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Abstract

Background Cucurbitacins are present in some common vegetables as secondary metabolites and are used

by the plants against harmful microbes. Exploration of this capability of natural product based substances

against wide variety of microbes seems relevant due to the ease of availability of the resources and safety. In this
regard, considering the current pandemic, the antiviral properties of these molecules with a subset of Cucurbitacin |
structural derivatives have been screened. The inhibition potential of the phytochemicals was assessed by the stability
of the protein-ligand complex formed with the nucleocapsid protein (PDB ID: 7CDZ) of SARS-CoV-2 by computational
methods. The proposition of an alternate antiviral candidate that is cost-effective and efficient relative to existing
formulations is the main objective of this work.

Results Server-based molecular docking experiments revealed CBN19 (PubChem CID: 125125068) as a hit candidate
among 101 test compounds, a reference molecule (K31), and 5 FDA-approved drugs in terms of binding affinities
sorted out based on total energies. The molecular dynamics simulations (MDS) showed moderate stability of the pro-
tein-CBN19 complex as implied by various geometrical parameters RMSD, Ry, RMSF, SASA and hydrogen bond count.
The ligand RMSD of 3.0+ 0.5 A, RMSF of C, of protein with less than 5 A, and smooth nature of SASA and Rg curves
were calculated for the adduct. The binding free energy (—47.19 +6.24 kcal/mol) extracted from the MDS trajectory
using the MMGBSA method indicated spontaneity of the reaction between CBN19 and the protein. The multiple
ADMET studies of the phytochemicals predicted some drug-like properties with minimal toxicity that mandate
experimental verification.

Conclusions Based on all the preliminary in silico results, Cucurbitacin, CBN19 could be proposed as a potential
inhibitor of nucleocapsid protein theoretically capable of curing the disease. The proposed molecule is recommended
for further in vitro and in vivo trials in the quest to develop effective and alternate therapeutics from plant-based
resources against COVID-19.
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Background

After claiming nearly 7 million people, the virus respon-
sible for COVID-19, SARS-CoV-2 is still propagating [1,
2]. Even though the vaccines have helped to contain the
pandemic to some extent, effective and safe drugs are still
in the experimental phases [3, 4]. One of the alternatives
to existing pharmaceuticals is the phytochemical-based
therapeutics that need to be designed and developed
for proper treatment and cure of the disease in a cost-
effective manner. Various natural products have been
reviewed in terms of their potential to fight the disease,
taking into consideration the specific targets [5]. Cucur-
bitacins, tetracyclic triterpenoids occur in regularly con-
sumed vegetables like cucumber, gourds, squash, and
pumpkins as secondary metabolites and act in the plant’s
defense mechanisms [6]. The molecular structure of
Cucurbitacin I is shown in Fig. 1. These vegetables con-
tain multi-sized nutrients, antioxidants, vitamins, amino
acids, and small anti-nutrients [7]. It carries non-trivial
ethnobotanical significance and has been in use in the
treatment of multiple diseases since ancient times [8—12]
with weaker side effects, good safety, and multiple healing
pathways [13]. Especially, cucurbitacin B has been found
to possess anti-Herpes simplex virus 1 biological activ-
ity with ICy, of 0.94+0.2 pM [14] and forms the basis
for the selection of this class of organic compound with
possibly similar pharmacophore. Therefore, the adapta-
tion of local practices by scientific research in developing
a new type of compound as a drug with molecular-level
understanding seems relevant considering this class of
organic compound having known biological activity and
the requirement of the present global context.

