSP13 helicase (known for repairing cellular components) and
the host’s ACE2 receptor (on the epithelial and Vero E6 cells that open
door for entry of coronavirus); and the host signalling machinery, JAK2
(activates T-lymphocytes via JAK/STAT pathway.

3.2. Cucurbitacins inhibit JAK2 signalling and SARS-CoV-2 Mpro

The sitemap showed that when all the selected cucurbitacins were
bound to the kinase domain of JAK2, the binding mode and best pose
(Emodel) of cucurbitacin G 2-glucoside were mostly similar to those of
the other cucurbitacins (Fig. 2a). The only difference was observed in
the H-bond energy of G, which was slightly higher than that of the
remaining cucurbitacins. Further, G formed hydrogen bonds with the
Asp 976, Glu 1015, ARG 980, Asp 939, Ser 936, and Leu 855 residues
with an excellent binding affinity (—8.06 kcal/mol). These results pre-
dicted that this molecule could be used as an inhibitor of SARS-CoV-2

Table 1
XP docking of cucurbitacins with Nsp12 RdRp, Nsp13 helicase, Mpro, ACE2, JAK2 of Covid-19.
Entry  Molecules RdRp Mpro ACE2 JAK2
Dock Emodel  H-Bond Dock Score Emodel  H-Bond Dock Emodel  H-Bond Dock Emodel  H-Bond
Score (kcal/ (kcal/ (kcal/mol) (kcal/ Score (kcal/ Score (kcal/ (kcal/
mol) mol) mol) (kcal/ mol) mol) mol)
mol)
1. Reference Remdesivir - - Ulinastain - - HQC - - Baricitinib - -
Ligands (—8.63) (—3.45) (—5.43) (—6.49)
2. Cucurbitacin —9.57 —66.33 —6.21 —7.95 —60.21 —4.31 -9.61 —85.69 —5.53 —6.87 —56.70 —3.84
K
3. Cucurbitacin -8.17 —64.76 —4.05 —9.43 —63.79 —4.86 -9.92 —83.71 —6.52 —8.06 —65.59 —5.26
G
2 glucoside
4. Cucurbitacin —8.06 —75.16 —4.38 —6.93 —60.64 -3.95 -9.01 —82.11 —-4.7 —4.33 —44.14 —-2.38
J
5. Cucurbitacin -7.5 —75.65 —-3.73 —-7.72 —64.51 —-3.48 —9.87 —85.60 —-5.49 -5.7 —29.93 —-3.2
H
6. Cucurbitacin —6.83 —62.16 —3.84 —5.46 —49.69 —2.61 -8.12 —69.69 —3.83 —4.56 —38.63 —2.76
F
7. Cucurbitacin —6.66 —66.24 —-2.8 —7.04 —46.87 -3.16 —7.62 —60.79 —4.28 —4.8 —37.44 -2.3
P
8. Cucurbitacin —6.36 —70.83 —2.78 -5 —54.70 -1.57 —7.65 —73.40 —3.64 -3.55 —48.13 -2.1
O
9. Cucurbitacin —6.22 —73.38 —2.89 —5.68 —53.48 —-2.4 -8.33 —77.88 —4.05 -3.9 —54.48 —0.96
Q
10 Cucurbitacin —6.17 —64.44 —2.75 —6.24 —54.66 —2.38 —-8.45 —74.82 -3.99 —4.58 —40.99 —-2.18
D
11. Cucurbitacin —6.15 —65.79 —2.63 —5.92 -59.22 —2.53 —5.76 —83.72 —2.54 —3.69 —45.52 -1.35
E
12. Cucurbitacin -6.1 —74.02 —2.55 —4.93 —53.73 —1.44 —-6.3 —81.26 —-2.83 —4.31 —43.36 -1.55
B
13. Cucurbitacin —5.92 —56.16 —2.88 —6.82 —52.83 —2.88 —8.27 —77.03 -3.61 -3.97 —41.34 —2.67
A
14 Cucurbitacin —5.88 —62.38 —2.76 -7.8 —47.45 -3.51 -7.9 —64.56 -3.8 -3.78 -30.31 —2.4
L
15. Cucurbitacin —5.66 —60.96 —2.49 —4.69 —47.41 —1.66 —5.54 —63.35 2.7 —4.84 —37.58 -1.96
C
16. Cucurbitacin —5.38 —50.31 -2.17 —4.04 —44.21 -1.61 —5.14 —55.97 -1.92 —3.51 —32.03 —2.08
S
17. Cucurbitacin I -5.19 —61.09 —2.4 —5.59 —52.39 —2.92 —7.83 —72.15 —-3.48 —6.16 —40.17 —4.07
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Fig. 1. Structure of best hit cucurbitacins for SARS-CoV-2.

