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Abstract

Breast cancer remains one of the most challenging and widespread cancers among women globally that warrants further
investigations for novel agents to minimize side effects and disease recurrence. In this study, a soil bacterium was iso-
lated and 16S rRNA nucleotide sequence homology and resultant phylogenetic tree analysis confirmed Bacillus subtills
(CP020102.1). The crude extract of bacterial strain showed cytotoxicity (cell viability 63.1%) against human breast cancer
cell line MCF-7 through MTT assay followed by further analysis through preparative HPLC showing 29 active fractions.
Among all fractions, fraction 16 demonstrated cytotoxic potential as low as 54.03%. The spectral data of LC-MS, NMR
and FTIR identified the bioactive compound as isatin based bacterial metabolite (Z)-N’-(1-hexyl-2-oxoindolin-3-ylidene)-
4-methylbenzenesulfonohydrazide. This bioactive compound upon in silico docking analysis with HER2 showed a binding
energy of -8.8 kcal/mol. ADMET calculations determined the pharmacokinetic behavior of the compound revealing accept-
able distribution and absorption profiles. The drug-likeness of the compound was confirmed based on the Lipinski rule with
zero violations. Molecular dynamic simulation (MDS) was also performed for 100 ns and a stable RMSF plot was observed.
The results strongly propose that the identified compound has immense potential to be considered a drug candidate to develop
further against human breast cancer.
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Abbreviations 1 Introduction
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide Breast cancer remains the most prevalent type of cancer

HPLC  High Performance Liquid Chromatography among women worldwide (Akbari et al. 2011; Houghton
LC-MS Liquid Chromatography-Mass Spectrometry and Hankinson 2021), with its occurrence in 157 out of 185
FTIR Fourier Transform Infrared Spectroscopy countries (Arnold et al. 2022). The World Health Organiza-
NMR Nuclear Magnetic Resonance Spectroscopy tion has reported 2.3 million new cases and 0.67 million
HER2  Human Epidermal Growth Factor Receptor 2 mortalities globally in 2022, with almost half of all cases
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occurring in women associated with no specific risk fac-
tors except gender and age. Breast cancer is considered a
pressing health concern as it is the leading cause of death
from cancer in women (Trayes and Cokenakes 2021; Zhang
et al. 2024).

Numerous receptors are associated with the devel-
opment of breast cancer. In about 30% of breast cancer
tumors, Human epidermal growth factor receptor 2 (HER?2)
is overexpressed and is responsible for the aggressiveness
of tumors resulting in lower survival chances (Mitri et al.
2012; Schettini et al. 2020). The most common mode of
treatment for breast cancer is chemotherapy, which has the
potential to cause both acute and chronic side effects, from
short-term discomfort to long-term issues that may emerge
years after the treatment is received (Partridge and Winer
2004; Faruk 2021). These undesired side-effects and toxic-
ity caused to normal cells by conventional treatment options
like radiotherapy, chemotherapy, targeted immunotherapy
or even surgery, can be avoided by the use of natural com-
pounds from natural sources that offer broad-spectrum ben-
efits with minimal to no side effects (Caicedo et al. 2012;
Franzoi et al. 2021).

It is reported that about 13,000 natural compounds,
each possessing different therapeutic and pharmacological
characteristics, have been isolated from bacterial sources
(Mohan et al. 2022). The vast diversity of bioactive sec-
ondary metabolites produced by bacteria has been known
and valued for over a century (Tyc et al. 2017). Many of
these metabolites have been reported as anti-cancer agents
against different types of human cancers (Kennedy et al.
2015; Ali et al. 2016; Osama et al. 2022). Some of the
prominent bacterial derived anti-cancer compounds cur-
rently in clinical use are Bleomycin (Chen et al. 2020;
Shaikh et al. 2023), Dactinomycin (Kyrgiou et al. 2006;
Liu et al. 2019), Doxorubicin (Thorn et al. 2011; Zhang
et al. 2021), Carfilzomib (Gay et al. 2021; Burke et al.
2022). Among such compounds Ixabepilone, a bacterial
metabolite (Mohan et al. 2022), is being used in the treat-
ment of breast cancer (Cristofanilli 2012; Li et al. 2017,
Azizah et al. 2024).

Numerous effective anticancer agents, e.g. sunitinib and
semaxanib, consist of an isatin scaffold, signifying that isatin
is an active moiety for developing novel anticancer agents
(Alanazi et al. 2023). Many secondary metabolites that con-
tain isatin moiety are obtained from bacterial sources (Wu
et al. 2015; Ayuningrum et al. 2019; Triningsih et al. 2023).