Out of twenty-nine proteins in the viral genome of
SARS-CoV-2, a structural protein, nucleocapsid (N),
seems to be a good target for small ligands since it is
responsible for RNA encapsidation, transcription and
replication of the viral genome [15, 16]. Therefore, its
involvement in the assembly, budding, cell cycle regula-
tion, immune system modulation, and cessation of host
cell translation makes it one of the prominent functional
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Fig. 1 Molecular structure of a parent molecule, Cucurbitacin |
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entities [17, 18]. If a guest molecule binds effectively to
it then its normal functioning will be disrupted, which
would result in the deceleration or halting of the viral
replication, ultimately leading to the cure of the dis-
ease caused by it. A recent study involving NMR and
mass spectroscopic techniques has shown the protein
to be druggable and possesses greater availability [19].
A compound K31 [4-(3-Bromophenyl)-3a,4,5,9b-tet-
rahydro-3H-cyclopenta[c]quinoline-6-carboxylic acid,
PubChem CID: 2872351] has been recently reported to
bind to it with ECy; of 1.7 £0.2 uM [15]. Alectinib has
been proposed to be capable of inhibiting nucleocapsid
protein by prohibiting phosphorylation from in vitro
studies [20]. Using in silico approach, Curcumin, Api-
genin, Cinnamic acid, Simeprevir, and Grazoprevir
have been found to bind successfully with the nucle-
ocapsid protein in different studies [21-23]. Suramin,
an antiparasitic drug, has been proposed based on
experimental and in silico studies to disturb the associ-
ation of N-terminal domain (NTD) with RNA, leading
to the cessation of viral replication [24]. These results
establish the selected protein as a good therapeutic tar-
get and therefore, has been chosen for this work.

The relative strength of the binding of the test mol-
ecule and its orientation at the orthosteric site of the
receptor can be determined by molecular docking cal-
culations as that performed with Cucurbitacins against
multiple target proteins of SARS-CoV-2 [25]. The
assessment of the stability of the protein—ligand adduct
by monitoring the conservation of the initial docked
pose of the ligand at the active pocket by molecular
dynamics simulations is required. The spontaneity of
the forward reaction inferred from binding free energy
changes would help to design a molecule that can effec-
tively inhibit the protein by binding to it in a thermody-
namically and geometrically stable manner. The safety
and bioavailability of the drug-like candidate from
ADMET predictions would help to establish the test
compound as a good and safe drug against the disease
[26]. The computational approach stands as a viable
tool in designing a drug that would prevent later fail-
ures in high-throughput experiments and clinical trials.
One objective of this work is a quick screening of safe,
natural product-based molecules with Cucurbitacin I as
a scaffold against SARS-CoV-2. The other is an exten-
sion of traditional medicinal knowledge into the mod-
ern concept of rational drug design and development
with molecular-level understanding.

Since the nucleocapsid protein is of utmost importance
in functioning at various stages in the viral life cycle [27]
and is druggable, it has been adopted in this research
work for exploring its possible interactions with Cucurbi-
tacins I scaffold derivatives. The antiviral capabilities of a
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slightly different structure of Cucurbitacin B have added
to the rationale of small molecule selection [14].

Objectives of the work

a. To explore the phytochemicals from regularly used
vegetables with known biological activities against a
specific viral target by cost-effective computational
methods.

b. To identify a drug-like and safe molecule with
potential inhibitory capabilities of the functioning of
the nucleocapsid protein.

c. To recommend a hit molecule for in vitro and
in vivo trials in the course of developing it as an
effective nutraceutical/pharmaceutical against SARS-
CoV-2.

Experimental/methodology

Ligand and receptor preparation

The parent molecule, Cucurbitacin I (PubChem CID:
5281321) and its substructure derivatives were taken
in sdf file format from the PubChem webpage (https://
pubchem.ncbi.nlm.nih.gov/, accessed 12 July 2023) [28]
and converted to pdb format using obabel command
(The Open Babel Suite, version 2.3.1 http://openbabel.
org, accessed 12 July 2023) [29] and the PyMol program
[30]. The N-terminal domain of nucleocapsid protein of
SARS-CoV-2 as a drug target (PDB ID: 7CDZ, X-ray dif-
fraction, resolution 1.80 A, Escherichia coli BL21 expres-
sion system) (https://doi.org/https://doi.org/10.2210/
pdb7CDZ/pdb) was retrieved in pdb file format from
the RCSB website (https://www.rcsb.org/, accessed 4
July 2022) [31], verified and preprocessed for molecular
docking.

Molecular docking calculations

The DockThor web-server (https://dockthor.ncc.br/v2/,
accessed 12 July 2023) [32] was used in molecular dock-
ing calculations with center coordinates of (—6, 22, 16),
discretization of 0.25, and grid size of (20x20x 20 A3) of
the active pocket. The genetic algorithm search settings
involved 1,000,000 evaluations with 750 population size
for 24 number of runs deemed suitable for capturing the
local minima in a complicated potential energy surface.
The affinity prediction was done for each ligand based
on the total energy, which was calculated for its different
binding modes. It involved inter-molecular, intra-molec-
ular, and torsional energies and were clustered to finally
yield the best value [32, 33].