Fig. 2a. (a,b): 3D and 2D interaction diagram of cucurbitacin G 2-glucoside with high afinity for JAK2. (a, b: 4GFM_G); signalling forming hydrogen bonds with
residues Ser 936, Arg980, Asp939, Leu855, Glu1015 and Asp976 and a hydrogen bond energy of (—9.43 kcal/mol).

infection. Similarly, among all the analogues, cucurbitacin G 2-glucoside
with a Dscore of —9.43 kcal/mol (Fig. 2b) showed the best hit and
appeared to be the most potent inhibitor of CoV- 2 Mpro protein. Thus,
cucurbitacins are also active against the target Mpro of SARS-CoV-2.

3.3. Cucurbitacins inhibit ACE2 receptor

The docking of all cucurbitacins showed very good interaction with
the RBD of ACE2 and spike (S1) glycoproteins of CoV-2 with a similar
interaction profile. This was further corroborated by the sitemap, which
determined that the RBD of ACE2 and spike glycoproteins had Dscore
>1. In particular, cucurbitacin G 2-glucoside showed the best binding
affinity for ACE2 and formed hydrogen bonds with Tyr510, Tyr516,
Glu402, Asn51, and His378 residues (Fig. 2¢) with hydrogen bond en-
ergy of —9.92 kcal/mol, which was much better than that the interaction
of other reference molecules to date, including hydroxychloroquine.

3.4. Cucurbitacins inhibit NSP12, SARS-CoV-2 RdRp

The binding mode and best pose (Emodel) of cucurbitacin G 2-gluco-
side was slightly higher than that of the remaining cucurbitacins.
However, for RdRp, cucurbitacin-K formed hydrogen bonds with
Phe396, Thr394, Hip256, and Ala252 residues with binding affinity
—9.57 kcal/mol (Fig. 2d), whereas remdesivir was reported to form a
hydrogen bond with binding affinity of —5.91 kcal/mol (Table 1).
Cucurbitacins are triterpenes that may potentially bind to the allosteric
site of RdRp and probably provide key acuities to NSP12 polymerase
catalysis and reliability that may act as a template for the design of novel
antiviral therapeutics.

3.5. Cucurbitacins inhibit NSP13, the SARS-CoV helicase

The sitemap was used to determine the possible nucleic acid binding
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Fig. 2b. (c, d): 3D and 2D interaction diagram of cucurbitacin G 2-glucoside with main protease Mpro (c, d: 6LU7_G) with a Dscore of —9.43 kcal/mol.

Fig. 2c. (e, f): 3D and 2D interaction diagram of cucurbitacin G 2-glucoside with ACE2 (e, f: 6VW1_G) with H-Bonding at Tyr510, Tyr516, Glu402, Asn 51 and

His378 with hydrogen bond energy (—9.92 kcal/mol).

site (Dscore = 1.07), which is sandwiched between RecAl (241-443
amino acids [aa]) and RecA2 (444-596 aa) domain of the NSP13-
helicase of COVID-19. In the nucleic acid binding site, Arg560 from
motif IV was the only residue that might interact with the base and sugar
moiety of the single strand DNA (ssDNA). Docking of the cucurbitacins
led to the identification of the best possible hit for the NSP13 helicase of
COVID-19 (Table 2). Our study clearly showed that one of the hydroxy
groups of cucurbitacin H and cucurbitacin J interacted very strongly
with Arg460 and revealed the best hit with a binding affinity of
—10.069 kcal/mol (Fig. 3).