The genus Bacillus produces secondary metabolites with
antiviral (Abdel-Nasser et al. 2024; Salazar et al. 2023), anti-
biotic (Tran et al. 2022; Caulier et al. 2019), anti-cancer
(Aimaier et al. 2023; Shao et al. 2021) potential. Bacillus
subtills is commonly found in soil and has been known to
produce bioactive compounds of various chemical nature,
having linear or cyclic branching structures, which are
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particularly significant for their anti-tumor potential (Kas-
par et al. 2019; Dan et al. 2021). Different bioactive com-
pounds have been sourced from Bacillus subtills that showed
cytotoxicity towards breast cancer cells and were subjected
to molecular docking analysis with HER?2 protein of breast
cancer, demonstrating significant binding energies (Kumari
and Ram 2021).

This study aimed to identify the anticancer potential and
structure of bioactive secondary metabolites extracted and
purified from the culture medium of Bacillus subtills by
in vitro and in silico computational analysis.

2 Materials and methods
2.1 Sample collection and isolation of bacteria

A total of 30 soil samples were collected from various loca-
tions in Lahore, Pakistan, focusing on the upper soil layer
where bacterial colonies are most abundant (Mishra 2013).
Roughly 10 g of soil from each site was collected with the
help of a sterile spatula and containers. Soil suspensions
were prepared by mixing 1 g of each soil sample 10 mL
of distilled water. Furthermore, by employing tenfold serial
dilution, 1 mL of the suspension was diluted in 9 ml of dis-
tilled water stepwise up to 107°. (Kannan et al. 2018). The
medium used in this research was nutrient agar (5.0 g/L
peptone, 5.0 g/L NaCl, 1.5 g/L beef extract, 1.5 g/L yeast
extract, 15 g/L agar) (Abdulkadir and Waliyu 2012). Ini-
tially, the spread plate method was employed in which 100
UL from each dilution was spread onto nutrient agar plates
with the help of a sterile glass spreader. Plates were incu-
bated at 37 °C until bacterial colonies appeared. Pure bacte-
rial cultures were obtained by the streak plate method and
incubated at 37 °C (Uddin and Chowdhury 2022).

2.2 Inoculum development and production
of secondary metabolites

The inoculum was prepared according to the protocol
described by (Thomas et al. 2011). Single and distinct
colony from each bacterial pure culture was inoculated
into 5 mL of Nutrient Broth (5.0 g/L peptone, 5.0 g/L
NaCl, 1.5 g/L beef extract,1.5 g/L yeast extract) having pH
7.0 £0.2 and incubated in shaking incubator at 120 rpm
and 37 °C for 24 h. Upon reaching adequate turbidity,
indicating bacterial growth, the inocula were scaled up
by transferring them into 20 mL of fresh medium. This
production medium was incubated under identical condi-
tions as previously described for 96 h. After it reached its
maximal growth (ODg: 2.5) (Numan et al. 2022), differ-
ential centrifugation was employed in which the culture
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broth was centrifuged for 15 min at 3000 rpm (1,006 xg)
using a low-speed bench top centrifuge with the rotor
radius of 10 cm at room temperature (~25 °C) to obtain
clear supernatant.

2.3 Extraction of secondary metabolites

The extraction of metabolites was carried out by the liq-
uid-liquid extraction method, as described by (Burianek
and Yousef 2000). In this method, equal amounts of super-
natant and a freshly prepared mixture of chloroform—meth-
anol (2:1 v/v) were vortexed in a sterile Eppendorf and
centrifuged at 16,100 g for 5 min at 4 °C to separate
the phases. The separated polar phase (upper layer) was
transferred to a new sterile falcon without disturbing the
rest of the content. The extracts were concentrated using
rotary vacuum evaporator under reduced pressure. In the
next step, the concentrated extracts were dried at 60 °C
in a hot air oven. The final dried crude extract was stored
at —20 °C until further use.

2.4 Primary screening for cytotoxic activity

The cytotoxic potential of the bacterial extracts was evalu-
ated using the MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide) assay (Mosmann 1983)
against the MCF-7 human breast cancer cell line. Cells
were seeded at a density of 1x 10% cells per well in a flat
bottom 96-wellplate, with the cell culture media consisting
of 88% Dulbecco’s Modified Eagle’s Medium (DMEM),
10% Fetal Bovine Serum (FBS), and 2% Penicillin—Strep-
tomycin (Penstrep) per 100 mL of total medium. The cells
were incubated at 37 °C in a humidified 5% CO, incubator
for 24 h. After the incubation period, the culture medium
was replaced, and cancer cells were treated with 20 pL
bacterial extracts (100 pg/ml dissolved in DMSO) for an
additional 24 h at 37 °C. Following treatment, 10 pL of
MTT solution (5 mg/mL) was added to each well, and the
plate was incubated for another 4 h at 37 °C. After incuba-
tion, the medium was carefully removed, and the resulting
formazan crystals were solubilized in 50 pL of DMSO
per well. Absorbance was measured at 570 nm using an
ELISA plate reader to determine cytotoxicity (Akbarizare
et al. 2020). The results were expressed as a percentage of
viable cells compared to controls. Cell viability was cal-
culated using the following formula (Sebola et al. 2020).