Molecular dynamics simulations and thermodynamics
The docked pose with the best binding affinity was taken
for molecular dynamics simulations (MDS) of 90 ns
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production run at 310 K using the GROMACS version
2021.2 program [34]. The force-field (charmm?27) [35]
was obtained from the SwissParam server (https://www.
swissparam.ch/, accessed 12 July 2023) [36], and all the
other parameters as reported by Sharma et al. [37] were
adopted. Multiple parameters like root mean square
deviation (RMSD), radius of gyration (R,), root mean
square fluctuation (RMSF), solvent accessible surface
area (SASA), and number of hydrogen bonds between
ligand and residues were determined from MDS trajec-
tory using inbuilt commands of GROMACS. Binding
free energy change of complex formation was calculated
using MMGBSA method [38] with GB7 option [39] for
the best-docked pose using gmx_MMPBSA module (100
frames) [40] in GROMACS and also using the fastDRH
server (http://cadd.zju.edu.cn/fastdrh/, accessed 15 July
2023, ID4638) [41]. The differences in the fluctuation
of the residues upon ligand binding were determined in
terms of RMSF difference from the MDS of 10 ns dura-
tion using the CABSflex2 web-server (http://biocomp.
chem.uw.edu.pl/CABSflex2/, accessed 15 July 2023) [42].

Pharmacokinetics and pharmacodynamics

The SMILES strings of the molecules were used as input
in determining various parameters. The ADMET predic-
tion [43] was made using the pkCSM (https://biosig.lab.
ug.edu.au/pkcsm/prediction, accessed 24 October 2023)
[44] and the ADMETboost (https://ai-druglab.smu.edu/,
accessed 25 October 2023) [45] servers. Various tox-
icity end-points and the rule of five (RO5) or Lipinski’s
rule were calculated along with other physicochemical
parameters of selected Cucurbitacin I derivatives.

Programs and resources

The structures were visualized using the Biovia Discovery
Studio visualizer v21.1.0.20298 [46] and the Avogadro2
v1.93.0 [47] programs. The graphical representations
were made with the GNUPLOT 5.2 patch level 8 [48] and
the Grace-5.1.25 [49] software. The SMILES strings were
converted into 2D molecular structures by the online
Marvin JS structure editor (https://chemaxon.com/produ
cts/marvin-js). The computational experiments were car-
ried out in different machines with multi-core proces-
sors, GPU accelerator, RAM 128 GB, and storage 6 TB.
The operating systems were Ubuntu 20.04 LTS and Win-
dows 8. Data analysis, visualization and interpretation
were carried out on a PC with minimal configuration.

Results

Binding affinities and orientation of the docked molecule
The 2D representations of selected test molecules and a
reference are shown in Fig. 2. The binding affinities of the
top five Cucurbitacin I derivatives, a reference compound
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Fig. 2 Molecular structures of the top compounds and a reference

Table 1 Top five Cucurbitacin | derivatives, a reference compound and 7 commercial drugs in terms of binding affinities with NTD of
nucleocapsid protein

Molecules (PubChem CID) Affinity (kcal/mol) Total energy Commercial drugs Affinity (kcal/mol) Total
(kcal/mol) energy
(kcal/mol)
CBN19 (125125068) -10.27 92.01 Simeprevir -10.56 52275
CBN36 (162939996) —-10.20 73.67 Vapreotide —1045 21233
CBN85 (138107616) —-10.16 83.82 Atazanavir -9.66 8234
CBN76 (125039415) —10.06 73.16 Ivermectin -9.13 137573
CBN96 (162970907) —-10.05 68.28 Remdesivir -884 10.65
Hydroxychloroquine -878 43.53
K31 (2872351) -8.86 25.67 Chloroquine —8.65 16.81

B

Hydrophobicity |

3.00
2.00
1.00
0.00
-1.00
-2.00
-3.00

Fig. 3 Docked pose of A CBN19 (ball and stick model) with the nucleocapsid protein (ribbon representation) and B CBN19 in the active pocket
enveloped with hydrophobic surface viewed at 180° apart
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(K31) and that of FDA-approved drugs are shown in
Table 1.

The compound CBN19 in its docked pose with the
receptor is displayed in Fig. 3A. Figure 3B depicts the
hydrophobic surface of the active pocket of the protein
that interacts with the ligand from two viewing angles
180° apart.