3.6. Analysis of ADME data

The drug likeness of all 16 cucurbitacins was estimated using
different ADME-related properties, namely physicochemical parame-
ters, pharmacokinetics, lipophilicity, water solubility, and their medic-
inal chemistry. Analysis of the inhibitory effects of different
cucurbitacins predicted that cucurbitacin G 2-glucoside and H are good
candidates for antiviral drugs. The fast infection rate of pathogenic
diseases has motivated drug discovery for these conditions, and recent
technological advancements have increased the rate of drug discovery
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Fig. 2d. (g, h): 3D and 2D interaction diagram of cucurbitacin-K with RdRp (g, h:

Ala252 with binding affinity (—9.57 kcal/mol).

Table 2
XP docking of 16 cucurbitacin in Nsp13 helicase.
Entry Compounds docking score (kcal/mol) Emodel H-bond
1. MLS001181552 -3.33 -37.13 —-3.398
2. Cucurbitacin J —10.609 —76.482 —5.544
3. Cucurbitacin H —10.069 —70.843 —3.542
4. Cucurbitacin O —9.28 —82.202 —3.541
5. Cucurbitacin P -9.157 —79.738 —4.658
6. Cucurbitacin F -9.117 —85.093 —3.622
7. Cucurbitacin C —8.563 —60.689 —3.697
8 Cucurbitacin A -8.771 —69.86 —3.697
9. Cucurbitacin E -8.177 —74.121 —2.092
10. Cucurbitacin I —8.104 —67.829 —2.505
11. Cucurbitacin Q —7.877 —83.515 -3.185
12. Cucurbitacin G —7.753 —66.985 -3.739
2-glucose

13. Cucurbitacin K —7.736 -73.123 —3.398
14. Cucurbitacin B ~7.62 —-75.716 —23.44
15. Cucurbitacin L —7.542 —67.26 —0.608
16. Cucurbitacin D —6.532 —70.707 —2.992
17. Cucurbitacin S —-4.73 —59.37 0

with prior knowledge of the drug candidate. We determined the anti-
COVID-19 activity and drug-likeness of selected cucurbitacins by per-
forming in-silico ADME/Tox calculations (Table 3).

For cucurbitacin H, the solvent accessible surface area (SASA), pre-
dicted water—gas partition coefficient (QPlogPw), octanol/water parti-
tion coefficient (QPlogPo/w), aqueous solubility (QPlogS), half-
maximal inhibitory concentration (ICsy) value for blockade of the
human ether-a-go-go-related gene (HERG) K" channels (QPlogHERG),
apparent Caco-2 cell permeability (QPPCaco), brain/blood partition
coefficient (QPlogBB), skin permeability (QPlogKp), percentage human
oral absorption, and Lipinski rule of five (max. 4) values are 760.60,
18.46, 2.18, —4.37, —3.96, 36.01, —2.39, —5.25, 54.61%, and 1
respectively.

For cucurbitacin H, which was identified as a hit for Mpro, the ACE2,
JAK2, and RdRp, the SASA, QPlogPw, QPlogPo/w, QPlogS, ICsy of
QPlogHERG, QPPCaco, QPlogBB, QPlogKp, percentage human oral
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absorption, and Lipinski’s rule of five (max. 4) values are 947.80, 30.93,
0.41, —3.84, —4.79, 5.75, —3.93, —6.22, 4.08%, and 3, respectively.
These results suggest that both cucurbitacin G 2-glucoside and H are
promising candidates for future drug development, and further in vivo
assays may prove their utility.

