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high mortality. Autophagy plays a major role in the progression Bindingpo;[;(ctanalysis 1D e
and development. Starving cancer cells obtain nutrients through MmN, e 2

the upregulation of autophagy. Several compounds derived from | T
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natural sources, including animals, plants, and microorganisms,
have been identified as potential novel anticancer drugs. Spices
play an important role in human health and possess many
medicinal properties. Our study aimed to identify potential
autophagy modulators from panch phoron spices (PSS) through
in silico approaches. Herein, we report a structure-based virtual
screening of compounds isolated from PSS (i.e., cumin, fenugreek,
fennel, black mustard, and black cumin) against the molecular
targets of autophagy. Using various computational tools, we attempted to identify potential modulators of autophagy. Among all the
screening results (such as binding energy, hydrogen bonding, drug-likeness, bioactivity, ADME properties, and toxicity), PSS,
stigmasterol, and tigogenin showed the best drug-like properties and binding affinity toward the selected targets of autophagy.
Furthermore, the stability of both complexes was evaluated by performing a 100 ns molecular dynamics simulation (MDS) using
Schrodinger’s Desmond Module. Our results provide insight into the efficacy of PSS components against cancer. Therefore, targeting
autophagy using these molecules may be an effective and potential drug candidate for cancer treatment. In conclusion, stigmasterol
and tigogenin may act as potential candidates for anticancer drugs by targeting autophagy.
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1. INTRODUCTION pharmaceuticals, as well as in perfumes and cosmetics.'® A
spice is the dried part of a plant, such as the bark, root, seed,
fruit, or flower, used in small quantities for flavor, color, or as a
preservative.' A mixture of five spices, Panch phoron
comprising Brassica nigra (black mustard), Trigonella foenum-
graecum Linn (fenugreek), Foeniculum vulgare (fennel), Nigella
sativa (black cumin), and Cuminum cyminum (cumin),"” was
found to have antidiabetic, antioxidant, antimicrobial, anti-
tumorigenic, anti-inflammatory, cardioprotective, and gastro-

However, both autophagy and apoptosis are essential for protective activities.'> The anticancer potential of these spices
) . . . .
organismal homeostasis; hence, crosstalk occurs between the is particularly noteworthy, as they contain various phytochem-

two, and this mechanism may be implicated in cancer.® icals that have shown promising results in cancer prevention
) . .
Cancer accounts for the second highest mortality rate and treatment. Several studies have demonstrated the

worldwide, after cardiovascular diseases.” Chemotherapy and fmtlcar.lcer eﬂ‘ects. of spices on varlous' types of caflcer,
radiotherapy are first-line treatments for cancer. However, including leukemia, myeloma, and carcinomas associated
these anticancer approaches have various drawbacks such as
drug resistance and off-target cytotoxicity.” Thus, compounds Received:  August 28, 2024
isolated from plants can be examined for anticancer activity. Revised:  December 14, 2024
Natural plant-based compounds may reduce off-target Accepted:  December 24, 2024
cytotoxicity and help overcome drug resistance.” Published: January 3, 2025
Herbs and spices play an important role in the day-to-day
life of humankind as flavoring agents in foods, beverages, and

Autophagy is a conserved catabolic process of protein and
organelle quality control, in which bilayered vesicles enclose
intracellular cytoplasmic macromolecules, damaged organelles,
aggregated proteins, or pathogens, which are then transported
to the lysosome for degradation by lysosomal hydrolases."”
Autophagy is regulated by ATG genes (autophagy-related
genes)” and helps in cancer cell survival but may also promote
cell death. Cell death is generally associated with apoptosis.™”
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with the digestive tract.'® For instance, black cumin
(thymoquinone) and fennel (anethole) have been established
as potential cancer-preventive agents.” The mechanisms by
which these spices mediate anticancer effects are becoming
increasingly evident, with many of them acting as potent
antioxidants and anti-inflammatory agents, still more studies
are required to explore other possible mechanisms.'®'” The
use of these natural products as medicinally active compounds
represents a sustainable and green approach to healthcare,
oﬁerin% 6potential alternatives to synthetic drugs with fewer side
effects.

Thus, in this study, we examined the interaction of the active
compounds of Panch phoron spices (PSS) with autophagy and
the apoptotic markers ATGS (autophagy protein $), LC3
(microtubule-associated protein 1A4/1B-light chain 3), and
CASPASE-3. ATGS is a marker gene for autophagy that is
involved in the extension of the phagophore isolation
membrane. LC3 is also a key regulator of autophagy, initiating
autophagosome biogenesis after membrane conjugation
through interactions with ATG7 and other autophagic
effectors.'®'” CASPASE-3 is a critical effector caspase that
serves as a pivotal regulator in the balance between apoptosis
and autophagy. Its activation is a hallmark of apoptosis, yet it
also plays a crucial role in modulating autophagic pro-
cesses.”””" Studies have shown that CASPASE-3 can cleave
autophagy-related proteins, such as BECLIN-1 and ATGS,
thereby inhibiting autophagic processes and promoting
apoptosis.22’23

In this study, a total of 320 compounds were screened from
various literature sources, of which 224 were docked through
molecular docking. This study aimed to identify the potential
interaction between apoptosis and autophagy markers, which
may contribute to the chemoprotective potential of spices. The
expected outcome of this study may help us to obtain better
insights into the treatment of cancer by modulating autophagy.

2. METHODOLOGY

2.1. Phytoconstituent Screening. Preliminary screening
of phytoconstituents is a critical step in elucidating their
bioactive roles, which may facilitate the discovery and
development of novel drugs. In this study, we conducted a
comprehensive literature review to identify the phytoconstitu-
ents present in PSS utilizing databases such as Scopus, Google
Scholar, and PubMed. The literature survey revealed
approximately 320 bioactive compounds associated with PSS.
Through a systematic analysis of the relevant literature, we
specifically identified around 224 compounds, which were
subsequently employed for molecular docking screening.