It is evident from the data that the drugs, Simeprevir
and Vapreotide lead among all the compounds, and the
former, along with Grazoprevir, has been reported by
Bhowmik et al. [23] from computational screenings as
better candidates. However, the top five test candidates
possess better affinities than the other five FDA-approved
drugs. The compound CBNI19, with the best binding
affinity could be considered a hit candidate among the
pool of the studied molecules. The highest total energy,
however, imply that the reference compound K31, pos-
sessed weaker binding (—8.86 kcal/mol) than that of
the test compounds and was bound to the N-terminal
domain of nucleocapsid protein as inferred experimen-
tally [15]. Apart from the molecules mentioned above,
Emetine and Glycyrrhizin have also been found to pos-
sess good docking properties against nucleocapsid pro-
tein [50, 51]. The computational results show promising
properties of the selected molecules derived from a
molecular scaffold suitable for further characterization
and trials.

Druglikeness and toxicity assessment

The drug-like characteristics in terms of RO5 were found
to be acceptable for most of the compounds, inferring
good bioavailability and permeability (data presented in
supplementary information as ADMET_predictions.xls
file). The pharmacokinetics of various Cucurbitacins have
been reported by Delgado-Tiburcio et al. [9]. The toxicity
in terms of the AMES test, hERG I/II inhibition, hepato-
toxicity and skin sensitization showed negative results for

RMSD (nm)
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the test molecules. The permeability of BBB and CNS are
poor or absent, with suitable excretion parameters. The
results from the pkCSM server showed that Cucurbi-
tacins possess acceptable drug-like properties with rela-
tively safe end-points.

The ADMET predictions from another server
(ADMETboost), to validate the earlier results, were
analyzed for different properties. The output, however,
showed that Caco2-permeability and aqueous solubility
lay outside the acceptable range, whereas all the other
properties were predicted to be similar to those from the
pkCSM server.

Geometrical stability of complexes

The binding affinity based on a scoring function provides
a clue towards the strength of interactions between the
ligand and the protein and can be used as a comparative
property. It may not necessarily reflect the binding effi-
cacy considering the time the ligand stays at its initially
docked position and may not be a measure of the abso-
lute property. To determine the conservation of pose and
position of the ligand with time and to determine the
geometrical stability of a system, molecular dynamics
simulation of 90 ns duration was carried out and various
parameters like RMSD, SASA, RMSEF, R,, and hydrogen
bond count were extracted from the trajectory. These
parameters provide a numerical assessment of the struc-
tural stability and are analyzed thoroughly in this sec-
tion. The RMSD of the ligand and that of the protein are
shown in Fig. 4 as subplots A and B, respectively.

The RMSD of ligand CBN19 with respect to the protein
backbone (dark curve) was ca. 2 A and was moderately
smooth with small fluctuations at 55 ns and 70 ns regions.
It remained flat from 75 to 85 ns, similar to the initial
part of the trajectory up to 45 ns. The results hint at near
preservation of the docked pose during the simulation
period. Similar values have been reported for approved

RMSD (nm)

L L L L L L | L L | L L | L L
0 15 30 45 60 75 9(?
Time (ns)

Fig. 4 Multiple parameters extracted from MDS trajectory A RMSD of ligands with respect to protein backbone B RMSD of protein backbone
with respect to protein backbone (CBN19=dark, CBN36 =red, CBN85=green, CBN76=blue, and CBN96 =indigo)
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drugs against nucleocapsid CTD [52]. The compounds
with CBN36 and CBN96 showed unsteady behavior, both
attaining equilibrium after 60 ns with RMSD larger than
6.8 A. Another compound CBNS85 showed an RMSD
of ca. 4 A or lower with multiple spikes during the pro-
duction run. It did not attain steady state, as shown by
a deep at 85 ns and necessitates a longer simulation run.
The complex of CBN76 showed an RMSD of ca. 3 A with
a rise at 85 ns. The unsteady curve implies significant
ligand motion at the active site, and the stability could
only be confirmed from extended production runs. Mul-
tiple curves showed a rise at 70 ns except CNB36, indi-
cating a common factor in the structural modulation.
The lack of such a feature in the protein backbone may be
attributed to the function of temperature leading to simi-
lar coincidental atomic spatial evolution of the docked
ligands and may not be relevant in assessing the stability
of the adduct. The nature of the ligand RMSD curves sug-
gests the formation of moderately stable protein—ligand
adducts, with most of them attaining equilibrium after
ca. 75 ns.