4. Discussion

Reports by experts had already predicted in 2018 that a flu pandemic
was only a matter of time and there could be numerous undiscovered
viruses that could kill millions worldwide. In the past, we witnessed
MERS and SARS and there is no shortage of articles regarding their
mechanism of action. Extensive research are now been followed to un-
derstand the molecular mechanism and disease pathogenicity of SARS-
CoV-2, but still developing an appropriate vaccine or therapeutic drug
to combat coronavirus 2019 (COVID-19) is a challenging task. A
multifaceted approach is required to rein this virus and we believed that
the natural compounds found in food, spices, and beverages can lead to
the discovery of lead molecules that could be repurposed to treat COVID-
19. In our present study, we investigated sixteen cucurbitacin analogues
for activity against the SARS-CoV-2 main protease protein (Mpro),
angiotensin-converting enzyme 2 (ACE2) binding receptor, nonstruc-
tural protein 12 (NSP12) RNA-dependent RNA polymerase (RdRp),
NSP13 helicase, and Janus kinase 2 (JAK2)/signal transducer and acti-
vator of transcription 3 (STAT3) pathway using several relevant tools
and simulated screening methods. We thus, could identify the host ACE2
receptor, CoV-2 RdRp polymerase, CoV-2 Mpro protease, CoV-2-helicase
protein, and JAK2 signalling machinery as the best hits for specific
cucurbitacins. All key proteins were found to bind efficiently only with
cucurbitacin G 2-glucoside and cucurbitacin H with the lowest global
energy. Also, the absorption, distribution, metabolism, and excretion
(ADME) of all the cucurbitacins showed that Cucurbitacin G 2-glucoside
and H showed the best hits and all the analogues showed no adverse
properties that would diminish their drug-likeness abilities.

Plant-derived natural compounds have played an essential role in
disease therapy. Cucurbitacins are triterpenes with various chemical
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Fig. 3. 3D and 2D interaction diagram of cucurbitacin J (i, j) & H (k, 1) with nsp13 helicase showing that one of hydroxy of cucurbitacin J and cucurbitacin H
interacted very strongly with Arg 560 and revealed best hit with binding affinity of (10.609 kcal/mol) and (—10.069 kcal/mol) respectively.

structures found in the members of the Cucurbitaceae and numerous
other plant families, such as Trichosanthes, Cucurbita, Cucumis, and
Citrullus, which possess numerous medicinal properties [26]. Cucurbi-
tacin B has been shown to inhibit HSV-1 and, thus, holds promise in the
development of antiviral drugs [2]. The current COVID-19 pandemic has
precipitated an urgent need for scientific strategies to repurpose already
known lead compounds to develop possible therapies with activity
against the SARS-CoV-2 virus.

Although cucurbitacins are known toxic compounds, they have been
shown to possess various bioactivities and pharmacological efficiency
against cancer, inflammation, diabetes, and atherosclerosis. There have
been instances of severe poisoning in cattle that consumed bitter fruits of
the Cucumis and Cucurbita species. The dose range of the toxicity of
cucurbitacins based on the few in vivo toxicity reports has been reported
to be between 2 and 12.5 mg/kg. Double bonds at C-23 and the acetyl
group at C-25 have been found to modulate the toxicity of cucurbitacins,
and their bioactive and toxic dose have been found to be close [3].
Among the various bioactivities shown by cucurbitacins, plant species
such as Momordica are held in high esteem in many countries as

traditional medicine for certain metabolic diseases such as diabetes
[271.

The antidiabetic property of cucurbitacins is mediated by activation
of the AMP-activated protein kinase (AMPK) pathway (a major regula-
tory pathway for GLUT4 translocation) [28,29]. These compounds also
show anti-atherosclerosis by inhibiting the generation of lipid oxidation
products such as malonaldehyde (MAD) and 4-hydoxynonenal (4-HNE)
[3]. Cucurbitacin D improves blood circulation through inhibition of
Na+/K + -ATPase [30]. The concentration of cucurbitacin C in the
leaves of plants has also been reported to be an important parameter in
the spider mite resistance of C. sativus, perhaps by acting as an antag-
onist of the spider mite ecdysteroid receptor [31]. However, the most
promising therapeutic properties of cucurbitacins are their anticancer
[32,33] and anti-inflammatory [34, 35] activities.

