
RESEARCH ARTICLE OPEN ACCESS

Mechanistic Insights Into the Inhibition of Clostridioides
difcile Binary Toxin by Indolylmethyl Glucosinolate
and Indole-3-Carbinol
Ariful Islam1 | Sumaiya Jahan Supti1 | Faria Tasnim1,2 | Md. Zahid Hasan2,3 | Mst Naharina Nuryay2,3 |
Nabida Tabassum2,3 | Maysha Fahmeda Priota2,3 | Md. Jan Sadur Rahman Moon2,3 | Taha Alqahtani4 | Magdi E. A. Zaki4 |
Subir Sarker5 | Md. Eram Hosen2,5

1Department of Genetic Engineering and Biotechnology, University of Rajshahi, Rajshahi 6205, Bangladesh | 2State Key Laboratory of Microbiology
and Bioinformatics, Department of Microbiology, Shaheed Shamsuzzoha Institute of Biosciences, Afliated With University of Rajshahi, Rajshahi,
Bangladesh | 3Department of Microbiology, Rajshahi Institute of Bioscience, Afliated With University of Rajshahi, Rajshahi 6205,
Bangladesh | 4Department of Chemistry, College of Science, ImamMohammad Ibn Saud Islamic University (IMSIU) 11623, Riyadh, Kingdom of Saudi
Arabia | 5Biomedical Sciences and Molecular Biology, College of Medicine and Dentistry, James Cook University, Townsville,
Queensland 4811, Australia

Correspondence: Subir Sarker (subir.sarker@jcu.edu.au) | Md. Eram Hosen (mderam.hosen@my.jcu.edu.au)

Received: 17 November 2025 | Revised: 9 March 2026 | Accepted: 6 April 2026

Academic Editor: Chandrabose Selvaraj

Keywords: antibacterial activity | Brassica oleracea | CDTa toxin | Clostridioides difcile | molecular docking | molecular dynamics simulation

ABSTRACT
Clostridioides difcile infection (CDI) remains a signifcant healthcare challenge, primarily due to its toxin-mediated pathogenesis that
results in severe gastrointestinal complications. This study investigates the inhibitory potential of bioactive compounds derived from
Brassica oleracea L., specifcally targeting the CDTa subunit of the binary toxin, using both computational and experimental approaches.
Molecular docking analysis identifed indolylmethyl glucosinolate (�9.1 kcal/mol) and indole-3-carbinol (�8.75 kcal/mol) as top
candidates, demonstrating high binding afnities to the CDTa protein. Stability and dynamic behavior of the ligand–protein complexes
were further assessed through 100-ns molecular dynamics simulations, which confrmed their stable interactions. Thermodynamic
evaluations using MM-GBSA calculations revealed favorable binding free energies, supporting their potential as efective inhibitors. In
parallel, the antibacterial efcacy of these compounds was validated through in vitro antibacterial assays, where indolylmethyl glu-
cosinolate and indole-3-carbinol exhibited maximum inhibition zones of 23.33� 0.67mm and 22.67� 0.33mm, respectively, at
a concentration of 100 μg/mL. In MIC and MBC assays, both compounds showed signifcant antibacterial activity, with indolylmethyl
glucosinolate demonstrating slightly higher potency (MIC: 10.33� 0.72 μg/mL;MBC: 23.33� 1.36 μg/mL) than indole-3-carbinol (MIC:
11.33� 0.27 μg/mL; MBC: 26.67� 3.60 μg/mL). Additionally, PCA and DCCM revealed distinct conformational stabilization patterns
and correlated motion of CDTa upon ligand binding, supporting a potential antivirulence interaction. Moreover, ADMET analysis
revealed diferences in their pharmacokinetic and toxicity profles, providing further insights into their therapeutic potential. Overall,
these fndings suggest that B. oleracea–derived compounds exhibit a direct antibacterial activity against C. difcile while also dem-
onstrating computationally supported inhibition of CDTa, indicating a complementary antivirulence mechanism that may contribute to
their therapeutic potential in CDI.
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1 | Introduction

The toxin-producing, Gram-positive anaerobic bacterium
C. difcile (C. difcile) has emerged as an important driver of
healthcare-associated illnesses, especially antibiotic-related di-
arrhea contracted in healthcare facilities [1]. Infection with
C. difcile is associated with a spectrum of gastrointestinal dis-
orders, ranging from mild diarrhea to life-threatening conditions
such as toxic megacolons, pseudomembranous colitis, and sys-
temic infammatory response syndrome [2]. C. difcile infection
(CDI) poses considerable public health danger, as indicated by its
inclusion in the Centers for Disease Control and Prevention
(CDC) list of pathogens with an “urgent” threat level [3]. In the
United States alone, CDI accounts for over 500,000 cases an-
nually, resulting in approximately 29,000 deaths and incurring
healthcare costs estimated between $1 and $3 billion [4]. CDI
predominantly afects hospitalized patients and those receiving
antibiotic treatment, disrupting the normal gut microbiota and
facilitating the overgrowth of C. difcile [5]. Moreover, C. difcile
spores can survive in healthcare settings and cause recurring
infections because they are resistant to disinfectants, environ-
mental factors, and antibiotics [6, 7].