The multiple RMSD of protein backbone with respect
to the protein backbone, as shown in Fig. 4B, are less
than 3 A except that in the case of CBN36, which was
sometimes higher in magnitude. The relatively flat and
smooth nature of the curves hints at greater stability of
the protein structure during the production run. The
overall geometry of the receptor and the active pocket
can be inferred to remain intact, capable of binding the
ligand effectively. Out of five complexes studied, since
CBN19 showed comparatively promising stability, other
structural features related to it were only derived and
analyzed.

The RMSEF plots of alpha carbon atoms of the protein
in the adduct and in the receptor alone were extracted
from two separate MDS trajectories and are given
in Fig. 5 as subplots A and B, respectively. Figure 5B

0.7 T T T T T T

0.6~ 4
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| |
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shows large fluctuations ca. 6.5 A from residue num-
ber 45 to 65 in the two chains out of four of the pro-
tein. In the adduct, as shown in Fig. 4A, it is seen to
be reduced to ca. 5 A. Similar values have been pub-
lished for cases with other types of organic molecules
against the NTD domain of nucleocapsid protein [53].
A decrease in RMSF in the red curve and an increase
in the dark curve in the same region can be seen, which
corresponds to two other chains of the protein. Overall,
the ligand binding to the protein has resulted in some
reduction of RMSF of the alpha carbon atoms of the
protein that could be proposed as induction of stabil-
ity to the system. The presence of large fluctuations in
some parts of the structure could be responsible for the
wavy nature of the ligand RMSD curve since the resi-
dues undergo significant motion during the simulation.
The twisted geometry of the anti-parallel beta sheets
at the proximity of the docked ligand might also be a
determining factor. Large RMSF has been reported for
the protein in complex with the hit molecules [23, 54].
The difference in RMSF of the residues from 10 ns
server-based MDS as shown in Additional file 1: Fig.
S1, reveals the presence of more peaks at the negative
side relative to that at the positive side, with the overall
value being negative. This implies that the fluctuation
of residues is reduced when a ligand binds to it, provid-
ing further support for the stability of the adduct from
a different approach.

The R, of protein in protein-CBN19 complex (dark
curve of Fig. 6A) of ca. 2.5 nm is similar to that reported
by Suravajhala et al. [21] and is smaller than that reported
by Ribeiro-Filho et al. [55]. SASA (brown curve of
Fig. 6A) of ca. 273 nm? is slightly outside the range 230
260 nm? as reported for the Curcumin molecule and
nucleocapsid receptor complex [21]. Both the geometri-
cal parameters suggest inherent intactness (no significant

e
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Fig.5 RMSF of amino acid residues of protein in A nucleocapsid-CBN19 adduct and B apo structure of nucleocapsid protein derived from two
separate 90 ns MDS (the four colors correspond to the four chains of the receptor and NOT to the ligands as in the other figures)
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Fig. 6 A Radius of gyration (dark) of protein and SASA (brown) of protein in the adduct B Variation of hydrogen bond count in the adduct

during 90 ns production run

expansion or contraction) of the protein in the adduct
during the production run.

The number of hydrogen bonds between the receptor
and the ligand in the adduct during the MDS changed
from null up to 10, as shown in Fig. 6B, with maximum
frames having 4 or 5. The number of hydrogen bonds
stayed up to 5+1 at the equilibrated part of the trajec-
tory and contributed significantly to the non-covalent
binding of the ligand CBN19 with the protein. It might be
the causative factor in the appearance of a smooth curve
(dark color) after ca. 77 ns up to 85 ns in the RMSD plot,
Fig. 4A. The presence of small bumps along the RMSD
curve of CBN19 might be due to the fluctuations from
the protein backbone. A rise at ca. 70 ns in the hydrogen
bond count to 10 is reflected by multiple curves (RMSD,
SASA and R,) showing change in ligand orientation and
the protein backbone. Similar hydrogen bond count and
other parameters have been reported by Dhankhar et al
[53], and therefore, the reliability of the results can be
justified. Nonetheless, the lack of appreciable change in
the number of hydrogen bonds during the simulation
indicated a near-steady nature of interactions between
the ligand and the amino acid residues.