The diverse pharmacological activity of cucurbitacins is due to the
variety of their side chain derivatives [36,37], which can be used to
group these compounds and their derivatives into 12 main categories
[33]. There are 16 main molecules designated cucurbitacin A to T, and
hundreds of derivatives of the parent molecule. Chemically,
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Table 3
Drug profile and ADME/toxicity analysis of all 16 analogues of cucurbitacins.

Molecular Descriptor Cucurbitacin G 2-glucside Cucurbitacin H Cucurbitacin J Cucurbitacin K Range

Physicochemical

Parameters

FOSA (A% 593.442 490.241 508.961 603.806 0.0-750.0
FISA (A%) 341.267 257.244 239.066 321.628 7.0-330.0
PISA (Az) 13.093 13.122 29.498 15.896 0.0-450.0
SASA (A% 947.802 760.607 777.525 941.33 300.0-1000.0
#rotor 16 10 10 16 0-15
QPpolrz 62.601 49.792 50.491 61.691
#1tvFG 1 0 0 1 1-2
mol_ MW (g/mol) 696.831 534.689 532.673 534.689 130.0-750.0
dipole 5.395 5.658 7.999 8.697 1.0-12.5
Volume (A%) 1971.601 1555.272 1568.832 1948.185 500.0-2000.0
Donor HB 7 4 4 7 0.0-6.0
acceptor HB 20.1 11.6 10.65 19.15 2.0-20.0
PSA (10\2) 241.738 164.728 163.083 247.699 7.0-200.0
Rule Of Five 3 1 1 3 Maximum 4
Rule Of Three 2 1 1 2 Maximum 3
EA (eV) —0.036 —-0.139 0.381 0.395 —-0.9-1.7
IP (eV 9.694 10.018 9.537 9.884 7.9-10.5

Lipophilicity
QPlogPw 30.932 18.467 17.56 29.866 4.0-45.0
QPlogPo/w 0.412 2.181 2.739 0.76 —2.0-6.5
QPlogS —3.846 —4.372 —4.879 —3.993 —6.5-0.5
CIQPlogS —5.191 —5.465 —5.909 —5.635 —6.5-0.5
QPlogPoct 42.865 29.325 29.215 42.252 8.0-35.0
QPlogPC16 20.259 15.258 15.4 19.958 4.0-18.0
ACxDN".5/SA 0.056108 0.030502 0.027395 0.053824 0.0-0.005

Pharmacokinetics
QPlogHERG —4.794 —3.965 —4.265 —4.822 Concern below —8
QPPCaco (nm/sec) 5.75 36.013 53.559 8.829 <25 poor, >500 great
QPlogBB —3.936 —2.393 —2.299 -3.74 -3.0-1.2
QPlogKp —6.227 —5.254 —4.861 —5.855 —-8.0--1.0
Human Oral Absorption 1 2 2 1 1 = low, 2 = medium
%Human Oral Absorption 4.08 54.614 60.968 9.45 <25% is poor

>80% is high

CNS -2 -2 -2 -2 —2-+2
QPPMDCK 1.874 13.616 20.911 2.979 <25 poor, >500 great
QPlogKhsa —-0.574 0.189 0.348 —0.487 -1.5-1.5
#metab 13 9 9 12 1-8

SASA: Total solvent accessible surface area; FOSA: Hydrophobic component of the SASA; FISA: Hydrophilic component of the SASA; PISA: x (carbon and attached
hydrogen) component of the SASA; #rotor: Number of non-trivial (not CX3), non-hindered (not alkene, amide, small ring) rotatable bonds; #rtvFG: Number of reactive
functional groups; PSA: Van der Waals surface area of polar nitrogen and oxygen atoms; IP(ev): PM3 calculated ionization potential; EA(eV): PM3 calculated electron
affinity; QPlogPw: Predicted water/gas partition coefficient; QPlogPo/w: Predicted octanol/water partition coefficient; QPlogS: Predicted aqueous solubility; CIQ-
PlogS: Conformation-independent predicted aqueous solubility; QPlogPoct: Predicted octanol/gas partition coefficient; ACXDN".5/SA: Index of cohesive interaction in
solids; QPlogHERG: Predicted IC50 value for blockage of HERG K+ channels; QPPCaco: Predicted apparent Caco-2 cell permeability; QPlogBB: Predicted brain/blood
partition coefficient; QPlogKp: Predicted skin permeability; CNS: Predicted central nervous system activity; QPPMDCK: Predicted apparent MDCK cell permeability;