Furthermore, 5S-FU was used as a positive control in this
study. S-FU functions as an antimetabolite, mimicking the
structure of pyrimidines, which allows it to interfere with DNA
and RNA synthesis. This mechanism is crucial for inducing
cytotoxicity in rapidly dividing cancer cells. The drug inhibits
thymidylate synthase, leading to the depletion of thymidine
triphosphate (dTTP), which is essential for DNA replication.”*
Studies indicate that 5-FU can activate apoptotic pathways,
leading to cell death through mechanisms involving caspases
and the modulation of autophagy.””~*” The unique mechanism
of action of 5-FU can induce apoptosis and modulation of
autophagy, and extensive clinical validation makes it a superior
option compared to other natural and synthetic drugs as a
positive control in our study. Its established role in cancer
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therapy provides a reliable benchmark against which new
treatments can be compared.

2.2. Ligand and Target Preparation. The three-dimen-
sional structures of the 224 PSS-derived compounds and
positive control (S5-FU) were obtained from the PubChem
database (https: //pubchem.ncbi.nlm.nih.gov/ ). The 2D struc-
tures of P5S-derived compounds and the positive control were
generated using ChemDraw Ultra 7.0). The 3D structures of
the main therapeutic targets of autophagy and apoptosis used
in this study were ATGS, LC3, and CASPASE-3 (PDB
IDs:4TQ1, 1UGM, and IRE], respectively), available from the
Protein Data Bank RCSB-PDB (https://www.rcsb.org/) in
PDB format.”® Energy minimization of the targets was
performed using Swiss PDB Viewer 4.0.

2.3. Binding Site Identification. The Computed Atlas of
Surface Topography of Proteins (CASTp) Web server (http://
sts.bioe.uic.edu/castp/) was used to identify superficial and
volumetric areas. The CASTp is a well-known indicator of
potential binding sites. The specific binding sites were
authenticated by metaPocket 2.0 (http://projects.biotec.tu-
dresden.de/metapocket/) and the COACH-D (https://
yanglab.nankai.edu.cn/ COACH-D/) web server.

2.4. Structure-Based Molecular Interaction. Molecular
docking is a virtual simulation technique that is widely used in
in silico interaction studies between ligands and targets.””
AutoDock 1.5.6 package was used to perform molecular
docking to identify a potent autophagy modulator. It is a free,
automated software developed by Molecular Graphics Lab,
Scripps Research Institute (http://autodock.scripps.edu/).
Essential hydrogen atoms, charges, and solvation parameters
were added by using different AutoDock tools. The docking
parameters were defined as coordinates of the center of the
binding site at 126 X 126 X126, 82 X102 X100, and 126 X 126
X 126 A for ATGS, LC3, and CASPASE-3, respectively. Post
docking, the 3D structure of the protein—ligand complex was
visualized using Discovery Studio Visualizer 4.0. & Biovia
Discovery Studio Visualizer.”” The docking results were further
validated using two additional docking software viz. CBDock®"
and DockThor software.*”

2.5. Molinspiration Cheminformatics. Chemical struc-
tures and SMILES notations of the compounds were obtained
from the PubChem database (https://pubchem.ncbi.nlm.nih.
gov/ ). SMILES notations of active compounds are then fed
into online software Molinspiration Cheminformatics to
calculate different molecular physicochemical properties
(Table 4) and to predict bioactivity scores for drug targets
including enzymes and nuclear receptors, kinase inhibitors,
GPCR ligands, and ion channel modulators. We have predicted
the physicochemical properties with Lipinski’s rule of five.””

2.6. PreADMET Properties Analysis. ADME property
analysis of drug-like molecules is an important aspect to be
considered during the drug development process. Multiple
good drug candidates are unable to pass clinical trials because
of their worse ADME profile.>* Pre-ADMET software
predicted the ADMET properties of the selected panch
phoron-derived compounds.® Toxicity analysis was performed
through online Data Warrior software.’® Toxicity parameters,
such as Tumorigenesis, Irritant, Reproductive Effect, and
Mutagenicity, were evaluated. Toxicity is an important
parameter to be evaluated in drug designing as it helps
determine the toxic dose in animal model studies and lessens
the number of animal model studies.”’

https://doi.org/10.1021/acsomega.4c07924
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2.7. In Silico Anticancer Sensitivity Prediction. With
the help of the PaccMann Web server, we checked the
anticancer sensitivity of selected compounds. It is a novel
approach for the prediction of anticancer compound sensitivity
through multimodal attention-based neural networks (https://
ibm.biz/paccmann-aas). This model system ingests a com-
pound’s SMILES and the gene expression profile of a cancer
cell and predicts an ICy sensitivity value. With the help of this
web server, we can predict the ICs, value of any drug-like-
molecule.”

2.8. Density Functional Theory (DFT) Calculations.
Calculation of the electron density surrounding the ligand
molecule is important for establishing a stable bond between a
target protein and a ligand molecule. In this study, Becke’s
three-parameter Lee—Yang—Parr hybrid functional (B3LYP)
was chosen for the density functional theory calculations. All
calculations were performed using the Gaussian 09 suite to
generate the highest occupied molecular orbital (HUMO) and
lowest unoccupied molecular orbital (LUMO) models of the
selected molecules.” "'

2.9. Molecular Dynamics Simulations. Desmond
(Schrodinger suite) was used to perform molecular dynamics
simulations to elucidate the effectiveness of the selected
compounds. The Protein Preparation Wizard Tool was used to
prepare protein—ligand complexes.*”*’ The solvent model in
an orthorhombic box was selected with 20 X 20 x 20 A
periodic boundary conditions as the transferable intermolec-
ular interaction potential three points (TIP3P). The OPLS3e
force field settings were employed and counterions (Na* or
CI7) were applied.** An NPT ensemble with a pressure of 1
atm and a temperature of 300 K was used during the
simulations. To stimulate the physiological parameters, 0.15 M
NaCl was added. At different time intervals, the root-mean-
square fluctuation (RMSF), root-mean-square deviation
(RMSD), and protein—ligand interactions were recorded.
The final production run was conducted for 100 ns. After the
completion of simulations, the simulation interaction diagram
was used for the analysis of the MD simulation trajectory using
RMSD, RMSF, hydrogen bond analysis, and radius of gyration

(Ry)-

3. RESULTS

3.1. Molecular Docking Interaction of Screened P5S-
Derived Active Compounds. Molecular docking was
performed to evaluate the binding potential of all 224 PSS-
derived compounds, and the positive control, 5-FU (5-FU, a
well-known anticancer drug, was used as a positive control in
the present study). The docking results showed that among all
of the studied compounds, some had good interactions with
the target molecules. After docking interactions of 224
compounds, top hit compounds in every panch phoron spice
were selected for further studies. Details of all selected
compounds are given in Table 1 and the chemical structure
of these compounds are represented in Supplementary Figure
1.