C. difcile pathogenicity is primarily driven by its production of
potent toxins, including the binary toxin C. difcile transferase
(CDT), composed of two distinct subunits: CDTa (the enzymatic
component) and CDTb (the binding component) [8]. Although only
5%–30% of clinical isolates produce CDT, its presence is strongly
associated with increased morbidity, mortality, and more severe
disease, especially in hypervirulent strains [9]. CDT adds an extra
layer of complexity in CDI management [10]. The CDTb subunit
frst binds to the lipolysis-stimulated lipoprotein receptor (LSR) on
host cells and undergoes proteolytic cleavage, triggering oligo-
merization [11]; this facilitates the binding and entry of CDTa [12].
Once the toxin complex is internalized into an endosome, the acidic
environment induces a conformational change in CDTb, allowing
CDTa to translocate into the cytoplasm [13]. Inside the host cell,
CDTa acts as an ADP-ribosyltransferase, targeting monomeric G-
actin at arginine-177 [14, 15]. This post-translational modifcation
prevents actin polymerization, leading to the breakdown of fla-
mentous actin (F-actin) structures [16]. The collapse of the cyto-
skeleton causes cell rounding, disruption of tight junctions, and
increased epithelial permeability (Figure 1) [17, 18]. These efects
compromise the intestinal barrier, promoting infammation, tissue
damage, and enhanced bacterial colonization [19]. Structurally,
CDTa is composed of two domains joined by a fexible loop: the N-
terminal domain interacts with CDTb, while the C-terminal domain
carries out its toxic enzymatic function [15, 20]. Understanding the
molecular mechanisms of CDTa’s interaction and enzymatic ac-
tivity is crucial for the development of targeted therapeutics. Given
its signifcant role in virulence and its correlationwith severe clinical
outcomes, CDTa represents a promising target for novel treatment
strategies aimed at mitigating the efects of hypervirulent CDIs.

Commonly used antibiotics and medications for the treatment of
CDI include fdaxomicin, vancomycin, and metronidazole [21].
However, these treatments are not without limitations. Metro-
nidazole, previously recommended as a frst-line therapy for
nonsevere CDI [22], has seen reduced efcacy in recent years and
is now reserved for use when vancomycin or fdaxomicin is
unsuitable [23]. Although vancomycin and fdaxomicin are FDA-

approved and exhibited greater efcacy, they remain associated
with signifcant recurrence rates, ranging from 15% to 35%
[21, 24]. Vancomycin, which has broad-spectrum activity against
Gram-positive bacterial efects [25], is only partially absorbed
into the bloodstream [26]. As a result, it can disrupt gut
microbiota diversity, predisposing patients to recurrent in-
fections [27]. Fidaxomicin ofers greater selectivity for C. difcile
and is associated with lower recurrence rates, but its widespread
use is often limited by high treatment costs [28]. Emerging al-
ternatives such as fecal microbiota transplantation (FMT) show
promise in restoring gut microbial balance and lower recurrence
rates. However, FMT is not without risks, including the potential
for transmission of infectious agents, particularly in immuno-
compromised or elderly patients [29–32].

The limitations of current antibiotic treatments and the high
recurrence rates have intensifed eforts to develop novel ther-
apeutic strategies against CDI. One promising avenue of research
involves exploring natural compounds with antimicrobial
properties [33]. As amember of the B. oleracea species, the Italica
cultivar group includes broccoli, a nutritious green vegetable that
belongs to the Brassicaceae family [34]. This vegetable is con-
sidered very important for health because it has many benefts,
such as fghting bacteria, reducing oxidation, helping prevent
cancer, supporting the immune system, controlling diabetes,
protecting the liver and heart, and improving memory [35, 36]. It
contains several bioactive phytochemicals, including selenium,
indolylmethyl glucosinolate, sulforaphane, and polyphenols,
which contribute to its health benefts [37–39].