(E.—B.)
(C.—B,)

% Cell viability = x 100,

where E, is the absorbance of the extract, B, is the absorb-
ance of the blank, and C, is the absorbance of the control.

2.5 HPLC fractionation

Crude extracts exhibiting the highest anticancer activities
were subjected to preparative High-Performance Liquid
Chromatography (HPLC) for fractionation and were col-
lected based on their retention times (RT) (Rajivgandhi
et al. 2018). The analysis was performed with Agilent
Technologies 1260 Infinity II HPLC system equipped with
a Diode Array Detector (DAD). A C-8 column (5 um,
250 mm X4 mm) was used with methanol as the mobile
phase. The injection volume was set to 20.0 uL, with a flow
rate of 1.0 mL/min. The column temperature was maintained
at 40 °C, and detection was carried out at a wavelength of
210 nm. All the fractions were collected in sterile falcons,
lyophilized, and stored at—20 °C until further use. The
retrieved purified fractions were further subjected to second-
ary screening (30 pg/mL) for their cytotoxic effect against
MCF-7 cell lines.

2.6 Spectral studies and structure elucidation

"HNMR (nuclear magnetic resonance) spectra of bioactive
secondary metabolite was recorded at 300 MHz and '°C
NMR at 75 MHz on (Bruker Model: Avance-II) spectropho-
tometer. All chemical shifts are expressed in ppm. CDClswas
used as the solvent for NMR spectroscopy (Raghava Rao
et al. 2017).

Fourier transform infrared (FTIR) spectrum of bioactive
secondary metabolite was obtained using an FTIR spectrom-
eter (model NICOLET 6700; Thermo-scientific). The spec-
tra covered the infrared region 4000-500 cm™".

LC-MS analysis was performed using Agilent 6300 ion
trap LC/MS systems. Chromatographic separation was
achieved with an isocratic mode with acetonitrile (ACN)
as the mobile phase at a flow rate of 0.5 mL/min. MS detec-
tion was carried out using electrospray ionization (ESI).
The mass scanning range was up to 1000 m/z and mass
detection was performed in the negative ion mode. Chem-
station software was used for data processing. Thin-layer
chromatography (TLC) was performed using Merck silica
gel 60F254 pre-coated aluminum plates with n-hexane
ethyl acetate (4:6) as the mobile phase. UV-active com-
pounds were visualized under UV light at 254 and 365 nm,
while different staining agents were applied for UV-inac-
tive compounds.

2.7 Molecular characterization

The bacterial isolate was identified through 16S rDNA
sequencing by using universal primer pairs (Ashfaq et al.
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2021). Sequencing primers 785F (5’-GGA TTA GAT ACC
CTG GTA-3’) and 907R (5’-CCG TCA ATT CMT TTR
AGT TT-3") were used for the sequencing process. PCR
amplification was performed using primers 27F (5°-AGA
GTT TGA TCM TGG CTC AG-3’) and 1492R (5’-TAC
GGY TAC CTT GTT ACG ACT T-3’). The phylogenetic
relationship of the isolate was determined based on sequence
homology using the Neighbor-Joining method (White et al.
1990; Bellemain et al. 2010).

2.8 Insilico studies

Various in silico studies, including 3D structure develop-
ment, prediction of pharmacokinetics and drug likeness,
molecular docking and molecular dynamic simulation stud-
ies were performed for the validation of selected bioactive
metabolite and its interactional behavior towards breast can-
cer receptors.

2.8.1 Structure determination of bioactive metabolite

The general molecular and formula based parent struc-
ture of the selected compound determined through NMR
was further used to generate its canonical SMILES by
using the online tool Cheminfo (https://www.cheminfo.
org/flavor/malaria/Utilities/SMILESgeneratorchecker/
index.html).

The generated SMILES was further used to draw the 2D
structure in SDF file format through Chemdraw, an online
chemistry server (https://revvitysignals.com/products/resea
rch/chemdraw) (Cousins 2011).

0.3D representation in the ball and stick model was deter-
mined by the Pymol (http://www.pymol.org/pymol) software
and saved in PDB file format (Schrodinger and DeLano
2020). This PDB file format of the compound was used as
ligand compound for further studies.

2.8.2 Prediction of pharmacokinetics and druglike
properties

Druglike properties of the selected compound were pre-
dicted by an online tool SWISSADME (http://www.swiss
adme.ch/) (Daina et al. 2017).