The best binding affinity and inhibition constant of
compounds of each spice with ATGS, LC3, and CASPASE-
3, when docked for 100 runs, are listed below, along with the
number of hydrogen bonds, interacting amino acids, and
interacting amino acids with intermolecular H-bond (Table 2).
Among all the interactions between the selected compounds,
we found that stigmasterol and tigogenin showed the best
interaction with the highest binding energy.
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Table 1. Selected Top Hit Compounds in Every Spice of
Panch Phoron with the Standard Drug 5-Fluorouracil

s. top hit Pubchem molecular
no. spices compounds CID formula
1  control S-fluorouracil 3385 C,H;FN,0,
(5-FU)
2 cumin (Cuminum safranal 61041 C,0H,,O0
cyminum)
3 fenugreek (Trigonella tigogenin 99516 C,;Hy,04
foenum-graecum Linn)
4 fennel (Foeniculum trans-p- 91753981 C,0H,c0
vulgare) mentha-2,8-
dienol
S black mustard (Brassica ascorbic acid 54670067  C4HgOg
nigra)
6  black cumin (Nigella stigmasterol 5280794 CyH,50
sativa)

Supplementary Figures 2—4 shows representative images of
all S-selected compounds with 5-FU which shows the best
docking pose of ATGS, LC3, and CASPASE-3. Therefore, we
analyzed the top-2 hit compounds (stigmasterol and tigogenin)
binding pockets using the CASTp web server. It is evident
from Table 2 in terms of binding energy (BE) and inhibition
constant (IC) that stigmasterol and tigogenin displayed the
best interaction with ATGS (BE = —8.63, IC = 0.47056 uM
and BE = —826, IC = 0.87837 uM respectively). In
stigmasterol-ATGS complex 1 hydrogen bond and Tyr36,
Leu37, Leu38, Pro40, Leu47, Val48, Asp50, Lys51, Lys118,
and GIn158 amino acid residues are involved. In tigogenin-
ATGS complex 1 hydrogen bond and Lys®, Leu®, Asp'®,
Trp'%, Ala'®7, Arg'”’, Met'”, Glu?*®, His**’, Phe'? amino acid
residues are involved (Figure 1).

The molecular interaction with LC3 stigmasterol and
tigogenin again shows the best interaction among all (BE =
—835, IC = 0.75183 uM and BE = —7.90, IC = 1.62 uM,
respectively). In stigmasterol-LC3 complex 2 hydrogen bond
and Leu®?, Val®?, His*®, Ser®”, Met®®, Val*®, Ser®, Thr”®, Glu”’,
Val®®, Glu'® Ser!”, and Glu'®* amino acid residues are
involved. In tigogenin-LC3 complex 1 hydrogen bond and
e, Arg®, Ala’®, Phe’, Phe®’, Leu®', Ser®’, Met®, Val’!, and
Glu'"” amino acid residues are involved (Figure 2).

Further, the molecular interaction with LC3 stigmasterol
and tigogenin again shows the best interaction among all top
hit compounds (BE = —9.08, IC = 0.22262 yM and BE =
—7.98, IC = 1.42 uM respectively). In stigmasterol- CASPASE-
3 complex 2 hydrogen bond and Arg68, Leu®®, Thr’?, Pro®,
G1Y94; Al'g%, Ala%, 11698, AlalOO, V31103, Met1°4, Gln1°7, Ly5173,
Tle'”, Asp'”’, Tyr'”®, Phe'® amino acid residues are involved.
In tigogenin-CASPASE-3 complex 0 hydrogen bond and Arg®,
Ala%, Tle®, Ala'®, Val'® GIn'”, Ser', Lys!”, Tle!”, Asp!””,
Tyr'”® amino acid residues are involved (Figure 3).

Docking calculations previously studied with Autodock were
compared with new calculations carried out with CBDock and
DockThor servers. Supplementary Tables 1 and 2 represent
the best results obtained by molecular docking protocols with
CBDock and DockThor. The compounds used in the
screening process were ranked based on the binding energy,
and the results were compared to the top S molecules that have
the least binding energy in kcal/mol. The best binding
complexes are ATGS- Stigmasterol (AutoDock binding energy
= —8.63 kcal/mol, CB-Dock= —6.9 kcal/mol, and DockThor =
—7.340 kcal/mol), ATGS-Tigogenin (AutoDock binding
energy = —8.26 kcal/mol, CB-Dock= —6.2 kcal/mol, and

https://doi.org/10.1021/acsomega.4c07924
ACS Omega 2025, 10, 871-884
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Table 2. Molecular Docking Analysis Predicted that Stigmasterol and Tigogenin Strongly Interact with All Selected Autophagy