QPlogKhsa: Prediction of binding to human serum albumin; #metab: Number of likely metabolic reactions.

cucurbitacins are derived from the basic cucurbitane ring skeleton, a
triterpene hydrocarbon (International Union of Pure and Applied
Chemistry [IUPAC] name: 19 [10-9f]-abeo-5a-lanostane), which is
modified by groups containing oxygen and double bonds to produce
numerous cucurbitacins with distinctive characteristics [38]. Pure
cucurbitacins and their glycosidic forms have been isolated from plant
tissues using non-polar solvents to remove undesired components [39].
Most cucurbitacins are soluble in non-polar solvents, but are insoluble in
ether, whereas they are only slightly soluble in water. The majority of
cucurbitacins are usually crystalline or exist as needle-shaped particles
at 68-77 °F (20-25 °C) except for cucurbitacin H, which is an amor-
phous solid. Most cucurbitacins are derived as 2-O-glucoside, except for
cucurbitacin D, which lacks the acetyl group at 25-OH, but is the most
ubiquitous cucurbitacin isolated. Cucurbitacin G 2-glucoside and H have
the same structures but differ in the configuration of their hydroxyl
groups at position C-24, which has not been established [33]. Cucurbi-
tacin R was identified to be 23,24-dihydrocucurbitacin D (DHCD),
hence, has been moved to the cucurbitacin D group based on this
description [40]. Similarly, Cucurbitacin J and K differ only in the
configuration of their hydroxyl groups at position 24 and their chemical
validation is still pending [41].

The earliest studies during the onset of the pandemic were conducted
to understand whether the new SARS-CoV-2 binds to the host cells in a
similar manner to that of the known SARS-CoV. Stefan Pohlmann and his
team were among the first to discover that both viruses used ACE2
surface receptors to penetrate cells and the same protease to become
infectious [42]. Binding of the CoV-2 homotrimeric spike glycoprotein
(comprising a S1 subunit and S2 subunit in each spike monomer) to the
host ACE2 receptor is the first critical step in the entry of SARS-CoV into
target cells [43-45]. In addition to the lungs, ACE2 receptors are
expressed in many extrapulmonary tissues, including the heart, kidney,
endothelium, and intestine [46-50]. The receptor-binding domain
(RBD) of the S1 subunit is responsible for the interaction between the
CoV spike and ACE2 receptor [49]. Structural analysis of various spike
residues has identified highly conserved or identical side chain residues
in the SARS-CoV-2 RBD to those of the SARS-CoV RBD, suggesting
convergent evolution and improved binding to the ACE2 receptor [51].
Notably, ACE2 is widely expressed on the luminal surface of intestinal
epithelial cells, functioning as a co-receptor for nutrient uptake,
particularly for amino acid resorption from food [52]. Therefore, the
intestine could be a potent entry point for CoV-2, which gave us the idea
of using oral formulations of natural products such as cucurbitacins as
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antagonist of the ACE2 receptor. Docking results showed that most of
the selected cucurbitacins interacted well with the RBD of ACE2 and S1
glycoprotein of CoV2, thus, providing evidence supporting its promising
role as a target site.