Recent advances in biomedical research have facilitated the
discovery of novel antimicrobial agents, including those derived
from plant-based sources [40, 41]. Building upon this foundation,
the present study aims to identify potential phytochemical in-
hibitors of the CDTa protein from C. difcile, focusing on
compounds found in broccoli. By targeting the enzymatic sub-
unit of the binary toxin, this approach may ofer a novel ther-
apeutic pathway for reducing the severity and recurrence of CDI.

2 | Materials and Methods

2.1 | Mining and Preparation of B. oleracea
Phytochemical Ligands

A set of 51 chemical compounds derived from B. oleracea was
retrieved in SDF format from the PubChem database (https://
pubchem.ncbi.nlm.nih.gov/). Subsequently, these compounds
were subjected to energy optimization using Avogadro software
(Version 1.2.0) with theMMFF94 force feld. The data underwent
meticulous refnement to ensure accuracy prior to further
analysis [42].

2.2 | Protein Preparation

The structural model for the CDTa subunit was obtained from
the Protein Data Bank (PDB ID: 6X41) [43], which represents the
enzymatically relevant domain of CDTa. While no associated
peer-reviewed publication or preprint is currently available for
this structure, it provides a high-resolution x-ray difraction
model (2.36 Å) suitable for computational docking andmolecular
dynamics (MD) simulations. At frst, Discovery Studio (Version
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21.1.0.0) was used to remove any extraneous molecules. The
cleaned protein structure was then optimized and energy min-
imized within the Swiss PDB Viewer program (Version 4.1) using
the GROMOS96 43b1 force feld [44].

2.3 | Molecular Docking

Molecular docking was performed using proteins CDTa (PDB ID:
6X41) from C. difcile and plant-derived chemicals from
B. oleracea. This procedure made use of PyRx, a docking sim-
ulator based on the AutoDock Vina wizard [45] (https://
sourceforge.net/projects/pyrx/), which was updated to Version
0.8. Modifed versions of previous methods [46–48] were used to
conduct the molecular docking. To begin, the data were cleaned
up by transforming the plant ligands into PDBQT and the protein
structures into a suitable macromolecule format. The CDTa
protein (PDB: 6X41) does not have a cocrystallized ligand or
defned binding site in its structure, so we used a blind docking
approach to fnd possible binding sites all over the protein’s
surface that could interact with the compounds we chose from
B. oleracea and the control drug, ciprofoxacin. The coordinates
X: �5.1080, Y: 20.4920, Z: �22.4990 were used to center the grid
box, which had dimensions X: 79.2991, Y: 55.7939, and Z: 55.6731
(in Å). In the end, the docking simulation determined which
compounds performed best by determining which ones had the
lowest binding energies. A subsequent analysis was conducted
utilizing the Discovery Studio software to determine the precise
interactions and orientation of the bound plant chemicals to the

protein. Molecular docking binding energies are reported in kcal/
mol, consistent with the native output of the docking software.

2.4 | MD

MD simulations were carried out utilizing the AMBER14 force
feld in YASARA Dynamics software (Version 19.12.4) [49, 50].
At frst, we tuned the hydrogen bond network and polished the
docked complexes. Next, the steepest gradient approach and the
TIP3P water solvation model were used to minimize protein
complexes [51]. The parameters used were density 0.997 g/L,
temperature 25°C, and pressure 1 atm. Physiological conditions
were maintained at 310 K, pH 7.4, and 0.9% NaCl concentration
to neutralize the simulated system [52]. A simulation time step of
1.25 frames per second was utilized, and the particle mesh Ewald
(PME) approach with a cutof radius of 8.0 Å was employed to
calculate long-range electrostatic interactions [53]. The whole
simulation lasted 100 ns, and data about the trajectory were saved
every 100 ps [54]. Measurements such as root-mean-square de-
viation (RMSD), solvent-accessible surface area (SASA), radius of
gyration, root-mean-square fuctuation (RMSF), dynamic cross-
correlation matrix (DCCM), and hydrogen bond formation were
included in the analysis of the simulation trajectory.