The snapshots of nucleocapsid-CBN19 adduct at the
active pocket at different time intervals are shown in
Fig. 7. The center of mass of the ligand and the structure
of the protein backbone are seen to be nearly conserved
(comparing snapshots at 1 ns and 90 ns) with a slight
variation in the orientation of the ligand. The progres-
sive display of the ligand at the orthosteric site of the
receptor during the MDS shows the absence of transla-
tional motion. The twisted anti-parallel beta sheets (yel-
low) seem to show some geometrical changes along with
the loop (green) attached to it. The disappearance of the
alpha helix structure at the left side of the frame at 30 ns

could be correlated to a decrease in hydrogen bond count
and is reflected by slightly increased RMSD. The pose of
the ligand seems to be maintained with minor variation,
which might be due to a change in the location of the
protein backbone as a function of temperature. Similar
geometrical analysis have been reported on the docked
complex of quinoline derivative with MP of SARS-
CoV-2 using snapshots by Singh et al. [56]. Also, Nguyen
et al. have studied the druggable targets of dengue and
malaria using multiple frames at different times during
MDS [57]. The snapshots have revealed that the active
site of the protein is capable of holding the docked ligand
for sufficient time, which could lead to the disruption or
deceleration of metabolic reactions.

Spontaneity of the adduct formation reaction

The binding free energy change (AGgpg) of complex for-
mation from the protein and the ligand was calculated
to be—47.19+£6.24 kcal/mol from the MDS trajectory
and —34.06 kcal/mol from the server-based approach.
The spontaneity of the reaction was revealed by the nega-
tive values obtained from both the methods. It showed
the feasibility of the nucleocapsid-CBN19 adduct forma-
tion and the usefulness of the MMGBSA method in esti-
mating the free energies. The multiple components of the
free energy changes are shown in the Additional file 2:
Table S1.

The in silico results obtained from MDS in terms of
RMSD, SASA, Rg, RMSF and hydrogen bond count have
established the effectiveness of molecular docking in pro-
viding adequate models and parameters reflecting the
geometrical stability of the system studied. The thermo-
dynamic parameter has complemented this finding. A
comprehensive suggestion would be that the ligand and
the protein could form a moderately stable compound in
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Fig. 7 Snapshots of the active region of the protein-CBN19 complex at different times during MDS (the numbers represent times in nanoseconds)



Shrestha et al. Future Journal of Pharmaceutical Sciences (2024) 10:56

which the docked pose is fairly conserved, that may be
suitable for effective inhibition of the protein functioning.

Molecular level analysis of non-covalent interactions
in the adduct
The cumulative interactions between the ligand and the
amino acid residues of the protein are presented in Fig. 8
in terms of 2D representation. An earlier figure, Fig. 3A,
shows the docked position of the ligand at the orthosteric
site of the receptor calculated by blind docking and veri-
fied again by 5 different ligands. The findings of nondeep
cavities unsuitable as a well-defined active region in the
NTD domain for RNA binding have added to the ambi-
guity of the active site [58]. One side of the pocket is
completely hydrophilic (exterior), and the other is hydro-
phobic (interior). Therefore, the lack of bonding involving
electrostatics is seen at the hydrophobic part of the pro-
tein and is compensated by the involvement of multiple
residues with more than 25 van der Waals interactions.
The molecular level understanding of the interactions
constitutes the knowledge of key amino acid residues
involved. There is a presence of disruptive interaction
(acceptor-acceptor) from residue THR101 with simulta-
neous associative interaction through very weak hydro-
gen bonding at 4.37 A with different oxygen atoms of the
ligand. Another weak hydrogen bonding with THR30
at 3.92 A and alkyl-related interaction with ARG49 at
5.10 A are also present. Different sets of key residues
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have been reported to be involved in binding Ceftriaxone
sodium and RNA separately by Luan et al. [58]. The poses
with the best binding affinities sorted out based on total
energies seem to be acceptable as these form stable com-
plexes with a few non-covalent interactions good enough
for inhibiting the protein’s functioning. It could be com-
pared with the performance of Ceftriaxone sodium,
reported to be an inhibitor of NTD of nucleocapsid pro-
tein. For comparative purposes the 2D representation
of the adduct formed by the receptor with the reference
compound K31 depicting various types of interactions is
shown in Fig. 9.