and Apoptotic Markers

inhibition no. of
active target binding ener constant (IC) H hydrophobic
compounds proteins | (BE) (kcal/mol) |(uM) interacting amino acid residues bonds |interactions
S-FU ATG-S —4.70 356.86 Vi 1S2IgsuLeu §3 S\/earlz:; ?p;; Plgle‘:zl Phe'S, Trp'®, Asn'®, Glu™, |2 LEU A:8
v SER A:259
LC3 —4.67 377.11 GIn'' Tyr38, Gly,* Glu,*' Lys,** GIn,* Ala'", Ser''® 4 LYS A:42
GLN A:43
GLU A:41
GLN A:116
CAS-3 —3.90 1390 Glu,"” Asp,'® Ser,” Tle,”” Asn,”® Tyr'®, Glu''®, Arg’* ,Asn” 3 ASP A: 18
SER A:21
TYR A:106
safranal ATG-S —7.20 527 LeﬁlszggalL“euTzsg IS:;;% *2 Phe'®, Trp'®, Asn'®, Met'”, Glu™¢, 1 ASN A:169
LC3 - 6.12 32.50 Val,®® Ile,”* Arg,** His,”” Pro,?® Lys,* Tle,* Pro,** Tyr” 1 ARG A:24
CAS-3 —4.96 233.22 Ala,”® Lys,® Phe, Leu,”” Gln,** Gln,*® Glu,* Asp'¥!, Ile'* 1 GLN A:32
tigogenin ATG-S —8.26 0.87837 Lys,h ITezu Asp'®, Trp'®, Ala'¥, Arg'™, Met'”, Glu®*®, His™’ 1 LYS A: S
LC3 —7.90 1.62 Ie,* Arg,® Ala”, Phe”, Phe®, Leu®, Ser™, Met®®, Val”!, Glu'"’ 1 MET A:88
CAS-3 —7.98 1.42 Arg,® Ala96 1le*, Ala'®, Val'®, GIn'”, Ser'”, Lys'”, 1le'™, Asp'”, |0
Tyr'”
trans-p- ATG-S —6.83 9.81 Val,” Leu,® Val,"! Trp,' Phe!®’, Trp'®, Asn'®, Met'”, Glu®™¢, His®>’, |0
mentha-2,8- Ser259 Tyrm Pro o1 Asn263
dienol LC3 —6.02 38.68 Met,*® Val®, His®, Ser87, Met®, Val®, Ser®®, Thr®, Val®®, Ser', 2 SER A:90
Glu'** VAL A:89
CAS-3 —-5.16 166.11 Tyr®, Gly,"' Glu,"? Leu,"* Lys,> Asp,** Ala,* Leu* 2 GLY A:11
ALA A:41
ascorbic acid  |ATG-$ —6.42 19.64 Val’ ?%;':u é{ Valzslg1 Trp, 21620 Pheljzl Trpljzz Asn169 Met”:ézHls241 4 ASN A:169
His*¥’, Leu**, Ser , Tyr™, Pro™", Asp . Asn®% | Phe TYR A:260
SER A: 259
LEU A:8
LC3 —5.57 82.10 Lys,® ;ﬂ')ré, Phe,” Arg,'® Ile,*® Glu,*® Arg,¥” Val* Leu,*” Lys,* Thr*, |5 ILE A:35
Tyr THR A:50
GLU A:36
ARG A:37
LEU A:47
CAS-3 —4.64 394.18 Tyr®, Gly,"' Glu,'” Leu,'* Asp,*® Ala,*' Leu** , Leu" S LEU A:42
ALA A:41
GLY A:11
LEU A:14
GLU A:12
stigmasterol ATG-5 —8.63 0.47056 Tyr®, Leu,”” Leu,® Pro,* Leu,¥ Val,*® Asp,® Lys,* Lys''®, GIn'*® |1 LYS A:118
LC3 —8.35 0.75183 Leu®, Val®, His®%, Ser’’, Met®, Val®, Ser”, Thr*, Glu”’, Val*®, 2 VAL A:83
Glu'® Ser'®!, Glu'®? HIS A:86
CAS-3 —9.08 0.22262 Arg6810£4eu90 Thr”?, Pro”®, Gly** Arg95 Al 11e”®, Ala'®, Val103, |2 GLY A:94
Met'™, GIn'”, Lys173 Ile174 Asp17 Tyr178 Phe! 6 THR A:92

DockThor = —7.846 kcal/mol), and LC3- Stigmasterol
(AutoDock binding energy = —8.35 kcal/mol, CB-Dock=
—7.1 kcal/mol, and DockThor = —8.155 kcal/mol), LC3-
Tigogenin (AutoDock binding energy = —7.90 kcal/mol, CB-
Dock= —6.7 kcal/mol, and DockThor = —7.356 kcal/mol) and
CASPASE-3- Stigmasterol (AutoDock binding energy = —9.08
kcal/mol, CB-Dock= —7.9 kcal/mol, and DockThor = —8.654
kcal/mol), CASPASE-3-Tigogenin (AutoDock binding energy
= —7.98 kcal/mol, CB-Dock= —8.6 kcal/mol, and DockThor =
—7.545 kcal/mol), respectively. The compounds were further
screened for drug-likeness and toxicity parameters.
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3.2. Drug Likeness and Physicochemical Parameters
of Selected Compounds. With the help of molinspiration
cheminformatics, drug-likeliness properties and molecular
descriptors of compounds have been analyzed.* To ensure
optimal bioavailability, an orally active medication candidate
should not have more than one infraction of Lipinski’s
criteria.”® The physicochemical properties of the selected
compounds, such as partition coefficient (log P), hydrogen
bond donors and acceptors, rotatable bonds, number of atoms,
molecular weight, topological polar surface area (TPSA), and
violations of Lipinski’s rule of five, were calculated to evaluate
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Figure 2. Representative images of the best docking pose of the (1a) LC3-stigmasterol complex (1b). The binding pocket at the LC3 domain is
shown in the LC3-stigmasterol complex LC3-tigogenin complex and (2a) LC3-tigogenin complex (2b). The binding pocket at the LC3 domain is

shown in the LC3-tigogenin complex.

the drug-likeness of the selected compounds (Table 3). The
absorption percentage (% Ab) was also calculated by using the
formula:

%Absorbance = 109 — [0.345 X TPSA]

These properties were calculated based on Lipinski’s rule of
five, which states that any compound considered the drug
should have a partition coeflicient less than S, polar surface
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area within 140 A, H bond acceptors less than 10, H bond
donors less than S, and molecular weight within 500 Da.*’
Among all compounds, tigogenin and stigmasterol were
violated by one. Therefore, according to Table 3, none of
the selected compounds exhibited more than one violation.
3.3. Bioactivity Score of Selected Compounds. With
the help of molinspiration cheminformatics, we also checked
molecular properties and bioactivity scores of selected

https://doi.org/10.1021/acsomega.4c07924
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Figure 3. Representative images of the best docking pose of the (la) CASPASE-3-stigmasterol complex (1b). The binding pocket at the
CASPASE-3 domain is shown in the CASPASE-3-stigmasterol complex and (2a) CASPASE-3-tigogenin complex (2b). The binding pocket at the

CASPASE-3 domain is shown in the CASPASE-3-tigogenin complex.