2.8.3 Selection and retrieval of oncogenic receptor
proteins

Different breast cancer receptor proteins such as Estrogen
Receptor Alpha (ERa), Human Epidermal Growth Factor
Receptor 2 (HER2), Progesterone Receptor (PR), VEGFR2
(Vascular Endothelial Growth Factor) and Polo-like Kinase
(PLK1) were selected based on their potential role in disease
and occurrence of progression (Gam 2012).
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3 dimensional crystallized structures of the all-men-
tioned proteins were downloaded from RCSB PDB data-
base (https://www.rcsb.org/), having unique PDB ID
(ERa—1ERE, HER2-3PPO, PR-1A28, VEGFR2-2VPF,
PLK1-3D5U) (Burley et al. 2021). All these receptor pro-
teins were used as target proteins against above mentioned
bioactive metabolite.

2.8.4 Preparation of target proteins and ligand compound

Discovery Studio tool (https://discover.3ds.com/disco
very-studio-visualizer-download) was used to prepare tar-
get proteins by removing all the attached water molecules,
ligands, metals and ions by San-Diego (2021). PyMol
viewer software was employed to view and save prepared
targets in PDB file formats. Ligand (bioactive metabolite)
was also saved in the same PDB file format and was used
for molecular docking analysis with target proteins.

2.8.5 Molecular docking analysis

All the PDB files of target proteins were converted to PDBQT
files to run docking by Autodock Vina software of MGL tools
version 1.5.7 (Trott and Olson 2010). Hydrogen molecules
and kollmann charges were added for the energy refinement
and these refined PDB structures were converted to PDBQT
files by Vina software. The ligand (bioactive compound) was
also prepared by adding torsion angles and the torsion root was
adjusted. Various commands were made from the command
prompt to run the docking experiments for each target. The grid
dimension was adjusted at 1.000 A spacing and numbers of
points of all three dimensions were set as 100. The grid values
for X, Y, and Z coordinates were 21.407, 31.289 and 14.676,
respectively. PyYMOL viewer software and Discovery Studio
tool https://discover.3ds.com/discovery-studio-visualizer-downl
oad) were used to analyze the docking results. Top receptors
protein was selected and used for simulation studies, selection
was made on binding energy and residual interactions.

2.8.6 Molecular dynamic simulation analysis

The best docked complex (HER2) was evaluated further
by molecular dynamic simulation studies to check the
interactional behavior of the docked complex in physi-
ological conditions (Huang et al. 2023). Desmond Soft-
ware, LLC v3.6 module, version 2019, was used to per-
form MD simulation analysis, which was carried out for
100 ns. Wizard in Maestro tool was employed for the
preparation of target proteins constant temperature of
300 k and 1 atm pressure with OPLS-2005 all atoms force
field.0.12 M NaCl ions were added to maintain the ionic
concentration at neutral charges. Following a successful
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100 ns simulation, the results were analyzed, and the
two most common metrics, root mean square deviation
(RMSD), root mean square fluctuations (RMSF), were
used to evaluate the stability of protein-ligand docked
complexes (Ayan et al. 2017).

2.9 Statistical analysis
All the experiments were performed in triplicate. One-way
ANOVA was used to test the significant (p <0.05) differ-

ences between means of experimental values by using SPSS
program version 16.

3 Results and discussion
3.1 Bacterial isolates

Out of 30 soil samples, 200 bacterial isolates were obtained.
Soil samples proved very effective sources of bacteria that

[ Cytotoxic Metabolites
I Non-Cytotoxic Metabolites

24 hrs. culture

Fig. 1 A Distribution of cytotoxic and non-cytotoxic metabolites fol-
lowing primary screening against MCF-7 cells. B HPLC chromato-
gram of the crude cytotoxic extract 74 following primary screening.
The chromatogram shows 29 distinct peaks between 0 to 26 min at
210 nm. C Percentage cell viability (%) at 570 nm for each HPLC

Time (minutes)

have the potential to produce cytotoxic metabolites of a
diverse chemical nature (Tyc et al. 2017; Gislin et al. 2018).
Bacterial genera like Bacillus (Aimaier et al. 2023; Shao
et al. 2021; Shalini et al. 2024), Streptomyces (Hamed et al.
2024, Sethi et al. 2024; Nascimento Chaves et al. 2024), Sal-
monella (Aganja et al. 2022; Kalia et al. 2022), Escherichia
(McCoy et al. 2021; Nakkarach et al. 2021), Pseudomonas
(Sereena and Sebastian 2020; Subbiah et al. 2024), and
Clostridium (Yaghoubi et al. 2022; Liu et al. 2023) have
been reported to produce anticancer metabolites.