In the last decade, the world witnessed the emergence of numerous
coronavirus infections, such as SARS and MERS, which showed that
SARS-CoVs possess the largest RNA genomes and require fidelity for the
RNA synthesis complex to replicate. The new emerging viruses of
diverse CoV families require innovative research approaches to generate
antiviral strategies that target conserved components of the viral life
cycle. This includes strategies mainly focusing on the viral machinery
responsible for the replication and transcription of the positive-strand
viral RNA genome. NSP12 is a complex RNA synthesis machinery of
CoV formed as a product of the ORFla and ORF1lab viral polyproteins
[53]. Sequence conservation and homology modelling studies have
revealed mostly highly conserved surfaces on the NSP12 CoV family of
viruses at the template entry, template-primer exit, NTP tunnels and the
polymerase-active site [14]. Interestingly, SARS-CoV NSP12 contains
two metal-binding sites with two zinc atoms, which are distal to known
active sites as well as protein—protein and protein—-RNA interactions.
Coronavirus NSPs usually have bound zinc atoms in NSP3, NSP10,
NSP13, and NSP14 that point to the extensive utilisation of zinc ions for
folding proteins of the viral replication complex [54-56]. To date, the
nucleotide-based prodrug “remdesivir” is the only known inhibitor of
COVID-19, which inhibits the NSP12 CoV-RdRp by creating a covalent
bond between the 5'hydroxy of remdesivir and 3’hydroxy of the RNA
ribose in the RNA-binding site [57]. Cucurbitacin K forms a high-affinity
hydrogen bond with NSP12 polymerase, thus, targeting these NSPs may
hold the key to blocking viral replication.

In continuation of experiments targeting viral NSPs, subsequent
studies in SARS/MERS did not clearly specify the function of NSPs such
as NSP13 or helicases. Based on in silico modelling and virtual screening,
Mirza and Froeyen [58] predicted a similarity in the amino acid/protein
profile of SARS-CoV-2 NSP13 to those of SARS- and MERS-NSP13.
NSP13 was thought to probably interact with other NSPs such as
NSP7, NSP8, and NSP12 to contribute to viral replication [59,60].
Adedeji et al. [61] demonstrated that the helicase activity of NSP13 is
enriched in the presence of RARp NSP12, suggesting that these proteins
interact in the functional replication complex and that the protein—
protein interaction contributes to the efficiency of viral replication.
SARS-CoV NSP13 catalyses the NTP-dependent 5'-3' unwinding reac-
tion and converts double-stranded oligonucleotides into single strands
[19,20]. It has been proposed that molecules with the potency to inhibit
putative ATP binding sites associated with NTPase activity could be used
for future therapeutics. NTPase active site residues of SARS-CoV-2,
including Lys288, Ser289, Asp374, Glu375, GIn404, and Arg567 are
conserved throughout the coronavirus family. Thus, many natural
compounds that inhibit ATP hydrolysis could be considered potential
inhibitors of SARS-CoV2 replication. The present study also showed that
one of the hydroxy groups of cucurbitacins H and J interacted very
strongly with Arg460 and, thus, these compounds have the potential to
inhibit SARS-CoV2.

SARS-CoV-2 replication and transcription requires encoding of two
overlapping polyproteins (ppla and pplab), which undergo extensive
autolytic cleavage and proteolytic processing at 11 conserved sites
through the action of 33.8 kDa Mpro (also known as 3C-like protease) to
release from the polyproteins. The 3CL protease of coronaviruses facil-
itates viral assembly by cleaving polyproteins and this functional
importance of Mpro in the viral life cycle makes it an attractive target for
antiviral drug design [18,62]. The crystal structure of the Mpro of
SARS-CoV-2 is highly similar to that of SARS-CoV Mpro, with only a
0.53 A r.m.s difference between the two free enzymes [63]. In our study,
cucurbitacin G showed potent inhibitory activity against the CoV2 Mpro
protein.