The involvement of a common amino acid residue
ARG49 with alkyl related hydrophobic interactions and
THR101, ILE111, and VAL112 with other different types
of binding interactions in both the adducts support the
inference that the orthosteric pocket was occupied by the
ligands. The presence of larger number of van der Waals
bonding with the hit candidate compared to that with
the reference ligand could be attributed to better binding
affinity and stability of the complex. The 2D representa-
tions of other adducts are shown in Additional file 1: Figs.
S2-S5.
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Fig. 8 Protein-CBN19 interactions in the 2D projection of the complex with different types of interactions and distances (A)
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Fig.9 Protein-K31 interactions in the 2D projection of the complex with different types of interactions and distances (A)

Discussion

Relative strength of binding of ligands by the protein

and stability of adduct

The hit molecule, CBN19, have been found to bind with
sufficient strength with the receptor protein relative
to other 100 Cucurbitacins, five FDA-approved drugs,
and a reference molecule. The strength of interactions
is reflected by the binding affinities and the stability of
the adduct with time is shown by various geometrical
parameters extracted from the MDS. The poses at differ-
ent times during the MDS production run supported this
inference. The presence of weak hydrogen bonding and
van der Waals’ interactions between the ligand and the
amino acid residues seems to be the contributing factor
in the conservation of the docked pose at the orthosteric
site of the receptor. The molecule could thus be proposed
to be a potential inhibitor of the nucleocapsid protein.

Druglikeness and safety
The test compounds seem to have drug-like proper-
ties with no observable toxicity. These compounds

are present in regularly consumed vegetables, and the
administrable dose of each component has to be precisely
determined to formulate it as a safe drug candidate that is
free from any adverse effects. The proximity of toxic dose
amount to its biological activity could be exploited for
better therapeutics [59]. The time and dose-dependent
cytotoxicity has been reported for Cucurbitacin B [60].
Therefore, the toxicity from the curative effect has to be
distinguished by various in vitro and clinical trials [61]
and is highly recommended for the future work involving
Cucurbitacins.

Validation by thermodynamic parameter

The negative values of binding free energy changes,
AGpgpp obtained from two different methods clearly
showed that the adduct formation was spontaneous in
nature. It provided additional support for the geometri-
cal stability of the nucleocapsid-CBN19 adduct at the
physiological conditions. Therefore, the feasibility of the
forward reaction determined from the calculation of
the thermodynamic parameter, AGgp; strengthened the
inferences derived. It supported the molecular docking
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methodology, observations derived from it, and the geo-
metrical parameters extracted from the MDS. Similar
results have been obtained from the models of protein
and approved drugs by Chauhan et al. [52]. The findings
of this research is in par with the current literature and
thus validates the employment of many types of compu-
tational methods.

In the end, the results showed that the server-based
molecular docking calculations could provide quick and
reliable models that could be used further for the stabil-
ity assessment. The molecular dynamics trajectory of the
adduct formed by CBN19 with the target protein hinted
at the sufficient sturdiness of the complex as revealed by
multiple parameters. However, pharmacokinetics of the
molecule and toxicity predictions obligate mandatory
experimental verification for the safety of the hit can-
didate present in different edible sources. The stability
analysis of adducts formed by other different classes of
organic molecules with nucleocapsid protein would pro-
vide comparative basis against the performance of Cucur-
bitacins. It is being explored along with the derivatives
of compound K31 for finding effective and safe drug-like
candidates for fighting COVID-19 and related diseases.

Conclusions

Different computational tools were used in screening the
phytochemicals (substructures of Cucurbitacin I) of com-
mon vegetables for proposing the potential inhibitors of
nucleocapsid protein of SARS-CoV-2. A Cucurbitacin,
CBN19, was found to be a hit candidate better than 100
other Cucurbitacins, five approved drugs, and a refer-
ence molecule based on ligand binding affinity obtained
from molecular docking calculations and from geometri-
cal as well as thermodynamic parameters derived from
molecular dynamics simulations. Additional experiments
are recommended to confirm the drug-like properties
and safety of the proposed molecule in terms of toxic-
ity. In summary, accelerated computational assessment
of natural product-based bio-active compounds could
be systematically performed in low resource settings for
designing therapeutics against COVID-19 and extended
to other related diseases in accordance with the modern
rational drug discovery process.
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