3.2 Extraction of secondary metabolites

The usage of a chloroform-containing solvent system for
the extraction of bacterial secondary metabolites is sup-
ported by various previous studies (Burianek and Yousef
2000; Anantha et al. 2016; Abdelaziz et al. 2022) in which
it was verified that the chloroform based organic solvent
system may improve the extraction of bacterial compounds
by many folds.
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fraction. Fraction 16 (green bar) exhibited a mean absorbance of 0.41,
corresponding to 54.03% viability. Data were analyzed by one-way
ANOVA (p<0.05). Asterisks (*) indicate statistically significant dif-
ferences from the control. D Breast cancer cells before and after 24-h
treatment with fraction 16
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3.3 Primary screening for cytotoxic activity

Out of 200 bacterial extracts, 80 were cytotoxic against
MCF-7 cells (Fig. 1A). Three extracts, 76, 27, and 74,
showed cell viability values of 64.8%, 63.7% and 63.1%,
respectively. It has been confirmed in recent studies that
bacterial metabolites exhibit cytotoxic properties against
different types of cancers (Laliani et al. 2020; Behzadi et al.
2021; Elmanama et al. 2020).

3.4 HPLC fractionation

The crude extract demonstrating the highest cytotoxic activ-
ity (extract 74) in primary screening, was subjected to frac-
tionation using preparative HPLC resulting in the identi-
fication of 29 distinct fractions, each corresponding to a
unique peak in the chromatogram obtained at 210 nm with
retention times ranging from 0.708 to 25.867 min (Fig. 1B).
Notably, Peak 6 (tR: 2.477 min) exhibited the highest per-
centage area (38.74%), suggesting it is the most abundant
component in the extract. Other significant peaks include
Peak 7 (tR: 2.683 min) and Peak 8 (tR: 3.104 min), with
percentage areas of 11.43% and 12.00%, respectively. These
fractions are expected to contain the bioactive compounds
that were responsible for cytotoxicity induction during pri-
mary screening. These fractions were further subjected to
secondary screening.

Previous research has shown that HPLC fractionation
is a well-established method for isolating bioactive com-
pounds from complex extracts of both bacteria and plants.
For instance, the crude extract of Bacillus sp. strain B29
produced 17 fractions (Sihem et al. 2011), and the extracts
of Glycyrrhiza glabra produced 20 fractions (Rahman et al.
2018). Chalasani et al. (2015) and Shalini et al. (2024) per-
formed RP-HPLC on Bacillus subtilis and Bacillus cereus
extracts, respectively, and obtained various peaks between
the retention time of 5 to 30 min.

3.5 Secondary screening for cytotoxic activity

Among all the fractions tested, fraction 16 (30 pg/ml in
DMSO) showed the lowest cell viability of 54.03%, indi-
cating it had the most significant cytotoxic effect (Fig. 1C).
This suggests that Fraction 16 contains potent bioactive
compounds that significantly reduce cell viability (Fig. 1D),
making it the most promising candidate for further inves-
tigation. The cytotoxic activity of a bioactive compound
increases when used in a purified form. For instance, in
another study, a bioactive metabolite extracted from culture
supernatant of B. vallismortis BIT-33 was purified by Jeong
et al. (2008), and the compound showed direct cytotoxic and
apoptotic effects on colon cancer cells.
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Other fractions, such as Fraction 25 (56.38% cell viabil-
ity) and Fraction 9 (65.89% cell viability), exhibited notable
cytotoxic effects but were less effective than Fraction 16.
The observed decrease in cell viability confirms that these
fractions have substantial cytotoxic potential and warrant
additional study to elucidate their active components and
predictions of their drug-likeness abilities.

3.6 Identification of isolate 74 using 16S rRNA
profile

Isolate 74 was selected and identified as Bacillus subtills
with 99% similarity and then deposited at GenBank with
accession number CP020102.1. Figure 2A shows the phy-
logenetic tree of Bacillus subtills CP020102.1

3.7 LCMS data of compound

The LC-MS analysis of the bioactive compound from Frac-
tion 16 and the protonated molecular ion peak [M + H]
*was observed at m/z 400.12 (Fig. 2B), indicating that the
compound’s molecular weight is 399.12 amu. Fragmenta-
tion peaks were also observed at m/z 365.8 and m/z 507.5,
likely representing the loss of smaller functional groups or
possible adducts with solvent molecules. The fragment at
m/z 365.8 corresponds to a neutral loss of approximately 34
amu, potentially from side-chain cleavage. The peak at m/z
507.5 may indicate the presence of adducts, possibly due to
interaction with matrix ions or solvent components.

The molecular weight of 399 Da excludes the possibil-
ity of metabolites being iturins, fengycins, and surfactins
known as Bacillus lipopeptides and have molecular weight
between 1,000-1,200 Da (Ongena and Jacques 2008). Also,
it is unlikely to be a part of the class II or III bacteriocins
because the latter include larger peptides and protein com-
plexes, many of which have molecular weights over several
thousand Da (Wang et al. 2024). Due to its lower molecular
weight and anticancer activity, this compound may contain
an aromatic ring, similar to other biologically active bac-
terial metabolites, including phenazines and polyketides,
which contain aromatic rings and are target specific and
bioavailable (Pereira et al. 2009; Laursen and Nielsen 2004).