Table 3. Physicochemical Property Prediction of the Selected Panch Phoron-Derived Compounds Obtained from

Molinspiration Cheminformatics

% of topological polar ~ molecular
active compounds absorption surface area weight miLogP
rules <140 <500 <5
S-FU 86.32% 65.72 130.08 —-0.59
safranal 103% 17.07 150.22 2.95
tigogenin 95.6% 38.70 416.65 6.12
trans-p-mentha- 102% 20.23 152.24 321
2,8-dienol

ascorbic acid 72% 107.22 176.12 —1.40
stigmasterol 102% 20.23 412.70 7.87

hydrogen bond donors hydrogen bond number of Lipinski’s
%nOHNH) acceptors (nON) rotatable bonds violation
<s <10 <10 <1
2 4 0 0
0 1 1 0
1 3 0 1
1 1 1 0
4 6 2 0
1 1 S 1

Table 4. Bioactivity Score of the Selected Panch Phoron-Derived Compounds Obtained from Molinspiration

Cheminformatics”
compounds name GPCR ligand  ion channel modulator
S-Fu —2.60 —-1.95
safranal —-0.99 —0.22
tigogenin 0.13 0.15
trans-p-mentha-2,8-dienol —0.93 -0.39
ascorbic acid —0.53 —0.24
stigmasterol 0.12 —0.08

kinase inhibitor

nuclear receptor ligand  protease inhibitor  enzyme inhibitor

—2.62 —3.04 =3.15 —1.56
—-1.24 —0.0S —0.94 0.07
—0.41 0.50 0.11 0.59
—1.64 —0.66 —1.06 —0.18
-1.09 —1.01 —0.81 0.20
—0.48 0.74 —0.02 0.53

“Bioactivity; >Zero high probability, —0.50 to 0.00 moderate activity, and < 0.50 inactive.

compounds and positive control. Molinspiration cheminfor-
matics calculates the bioactivity score of selected compounds
for G-protein coupled receptor (GPCR) ligands, ion channel
modulators, kinase inhibitors, nuclear receptor ligands,
protease inhibitors, and enzyme inhibitor targets. A compound
having a bioactivity score greater than zero shows a high
probability while a value of —0.50 to 0.00 shows moderate
activity and if the score value is less than —0.50 considered to
be inactive.”>*® The bioactivity score data obtained showed
that out of all selected compounds, stigmasterol and tigogenin
show good GPCR ligand affinity. Obtained data indicate that
stigmasterol has a better bioactivity score (Table 4).
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3.4. Pre-ADMET Properties of Selected Compounds.
The ADMET properties of drugs play an important role in
drug development. Compounds with unfavorable absorption,
distribution, metabolism, and elimination have been identified
as major causes of drug development failure. Among all the
compounds, ascorbic acid showed a moderately absorbed
human intestinal absorption value; safranal and ascorbic acid
showed medium absorption in blood-brain barrier penetration
and weak binding with plasma proteins. All compounds except
ascorbic acid showed medium permeability in Caco-2 cells
(Table 5).
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Table S. ADME Properties of the Selected Panch Phoron-Derived Compounds Obtained from the PreADMET Server”

ADME properties

human intestine absorption blood brain barrier plasma protein Caco2 cell GI skin permeability (log
compounds name (HIA) (BBB) binding permeability absorption Kp)
S-FU M M w M H —7.73 cm/s
safranal H M w M H —5.70 cm/s
tigogenin H H H M H —4.23 cm/s
trans-p-mentha-2,8- H H H M H —4.96 cm/s
dienol
ascorbic acid M M w w H —8.54 cm/s
stigmasterol H H H M w —2.74 cm/s
“W - Weak, M - Medium, and H - High.
a. b. «
d. e f.

Figure 4. BOILED-Egg Model of compounds (a) S-fluorouracil, (b) safranal, (c) tigogenin, (d) trans-p-mentha-2,8-dienol, (e) ascorbic acid, and

(f) stigmasterol.

The blood-brain barrier (BBB) and GI absorption are the
main factors in the drug development process. The quantity
absorbed by the intestinal system of the drug candidates is one
of the major factors in oral bioavailability. Investigating the
intestinal absorption of drug candidates is crucial to oral
bioavailability. P-Glycoprotein (PGsP) is an ABC transporter
and an ATP Binding Cassette family (ABC) member.
Functioning as a biological barrier, it removes toxins and
xenobiotics from cells and plays an important role in drug
absorption and extraction. Overexpression of ABC transporters
leads to multidrug resistance (MDR), a crucial factor in the
failure of many disease treatments.

The BOILED-egg method predicts GI absorption and BBB
penetration of the compounds. This model uses two
physicochemical parameters: lipophilicity (WLOGP) and
polarity (TPSA). In the Figure. 4, the yellow regions of the
BOILED-egg model mean the compound has good permeation
and absorption ability in both BBB and GL*’ If the drug
candidate is in the white region of the model, it has good GI
absorption but not good BBB penetration. The dots (blue and
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red) show predictions that the compound can be effluxed and
cannot be effluxed from the CNS by PGP, respectively.

We can conclude from the red dots position in our
compounds BOILED-Egg models safranal, tigogenin, and
trans-p-mentha-2,8-dienol show positive BBB penetration, GI
absorption property is positive, and the PGP effect on the
molecule is negative. S-FU and ascorbic acid show BBB
penetration, PGP effects are negative, and GI absorption
properties are positive. However, stigmasterol shows negative
BBB, GI absorption, and PGP effects.

3.5. Toxicity Potential of Selected Compounds. We
further screened the PSS-derived compounds based on their
toxicity potential using Data Warrior. Data Warrior is an open
and interactive software for data analysis that incorporates
well-established and novel chemoinformatics algorithms in a
single environment.’® All of the selected P3S active
compounds had no toxicity, except safranal, which showed
irritant behavior (Table 6).