2.5 | Calculation of Binding Free Energy With
MM/PBSA

Determining the binding free energy is a crucial step in evalu-
ating the potency of a drug–protein interaction. This method

Clostridioides difficile

CDTb CDTa

Lipolysis-stimulated 
lipoprotein receptor, LSR)

CDTb
oligomerize

CDTb forming a pore
facilitates the binding and
internalization of CDTa

CDTa translocates
into cytosol

CDTa: ADP-ribosyltransferase ADP-ribose Arg177

NAD+
G-actin (monomeric

actin) ADP-ribosylate G-actin

Polymerization

F-actin

Inhibit/block actin
polymerization

Cytoskeletal disassembly
Disrupts epithelial barriers
Cell rounding and death
Enhanced bacterial colonization

F-actin

FIGURE 1 | Mechanism of Clostridioides difcile toxin B (CDTb) and toxin A (CDTa) action in host cells: CDTb binds to the lipolysis-stimulated
lipoprotein receptor (LSR) and oligomerizes to form a pore, facilitating CDTa internalization. Upon translocation into the cytosol, CDTa exerts ADP-
ribosyltransferase activity, transferring ADP-ribose from NADþ to Arg177 of monomeric G-actin. This modifcation inhibits actin polymerization,
leading to cytoskeletal disassembly, epithelial barrier disruption, cell rounding, and death, ultimately promoting bacterial colonization.
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yields useful data regarding the stability and energetic charac-
teristics of the drug–protein complex. The binding free energy
was determined in YASARA software by evaluating several
complex snapshots using the MM–Poisson–Boltzmann surface
area (MM–PBSA) approach. Based on the following formula, the
MM/PBSA binding free energy was calculated:

MM/PBSA binding free energy = EpotReceptor + EsolvReceptor
+ EpotLigand + EsolvLigand
− EpotComplex − EsolvComplex.

(1)

The AMBER14 force feld was used for calculations, and
YASARA macros were used to simplify the MM–PBSA binding
energy estimate. MM/PBSA binding free energies are reported in
kJ/mol, as generated by the MM/PBSA analysis workfow.

2.6 | Principal Component Analysis (PCA)

To investigate the overall structural variability among the pro-
tein–ligand complexes including comparisons with both the apo
protein and a reference drug-bound complex, PCA was applied,
taking into account all relevant structural descriptors. This di-
mensionality reduction technique facilitated the detection and
classifcation of conformational changes that emerged
throughout the MD simulations. PCA was conducted by con-
structing and diagonalizing the covariance matrix of atomic
fuctuations, followed by solving the corresponding eigenvalue
and eigenvector equations. The resulting eigenvalues quantifed
the extent of structural fuctuations, while the eigenvectors in-
dicated the principal directions of motion. Prior to analysis, 100-
ns MD trajectories were standardized by mean-centering and
scaling to unit variance. The PCA calculations were carried out in
Python (v3.11) using the Scikit-learn library (v1.2), and the
outcomes were visualized using Matplotlib (v3.7).

2.7 | Absorption, distribution, metabolism,
excretion, and toxicity (ADMET) Analysis

An ADMET study was carried out to evaluate the phytochem-
icals’ potential as lead compounds once the docking and dy-
namics simulations were fnished. The pkCSM [55] and
SwissADME [56] web services were used for this purpose, to
evaluate ADMET profles and to fnd which molecules adhered
to Lipinski’s rule of fve [57], respectively.

2.8 | In Vitro Antibacterial Activity

2.8.1 | Chemicals and Reagents

The main lead compound of this study was indolylmethyl glu-
cosinolate; however, the exact compound was not commercially
available. Therefore, glucobrassicin potassium salt (3-indo-
lylmethyl glucosinolate potassium salt; empirical formula:
C16H19KN2O9S2; CAS No.: 143231-38-3; molecular weight: 486 g/
mol; HPLC grade; Sigma-Aldrich, USA) was used as a substitute
for in vitro validation experiments. Indole-3-carbinol (empirical
formula: C9H9NO; CAS No.: 700-06-1; molecular weight:
147.17 g/mol; EC No.: 211-836-2; MDL No.: MFCD00005632;
Catalog No.: I7256; Sigma-Aldrich, USA) was employed as
a separate reference compound. HPLC-grade methanol (Sigma-
Aldrich, USA) was used for sample preparation. The antibiotic

ciprofoxacin was provided by Square Pharmaceuticals Limited
(Bangladesh). Luria Bertani (LB) broth and LB agar media were
purchased from Sigma-Aldrich (USA).

2.9 | Collection of Bacterial Samples

C. difcile bacteria were sourced from Professor Joardar’s DNA
and Chromosome Research Laboratory at the Department of
Genetic Engineering and Biotechnology, University of Rajshahi,
Bangladesh. These microbes were frst isolated from CDI pa-
tients. Their overnight incubation at 37°C followed collection,
and they were cultivated on LB agar media. Cold storage at
�80°C was used for the long-term preservation of C. difcile. The
bacteria were handled and used in accordance with all applicable
safety standards and regulations due to its classifcation as
a Biosafety Level 2 (BSL-2) pathogen.