3.8 FTIR spectroscopy analysis

The FTIR spectrum (Fig. 2C) of the bioactive compound
from Fraction 16 provides detailed insights into its molec-
ular structure. Signals at specific frequencies suggest the
presence of various functional groups: 3175 cm™! indi-
cates N-H stretching vibrations of secondary amides, and
2959 cm™ corresponds to Csp>—H stretching, which is char-
acteristic of aromatic rings. Peaks at 2935 and 2869 cm™!
indicate asymmetric and symmetric stretching vibrations,
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Fig.2 A Phylogenetic tree of Bacillus subtills CP020102.1. B LC—
MS Spectrum of Bioactive Compound from Fraction 16. C FTIR
spectrum of the bioactive compound from Fraction 16, highlight-

respectively, of a sp” hybridized methyl group. Weak absorp-
tions between 2000 and 1677 cm™! suggest overtone and
combination bands that help determine ring substitution pat-
terns. A strong absorption at 1667 cm™ is attributed to the
carbonyl stretching of an amide or cyclic amide. Additional
signals at 1614, 1601, and 1465 cm™' correspond to C=N
and C=C stretching and Csp>~H bending, with the peak at
1465 cm™! indicating the presence of a methylene group.
Absorptions at 1350 and 1164 cm™! indicate S=0O group
stretches, and bands at 1233 and 1033 cm™! suggest a phenyl
alkyl ether linkage. Signals at 714 em™!, 844 cm™, 713 cm™!,
and 655 cm™ provide further insights into CH, bending and
aromatic substitution patterns. The FTIR spectrum confirms
the presence of amide, aromatic ring, ether linkage, and ali-
phatic methylene functionalities in the bioactive compound
of Fraction 16.

Several anticancer Bacillus derived metabolites are
reported that are heterocyclic and contain sulfur and nitro-
gen (Zhang et al. 2022), for instance, Bacillamide A is pro-
duced by Bacillus sp. SY-1 (Jeong et al. 2003), Bacillamide
B and C are produced by Bacillus endophyticus (Socha et al.
2007) and Bacillamide F is produced by Bacillus atrophaeus
(Zhang et al. 2022). Furthermore, the presence of nitrogen
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ing key functional groups including amides, aromatic rings, methyl
groups, and sulfone linkages

and sulfur in a heterocyclic compound studied for multi-
target pharmacology, especially in cytotoxic applications,
may increase therapeutic efficiency in cancer (Carradori
et al. 2022; Drakontaeidi et al. 2024).

3.9 "HNMR analysis

In the 'H NMR spectrum of the bioactive compound from
Fraction 16 (Fig. 3A), the appearance of a signal in the
most de-shielded region at 12.60 ppm with the integration
of one proton gave the evidence that one hydrogen attached
with most de-shielded species such as aldehyde or amide
(-NH-C =0). The triplet with the integration of two protons
at 3.69 ppm due to the two neighboring protons and high
chemical shift indicated -CH, group is further attached with
heteroatom as (O-CH, or N-CH,). The singlet having inte-
gration of three protons at 2.43 ppm indicates the proton of
methyl with no neighboring proton attached with sp? hybrid-
ized carbon. The multiplet ranging from 1.70-1.63 ppm
with the integral of two protons indicates the presence of
neighboring protons of different environments in the sam-
ple as (NH-CH,-CH,-CH,). The multiplet in the aliphatic
region with the integral of six protons at 1.37-1.28 ppm

@ Springer
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Fig.3 A 'HNMR and '*C NMR spectrum of the bioactive compound from Fraction 16. B 3D structure representation of bioactive compound. C

2D Structure representation of compound with molecular symbol

gave evidence of the presence of a long aliphatic chain as
(CH,-CH,-CH,-CH,-CH,). The signals of eight aromatic
protons appeared in the range of 7.92 to 6.84 ppm indicat-
ing the presence of two substituted benzene rings.

3.10 '*C NMR analysis

The '3C NMR of the bioactive compound from Fraction
16 demonstrated the most de-shielded signal at 161.0 indi-
cating the presence of any carbonyl. The appearance of a
signal at 135.5 ppm for carbon indicates the imine linkage
(C=N), it may also indicate the formation of imine link-
age. The signal appeared at 39.7 ppm indicating the car-
bon directly attached to heteroatom i.e., N, O, S etc. The
signals at 31.3, 27.4, 26.5, 22.4, 21.6 ppm and 14.0 ppm

@ Springer

showed the presence of long aliphatic chain of carbons,
respectively. The signals of aromatic carbons are in the
range of 144.4 to 109.2 ppm. Overall, from the '*C NMR
results it was confirmed that seven carbons present in the
aliphatic region, one signal of carbon carbonyl, and signals
of eleven carbon in the aromatic region in structure of
unknown compound.

NMR results shows that the structure contains isatin
moiety. Isatin is reported to be isolated from natural
sources including plants (Speranza et al. 2020; Marcelo
et al. 2019) and microorganisms (Gil-Turnes et al. 1989)
specifically bacteria (Shaaban et al. 2016; Grafe and
Radics 1986).