3.6. PaccMann Analysis for the Anticancer Sensitivity
Prediction. PaccMann web service (https://ibm.biz/
paccmann-aas), is an open-access, web-based platform. This
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Table 6. Toxicity Potential of the Selected Panch Phoron-
Derived Compounds Obtained from Data Warrior

toxicity risks

reproductive

compounds name tumorigenesis irritant effect mutagenic
S-FU high high high high
safranal none high none none
tigogenin none none none none
trans-p-mentha-2,8- none none none none

dienol
ascorbic acid none none none none
stigmasterol none none none none

is a multimodal deep learning model for drug sensitivity
prediction that integrates three key pillars of information: first
the structure of the compounds as SMILES sequence, second
gene expression profiles (GEP) of tumors, and last prior
knowledge on intracellular interactions from protein—protein
interaction networks to predict drug sensitivity as measured by
ICs, (half maximal inhibitory concentration) on drug-cell-
pairs. So with the help of the PaccMann model, we found that
stigmasterol and tigogenin show the lowest IC-50 against
cancers (Supplementary Data 2).

Stigmasterol and Tigogenin exhibited the lowest ICs, values
NCIH3255 (—0.643 and 1.297, respectively); ascorbic acid
and trans-p-mentha-2,8-dienol showed the lowest ICy, in
SW1573 (1.802 and 1.298, respectively), while Safranal
showed the lowest ICy, in LC1F (2.67). Interestingly the
origin of all these three cell lines is lung cancer.

3.7. DFT (Density Functional Theory Analysis): To
Check the Chemical Stability of Ligands. Density
functional theory (DFT) analysis revealed the stability of all
of the molecules. The values revealed that tigogenin had the
highest chemical electronic energy (—1828.54 Hartree)
compared with stigmasterol (—1567.43 Hartree). This
approach is based on the capability of a ligand to transport
electrons and its chemical stability. Whenever the ligands are
bound to the protein, there is a difference between their
highest occupied molecular orbitals (HOMO) and lowest
unoccupied molecular orbitals (LUMO) (Figure ).

3.8. Molecular Dynamics Simulation (Complex Stabil-
ity Study). The top two ligands were used to study the

interactions between the protein—ligand complexes. The most
stable protein—ligand complexes obtained from molecular
docking were further subjected to molecular dynamics
simulations to gain a detailed insight into the structural
stability and internal movements of the protein—ligand
complex over a time scale of 100 ns (Figure 6).

To gain a comprehensive understanding of the complex’s
stability, the MDS was done. This method is required to gain
insight into the correlation between macromolecule structures
and function.”® RMSD denotes the frequency with which
deviations are observed during the simulation’s evolution.
Additionally, the RMSD value indicates the protein’s stability;
a lower RMSD value corresponds to higher consistency.”’ The
stability of stigmasterol and tigogenin with DNMT1 complexes
was assessed through the trajectory analysis obtained through
protein—ligand complex RMSD, protein backbone (bb),
ligand, and radius of gyration (R,), and RMSF analysis over
a time frame of 100 ns (100,000 ps).

In this study, MDS analysis showed a satisfactory stability
profile. With a maximum deviation of 1-2.3 A (0—100 ns),
ATGS had the highest RMS deviation from zero in the ATGS/
stigmasterol complex simulation. Subsequently, in the first
phase, a 1 A variation was noted between 1 and 2 A at a time
interval of 0—30 ns. An RMS divergence of 1.5 to 2.25 A was
noted after 30 ns from 30—100 ns time. From 0 to 100 ns, the
complex showed stability with deviations of 1—2 A, whereas
small globular proteins could tolerate variations of up to 3 A.**
The root-mean-square deviation (RMSD) of the ligand
remained steady within the range of 0 to 22 ns, with a
deviation ranging from 1.7 to 2.3 A. The most notable
deviations occurred during the first phase, from 22 to 39 ns,
with the largest deviation recorded between 2.3 and 4.9 A.
Following that, we had seen a decrease in the ligand’s RMS
deviation and its stability between 1.19 and 2.4 A with notable
variances. The protein—ligand complex was shown to be stable
with minor variations after simulation (Figure 6(i)A).>>>* The
majority of the interacting amino acid RMS variations were
observed in the C- and N-termini of the protein (Figure 6
(i)B). The complex interaction fractions revealed that, over
100 ns, less than 10% of the residues Val’, Val'}, Ile?®, Pro**,
Met**, Trp™3 Leu®, and Leu®® were involved in hydro-
phobic interactions. On the other hand, Phe'?, Argls, and Arg41

HUMO

LUMO

Tigogenin

Stigmasterol

Figure 5. DFT evaluation: Both stigmasterol and tigogenin ligands have different charge distributions in their HOMO and LUMO models. The red
color represents negative electron density, whereas the green color represents positive electron density.
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Figure 6. (i) (A) RMSD profile of the ATGS/stigmasterol complex. (B) RMSF profile of ATGS of the stigmasterol complex. (C) Protein—ligand
interaction of the ATGS/stigmasterol complex. (D) Ligand-protein contact profile of ATGS of the stigmasterol complex. (ii) (A) RMSD profile of
the ATGS/tigogenin complex. (B) RMSF profile of the ATGS/tigogenin complex. (C) Protein—ligand interaction of the ATGS/tigogenin
complex. (D) Ligand-protein contact profile of ATGS the tigogenin complex.

were implicated in S—70% of water bridges throughout the 100 simulations, it was shown that A: Arg'® and A: Arg"' were
ns time period. Additionally, Arg* participated in hydrogen implicated in hydrophobic interactions via water molecules at
bonding for 10% of the time in the interaction fractions the protein—ligand interface. However, no hydrogen bonds

(Figure 6(1)C). However, at 33 and 43% points of the 100 ns were observed (Figure 6(i)D).
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With a maximum deviation of 1—2 A at the early stage (0—
18 ns), ATGS showed the highest RMS deviation from zero in
the ATGS/tigogenin complex simulation. Subsequently, a 1 A
variation was noted between 1 and 2 A. In contrast, the root-
mean-square deviation (RMSD) of the ligand remained steady
from A to 0—45 ns, with the greatest variation occurring from
1—14 A during the first phase, which lasted from 45 to 58 ns.
Following that, we have seen a decrease in the ligand’s RMS
deviation and its stability between 2.9 and 4.4 A with very
minor fluctuations. The protein—ligand complex was stable
with minor variations after the simulation (Figure 6(ii)A). The
majority of the interacting amino acid RMS variations were
observed in the C- and N-termini of the protein (Figure
6(ii)B). The complex interaction fractions revealed that during
a 100 ns MD simulation, Asp*, Asp'®, Arg', Tle', Te*®, Trp>%,
and Leu™® were residues engaged in hydrophobic interactions
in less than 10% of the contacts. On the other hand, it was
found that water bridges engaged Val’, Val'!, Phe'?, Gly",
Argh, Pro, 1e**, Pro**, Glu**®, and Thr** for 5—55%
contact within 100 ns. Moreover, Pro?*® and Glu®*®
participated in hydrogen bonding between 5% and 10% of
the time in the interaction fractions (Figure 6(ii)C).
Nevertheless, it was found that there were no hydrophobic
or hydrogen bonding interactions in the protein—ligand
interactions (Figure 6(ii)D).