Viral entry into the host normally activated inflammatory pathways,
creating an anti-viral environment to stop the virus infection
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pathogenesis; however, an aberrant or uncontrolled host immune
response may cause host cell and tissue damage [64]. The severity of
COVID-19 infection is due to an exaggerated inflammatory response
with the release of a large amount of pro-inflammatory cytokines. Most
studies of SARS-CoV-2 have related to this cytokine storm to lung injury
and multiple organ failure, which is activated via the JAK/STAT
pathway [65-69]. Phosphorylation of JAK signalling molecules acti-
vates STAT proteins, which induces a cascade of cytokines [70,71].
Cucurbitacin B was reported to be an anti-proliferative agent in
pancreatic cancer by inhibiting the activation of JAK2, STAT3, and
STAT5 components [72]. Suppression of the JAK/STAT pathway
increased the expression of p21WAF1 independently of p53 activity,
thus, inducing cell cycle arrest. This mechanism could be exploited to
stop the proliferation and recruitment of T-lymphocytes, thereby
inhibiting cytokine production. The mechanisms of the anticancer ac-
tivity of cucurbitacins are possibly mediated by inhibition of the
JAK/STAT3 signalling pathway [73,74]. Interestingly, the same
pathway is used by coronaviruses to activate T-lymphocytes at the later
stage of infection, which leads to cytokine storm and subsequent mor-
tality of the infected person. Moreover, cucurbitacins are also used as
immunosuppressants, and they have been shown to inhibit the expres-
sion of the surface markers CD69 and CD25 required for the activation of
T lymphocytes [75]. In the present study, we attempted to show that
cucurbitacins can inhibit the JAK/STAT3 pathway and, thus, could
inhibit SARS-CoV2 infection. Intriguingly, cucurbitacins have been
recognised to possess anti-inflammatory activity and inhibit the
expression of TNF and proinflammatory mediators such as nitric-oxide
(NO) synthase-2 and cyclooxygenase-2-mediated inhibition of NO gen-
eration [34,35]. A similar strategy could be employed to curb the
surging production of cytokines in SARS-CoV-2 infection, where
cucurbitacins could be a critical source of future anti-inflammatory
drugs for severe viral infections.

5. Conclusion

The past two decades have seen a surge in the emergence of novel
viral diseases such as the global incidence of viral infections caused by
SARS-CoV and MERS, which belong to the coronavirus family. In addi-
tion, repeated outbreaks of other coronaviruses have affected the human
population such as the 229E, HKU1, NL63, and OC43. Incidentally, the
current SARS-CoV-2 has an 80% nucleotide identity with the previous
infective viruses, and there is a fairly good understanding of effective
therapies against this family of viruses. The information acquired from
investigations of these coronaviruses suggest that a promising thera-
peutic strategy would be to target the fairly conserved key enzymes
involved in the replication cycle of the virus. This suggests that known
therapies that target these enzymes, even in closely related coronavirus
species, could be used in SARS-CoV-2 infection. Proteases and poly-
merases of SARS-CoV2 as targets for antiviral drugs, have gained
attention in recent weeks in clinical trial of drugs such as indinavir,
saquinavir, lopinavir/ritonavir, and remdesivir for COVID-19 with. In
contrast, helicases have not been explored as much as the proteases and
polymerases for this purpose. Moreover, the structural proteins of
coronaviruses such as spike (S) proteins are known to show considerable
variability among coronavirus species, and targeting the spike proteins
has been an extremely laborious task. Key NSPs such as the helicase
NSP13 have shown similar homology to helicases of other coronavirus
species. Our present perspective is to present the potential application of
helicase as one of the target enzymes that could be inhibited using
natural compounds. Moreover, currently, there are very limited known
studies of the use of natural compounds as repurposed drugs with
antiviral activity administered as a single native molecule or in combi-
nation therapy. There are multiple steps in the life cycle of a virus and in
the present study, cucurbitacin analogues were targeted against the
virus at every possible process, such as attachment, entry, replication,
morphogenesis, and exit from the host cell. The results suggest that the
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natural molecule cucurbitacin has potential as a therapeutic drug
against COVID-19, especially considering the very encouraging outcome

observed with cucurbitacin G 2-glucoside,

cucurbitacin-H and

cucurbitacin-J. However, all investigational agents for SARS-CoV-2 are
under strict regulation by the World Health Organization (WHO) and
this study urges the scientific community to continue conducting further
in vivo trials for the experimental validation of our findings.
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