Spectral and physical characterization of bioactive
compound
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CH3 h

Appearance: Yellow solid; Melting Point: 220-225 °C;
Rf: 0.47 (n-hexane: ethyl acetate, 6:4); FT-IR v (cm—1);
3175 (N-H stretch of amide), 2959 (Csp2-H), 2935, 2869
(Csp3-H), 1677 (lactam C=0), 1614 (imine C=N), 1465
(-CH2-bending); 1H NMR (300 MHz, CDCI3-d): & (ppm):
12.60 (1H, s, NH-a), 7.91 (2H, d, H-2', 2"), 7.61 (1H, d,
H-7"), 7.38-7.28 (3H, m, H-3', 3", 4), 7.09 (1H, t, H-6),
6.85 (1H, d, H-5), 3.72-0.86 (13H, H-b,c.d,e.f,g) aliphatic
protons; 13C NMR (75 MHz, CDCI3):5 (ppm): 161.0 (C-2),
131.1 (C-3"), 144.4, 142.7, 135.5, 129.8, 127.8, 123.1, 121.3,
119.4, 109.2 (aromatic carbons); EI-MS (m/z): 507.5[M-
107]—, 467.2, 423.5, 365.8;

3.11 Insilico analysis

3.11.1 3D Structure determination of compound for

The structure of bioactive compound was determined and
PDB file was generated by computational tools. Figure 3B
and C shows the 2D and 3D PDB structure of bioactive com-
pound prepared for docking analysis.

3.11.2 Prediction of pharmacokinetics

The bioactive compound was analyzed for pharmacokinet-

ics properties by Swiss ADME tool and mainly checked
for Lipinski rule of 5 along with drug likeness properties.

Results shows that bioactive compound fulfilled Lipinski
rule of 5 and possess pharmacokinetics properties as well.
According to this rule, a drug-like compound should have
a molecular weight (MW) less than 500 g/mol, a log P less
than 5, hydrogen bond donors less than 5, hydrogen bond
acceptor less than 10 and rotatable bonds less than 10 (En-
Nahli et al. 2023). Pharmacokinetics includes GI absorp-
tion and Blood Brain Barrier (BBB). Conclusively, it was
found that the compound has drug-like properties and most
of the predicted values lie within acceptable range (Table 1).
Likewise, a study was reported where Swiss ADME tool
was used to predict these properties and compound passed
Lipinski rule of 5 along with other pharmacokinetics param-
eters were predicted to have drug like activity (Agour et al.
2022). Radar chart was also retrieved which shows that all
drug properties all required physiochemical properties (lipo-
philicity, size, polarity, insolubility, instauration and flex-
ibility) lies within the stability zone. Radar points with red
line of the properties lie within optimal zone. The optimal
zone shown by pink region (Fig. 4A). This is in reference
with a study in which after fulfilling these six parameters
within the pink region the compound was considered drug-
like compound (Ritchie et al. 2011).

3.11.3 Docking analysis

Molecular docking results revealed that the compound
showed good binding score with Human Epidermal Growth
Factor Receptor 2 (HER2) i.e. —8.8 kcal/mol and various
residues shows interactions towards HER2. The larger the
negative value of binding energy, the stronger the affinity of
the ligand with the receptor (Shamsee et al. 2019). A study
has been documented that the docked complex with least
binding energy considered as the most potential docking
pose (Terefe and Ghosh 2022).

Moreover, docking results revealed that Thr862 amino
acid residue made hydrogen bond with 3.25A bond length
represented by blue dashed line with target. Hence HER2
selected as top receptor target and used for further simula-
tion studies. Docking interaction with high binding energy
shows that compound may be predicted as anticancer com-
pound against breast cancer (Fig. 4A, C and Table 2). Here
the interaction with Thr amino acid was found significant
also evident by a previous report regarding inhibitors

Table 1 Pharmacokinetics

oo R Physicochemical properties Pharmacokinetics Drug likeness
examination and Lipinski rule
of 5 predictions M.F C,,H,5N505S GI absorption High LipinskiRule of 5 Fulfill
M.W 399.51 g/mol
HA 28 BBB permeant Low Lipinski 0 violations
HBA 4 violations
HBD
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Fig.4 A RADAR chart determination of the compound. B 2D inter- C Ligplot image showing hydrogen bonding and hydrophobic inter-
action of docking analysis between ligand compound and Target pro- action between compound and HER2. D 3D model of docked ligand
tein HER2: Discovery studio image representation of docking results. with target protein

Table 2 All the binding Score of docking complexes between bioactive compounds and target cancer receptor proteins