Our results demonstrated that in all PSS, stigmasterol and
tigogenin showed good binding energies with both molecular
targets as well as the best bioactivity score. Our findings also
verified that stigmasterol and tigogenin followed most of the
parameters of drug discovery and showed the best potency
among the selected compounds.

4. DISCUSSION

Many spices are employed as flavoring agents due to their
bioactive compounds, which exhibit potent anti-inflammatory,
antioxidant, and anticancer activities.'”** Natural compounds
derived from spices have demonstrated promising potential as
autophagy modulators, particularly in the context of cancer
prevention and treatment.”> Compounds such as curcumin,
stigmasterol, diosgenin, and quercetin have been shown to
influence autophagic pathways, including JAK/STAT, Ras-Raf
signaling pathways, Beclin-1 interactome, and PI3K/Akt/
mTOR signaling pathway.**~>’

Recent research has increasingly focused on identifying
phytochemicals from spices that can modulate the autophagy
pathway with fewer side effects compared to synthetic
compounds.”® Although specific data on autophagy modu-
lation by spice-derived compounds is limited, the growing
interest in this area is evident, as researchers investigate their
potential to regulate autophagy in cancer cells, which may offer
new therapeutic avenues.’® Therefore, further studies on the
tumor-suppressive functions of autophagy are required as
modulating this process may enhance cancer treatment
strategies. Inhibiting autophagy, which often protects tumor
cells, could activate apoptosis and sensitize these cells to
therapy, making autophagic cell death a viable therapeutic
target.”

Thus, we used molecular docking interactions to investigate
the effects of PSS-derived active compounds on autophagic
and apoptotic markers (ATGS, LC3, and CASPASE-3). We
simulated the molecular docking of 224 P5S-derived
compounds with autophagic and apoptotic proteins. The
lowest energy of the best cluster is considered. One of the best
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interactions was selected from each PSS containing all target
molecules. Compounds with the lowest binding energies and
inhibition constants with selected markers, along with
hydrogen bonds and interacting amino acids, are presented
in Table 1. Stigmasterol and tigogenin show the best
interaction with ATGS —8.63 and —8.26 kcal/mol binding
energy and 0.47056 and 0.87837 uM inhibition constant,
respectively. Autophagy depends on ATGS during phagophore
production, and ATGI2—ATGS binds ATG16L1 through
ATGS. ATG16L1 dimerizes and associates with phagophores,
thereby expanding the membrane.” Knocking down or
knocking out ATGS can result in downregulation or total
inhibition of autophagy, suggesting that ATGS plays a central
role in autophagy.’ LC3 also plays an important role in
autophagosome formation in autophagy,”’ and stigmasterol
and tigogenin showed the best interaction among all the
compounds with LC3 with —8.35 and —7.90 kcal/mol binding
energy and inhibition constants of 0.75183 and 1.62 uM
inhibition constant, respectively. Furthermore, we checked the
interaction between CASPASE-3 and the selected compounds
and found that stigmasterol and tigogenin showed the best
interaction (Table 2). We also compared molecular docking
results with new calculations carried out with CBDock and
DockThor servers and found the same results as Autodock
(Supplementary Tables 1 and 2). Therefore, it is possible that
stigmasterol and tigogenin modulate the role of ATGS, which
in turn may help in the modulation of autophagy.

Drug discovery is a lengthy and resource-intensive process,
and undesirable pharmacokinetic properties and toxicity
remain hurdles in this process. Therefore, it is important to
design lead compounds with good pharmacokinetics and
bioavailability to avoid late-stage attrition.”” Molecular
descriptors and drug-likeliness properties of the selected
compounds were analyzed using Molinspiration Cheminfor-
matics software based on Lipinski Rules of Five.”” The Lipinski
Rules of Five are called the “Rule of Five” because the border
values are S, 500, 2 X S, and 5.*” Molecules that violate more
than one of these rules may cause bioavailability problems.
Therefore, in our study, no compound showed more than one
violation. This indicated that all of the selected compounds
showed good physicochemical properties (Table 3). We also
calculated % of absorption through TPSA and we found all of
the compounds showed good absorption. TPSA is a crucial
parameter in drug design and pharmacokinetics, as it influences
the ability of a compound to permeate biological membranes.
Compounds with a TPSA of less than 140 A are generally
considered to have favorable absorption characteristics.”* All
the selected compounds showed less than 140 A TPSA.
Safranal, trans-p-mentha-2,8-dienol, and stigmasterol have
shown more than 100% absorption. The calculated TPSA
can indicate the potential for enhanced permeability, which
may lead to absorption values that exceed 100% under certain
conditions, particularly when considering the compound’s
formulation and delivery method.*®

Bioactivity scores were also checked using Molinspiration
Cheminformatics for different targets, such as G-protein
coupled receptor (GPCR) ligands, ion channel modulators,
kinase inhibitors, nuclear receptor ligands, protease inhibitors,
and enzyme inhibitors.”® Stigmasterol and tigogenin showed
excellent GPCR ligand affinity. GPCR plays a significant role in
regulating autophagy. GPCRs can modulate the expression of
autophagy-related genes, such as Beclin 2, which is involved in
the formation of autophagosomes.”® GPCRs play a dual role in
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autophagy regulation. They not only activate autophagic
pathways but also mediate the degradation of autophagy-
related proteins. This complexity highlights the importance of
GPCR signaling in cellular homeostasis and suggests their
potential as therapeutic targets in diseases involving autophagy
dysregulation.”” This suggests that stigmasterol and tigogenin
can influence autophagy through GPCRs.

Our results indicated that stigmasterol has better GPCR
ligand modulation properties (nuclear receptor ligand >
enzyme inhibitor> GPCR ligand > protease inhibitor > ion
channel modulator > kinase inhibitor). Tigogenin also exhibits
good GPCR ligand modulation properties (enzyme inhibitor >
nuclear receptor ligand > ion channel modulator > GPCR
ligand > kinase inhibitor) (Table 4).

Except for stigmasterol and tigogenin, all compounds were
considered inactive GPCR ligands with bioactivity scores less
than —0.50. 5-FU was predicted to be inactive against all
targets (GPCR ligands, ion channel modulators, kinase
inhibitors, nuclear receptor ligands, protease inhibitors, and
enzyme inhibitor targets) and showed a —0.50 bioactive score.
Our findings showed that among the selected compounds,
stigmasterol and tigogenin had good bioactivity scores.
Bioactivity scoring enables rapid virtual screening of
compound libraries to select the most promising candidates
for experimental testing, saving time and resources. However,
these predictions should be validated through experimental
assays to confirm the actual biological activity against
GPCRs.°** The identification of stigmasterol and tigogenin
as potential active compounds demonstrates how this approach
can reveal unexpected leads for further development.

Furthermore, ADMET properties were predicted using the
pre-ADMET web server (Table 5). Human intestinal
absorption (HIA) of a drug is very important for identifying
potential drug candidates. All of the selected compounds
showed good absorption in the human intestine, except for
ascorbic acid. For blood-brain barrier (BBB) penetration, we
checked whether selected compounds can cross the BBB,
which is crucial in the pharmaceutical sphere because CNS-
active compounds are the only substances that must cross the
barrier. This was performed to avoid CNS side effects in the
brain. In this study, tigogenin, trans-p-mentha-2,8-dienol, and
safranal were highly absorbed in the CNS. Tigogenin, trans-p-
mentha-2,8-dienol, and stigmasterol strongly bind to plasma
proteins and exhibit more than 90 values. Caco-2 cells are
derived from human colon adenocarcinomas and possess
multiple drug transport pathways through the intestinal
epithelium. All compounds, except ascorbic acid, showed
moderate Caco-2 cell permeability.”®

Gastrointestinal absorption and brain access are two
pharmacokinetic behaviors that are crucial to estimating at
various stages of the drug discovery processes. We also checked
these properties of selected compounds using the BOILED-
Egg model. The Brain Or Intestinal EstimateD permeation
method (BOILED-Egg) is proposed as an accurate predictive
model that works by computing the lipophilicity and polarity
of small molecules. Therefore, in this model, safranal,
tigogenin, and trans-p-mentha-2,8-dienol also show positive
BBB penetration and GI absorption properties, and the PGP
effect on the molecule is negative. Next, we checked the
anticancer sensitivity of selected compounds through Pacc-
Mann Analysis and found that stigmasterol and tigogenin
predict the lowest IC-50 among all. In this in silico predictive
screening, we observed that all of the top compounds
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demonstrated the lowest ICSO values against several lung
cancer cell lines (NCI-H3255, SW1573, and LC1F) when
compared to a diverse panel of 2020 cell lines representing
various cancer types. This extensive in silico screening not only
highlights the promising anticancer properties of the identified
compounds but also suggests potential pathways for further
investigation and development in targeted therapies for lung
cancer. Future studies will be essential to validate these in silico
predictions through in vitro and in vivo experiments to confirm
their therapeutic potential.

In this study, we also performed Density Functional Theory
(DFT). DFT plays a crucial role in the design and
development of new drugs, particularly in understanding the
electronic properties of compounds and their interactions with
their biological targets. DFT provides insights into the
molecular structure, reactivity, and binding affinities of
potential drug candidates, which are essential for optimizing
their therapeutic efficacy.”’ One of the primary applications of
DFT in drug design is the evaluation of the electronic
properties of the compounds. Furthermore, DFT calculations
can help elucidate the molecular orbitals and electronic
transitions of these compounds, providing a deeper under-
standing of their mechanisms of action at the molecular level.””
In our study, we found that tigogenin had the highest chemical
electronic energy (—1828.54 Hartree) compared to stigmaster-
ol (—1567.43 Hartree). The highest chemical electronic energy
in DFT modeling represents the energy of the HOMO, which
is fundamental in determining the electronic properties,
reactivity, and potential interactions of a compound. That
means tigogenin more readily donates electrons compared to
stigmasterol. So maybe tigogenin is significant in various
chemical processes, including oxidation—reduction reactions
and coordination with metal centers in catalysis.

To further investigate the dynamic mobility and structural
stability of the autophagic marker ATGS, ATGS/stigmasterol
and ATGS/tigogenin complexes were examined over 100 ns.
Using molecular dynamics (MD) simulations, we compared
and examined the atomic-level interactions between ATGS/
stigmasterol and ATGS/tigogenin as well as variations in their
binding mechanisms. A molecular dynamics (MD) study
showed that there were minor but important differences
between the two complexes. The fraction of interaction plots
shows the important relationships and contributions during a
100 ns molecular simulation. Further experimental studies are
required to prove the strong affinity of these protein—ligand
complexes.

5. CONCLUSIONS

In summary, phytochemicals have been of great interest to
researchers in identifying potential anticancer drugs through in
silico approaches. Our findings suggest that stigmasterol and
tigogenin have better binding potential with ATGS, LC3, and
CASPASE-3. These compounds may emerge as potential
multitarget drugs against autophagy. They also have favorable
drug-likeness ability and good ADMET properties and are
suitable for human consumption. The expected outcomes of
this study will help in increasing the repertoire of anticancer
drugs with better potency so that the problem created by the
emergence of resistance to standard anticancer drugs can be
reduced. Some studies show that stigmasterol has the potential
to modulate autophagy, but the complete mechanism of action
is still unexplored, while tigogenin is still unexplored with
respect to autophagy modulation. Further studies on these two
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compounds via in vitro and in vivo experiments are required.
Thus, the active compounds identified in this study show
promise as alternative treatments for cancer patients. This
study may also provide a new paradigm for treating cancer by
using agents that are part of an individual’s regular diet.
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