Sr.no TARGET PROTEIN BINDING INTERACTING RESUDUES RMSD
ENERGY
(Kcal/mol)
1 Estrogen Receptor Alpha (ERa) —8.4 Glu380, Val534, Pro535, Met528, Leu384, Lys531, Thr347,Met522, Leu536, 0.000
Trp383, Ala350, Leu346, Leu525, Asp351, Leu354
2 Human Epidermal Growth -8.8 Ala730, Gly729, Gly727, Thr862, Thr798, Leu796, Ala751, Leu852, Leu785, 0.000
Factor Receptor 2 (HER2) Lys753, Val734, Leu726, Leu800, Arg849, Cys805, Phe731, Gly732
3 Progesterone Receptor (PR) -8.6 His770, Trp765, Met692, Gly762, Phe818, Lys822, Val729, Trp732, Met759, 0.000
Leu758, Arg766, Glu695, GIn725, Pro696, Ser728, 11e699, GIn815, Val698,
Asp697
4 VEGFR2(Vascular Endothelial —8.5 Lys868, Asp814, Arg1027, 1le1025, His1026, 11e888, 11e892, Asp1046, Leu889,  0.000

Growth Factor)

Glu885, Ile1044, Cys1045, Val898, Leul019, Val899, Val916, Val848,
Leul035, Phel1047

development against HER2 and their findings shows that ~ 3.11.4 Molecular stability evaluation of docked complex
Asn850, Leu852, Thr862, Asp863, and Phe864 of HER2 between bioactive compound and HER2 receptor
catalytic site are the important interacting amino acid protein

(AA) residues with their selected (Sait et al. 2020). 3D

model of selected docked complex was also generated =~ MD simulation results showed the estimation of RMSD

(Fig. 4D).

@ Springer

value on y-axis with respect to time in 100 ns on X-axis for
Ca particles. Blue colored line represents the protein while
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the pink colored lines represent RMSD evolution of the
ligand. RMSD plots shows that complex gets stabilizes after
20 ns and little variations occurred after 35 ns and become
unstable for 5 to 7 s only, equilibrates and stabilized till end.
(Fig. 5A). Average RMSD values of the plot is 3.4 A, which
is quite acceptable. This is in agreement with a published
study where a range of average RMSD values has been given
and above-mentioned results falls in that range which shows
that ligand fit to protein and remain stable at the binding site
of the protein during the simulation (Riaz et al. 2024).
Root mean square fluctuations (RMSF) plot was also
determined for simulation evaluation between target protein
and ligand. This plot is used to analyze the residue wise fluc-
tuations of the protein bounded with the ligand compound.
Results shows that less fluctuations were observed during
simulation and low RMSF values of both ligand and pro-
tein indicates that over all protein-ligand complex is stable
(Fig. 5B and C). Most of the peaks are at lower level and
green colored bars within the plot represent those residues
which are in contact with ligand. Both the ligand and pro-
tein RMSF average values are 3.0 Aand3.1 A respectively
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Fig.5 A RMSD evolutions of docked complexes between the
C-alpha atoms of HER2 protein and ligands in 100 ns simulation. B
Residue wise Root Mean Square Fluctuations (RMSF) graph between
HER? protein and ligand in 100 ns simulation: RMSF plot obtained

(V) aswy puebn

and these values sows that complex used for simulation is
highly stable as lower the value the more stability is present.
A study has been published in which a docked complex of
HER?2 with a screened molecule represent and amino acids
fluctuations found between RMSF: ~ 4.0-6.5 A during the
simulation process of 100 ns and their collectively results
showed the stability of docking in the defined active site of
HER?2 (Balogun et al. 2022).

Most important simulation examination is protein
ligand contacts which is also monitored during molecular
dynamic simulation of HER2 with the bioactive compound
to evaluate its stability. This graph shows how many and
which type of bonding is present between ligand and tar-
get complex used for simulation studies. HER2 results
revealed that almost 5 hydrogen bonds, various hydro-
phobic and ionic interactions present with ligand and
target (Fig. 5D). Green bars represented that 5 hydrogen
bonds are present which shows strong stable interaction.
In accordance with in silico research where lead com-
pound was identified computationally from Enterococcus
faecium strains, it has been concluded that hydrogen and
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hydrophobic interactions are most important in MD sim-
ulations to determine ligand—proteins complex and their
findings represents that Thr and Ser (Threonine and Ser-
ine) are the most significant residues in terms of H-bonds
(Rasheed et al. 2021).

4 Conclusion

The conclusive findings shows that bioactive metabolite
extracted from soil derived Bacillus subtilis was cytotoxic
to human breast cancer MCF-7 and after in silico studies
support these results as the bioactive metabolite showed
promising binding energy of —8.8 kcal/mol against HER2.
The dynamic simulation results of this HER2 docked com-
plex shows that HER2 have stable interaction towards
ligand, hence it was predicted that bioactive ligand com-
pound can interact with human HER?2 cancer protein and
can be used as anti-cancer compound to treat breast cancer.
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