2.10 | In Vitro Antibacterial Activity
Determination

Following computational analysis that suggested signifcant
inhibitory potential against C. difcile, indolylmethyl glucosi-
nolate and indole-3-carbinol were identifed as the most prom-
ising compounds for further investigation of their antibacterial
activity. Test solutions were prepared by dissolving the com-
pounds in 60% methanol. The antibacterial assay was then
conducted in vitro using a modifed disc difusion method, with
concentrations of 50, 75, and 100 μg per disc. Bacterial cultures
were incubated overnight at 37°C in nutrient broth, with con-
stant shaking at 180 rpm. Following incubation, bacterial sus-
pensions were prepared to a concentration of 1 × 106 CFU/mL
and spread evenly onto LB agar plates. Discs (5 mm diameter) of
Whatman No. 1 flter paper were impregnated with 50, 75, or
100 μg of either indole-3-carbinol or indolylmethyl glucosinolate
and placed on the agar surface. Ciprofoxacin served as the
positive control to evaluate antibacterial efectiveness. After 24 h
of incubation, the formation of clear inhibition zones around the
discs was observed, indicating bacterial growth suppression.
These zones were measured in millimeters (mm). The experi-
ment was performed in triplicate to ensure reliability, and the
results were expressed as mean values with standard deviations.

2.11 | Determination of Minimum Inhibitory
Concentration (MIC)

MIC determination: In this study, the tube dilution method was
used to determine the MIC of the most efective indolylmethyl
glucosinolate and indole-3-carbinol, in accordance with the
Clinical and Laboratory Standards Institute (CLSI) guidelines
with some modifcations [58]. Dimethyl sulfoxide (DMSO) in
sterile nutritional broth was used to prepare serial dilutions of the
indolylmethyl glucosinolate and indole-3-carbinol, starting from
a stock solution of 5mg/mL each, at concentrations ranging from
1 to 15 μg/mL. Three rows of 15 sterile test tubes each were
assigned to the control medication, ciprofoxacin, the indo-
lylmethyl glucosinolate, and indole-3-carbinol. One milliliter of
the sample concentration in nutrient broth and one hundred
microliters of the tested bacteria were placed in each test tube.
After that, the test tubes were incubated for 24 h at 37°C. The
positive control was nutrient broth infected with ciprofoxacin,
whereas the negative control was nutrient broth containing just
bacteria.
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2.12 | Determination of Minimum Bactericidal
Concentration (MBC)

The MBC was identifed as the lowest concentration of indo-
lylmethyl glucosinolate, indole-3-carbinol, and ciprofoxacin that
eradicated 100% of the test organisms. The MBC was established
by adding 50-μL aliquots of the serial dilution that exhibited no
visible growth after incubation in the MIC assay to 150 μL of
broth in a test tube, followed by incubation for 48 h at 37°C. MBC
exhibited the lowest concentrations of indolylmethyl glucosi-
nolate, indole-3-carbinol, and ciprofoxacin. The term MBC
endpoint refers to the concentration of an antimicrobial agent at
which 100% of the bacterial population is eradicated [59].

2.13 | Statistical Analysis

All values were provided as the mean� SE after data were
processed using MS Excel (Version 2016). In order to compare
the mean of three replicates with a signifcance level of p < 0.05,
the SAS program (Version 9.1.3) was utilized, along with Dun-
can’s multiple range test and one-way ANOVA.

3 | Results and Discussion

3.1 | Molecular Docking Study

Molecular docking is an essential technique in computational
structure–based drug discovery, utilized to predict the optimal
orientation and binding of a small molecule within a protein’s
active site. This approach plays a critical role in lead compound
optimization and facilitates the rational design of molecules that
enhance protein–ligand interactions, thereby improving thera-
peutic efcacy and reducing unwanted interactions [60, 61]. The
regulation of virulence factor secretion by CDT proteins has been
implicated in the pathogenesis of C. difcile, which is closely
associated with CDI [62]. Despite this known connection, limited
research has been conducted on the inhibitory efects of phy-
tochemicals derived from B. oleracea on the CDTa protein. In the
present study, the ligands were computationally predicted to
bind efectively with the target protein, implying the potential to
inhibit the biological activity of C. difcile toxin, a key player in
the expression of virulence genes. Among the 51 B. oleracea
compounds evaluated (Supporting Table S1), indolylmethyl
glucosinolate and indole-3-carbinol stood out as leading candi-
dates due to their favorable binding energies. A detailed sum-
mary of the docking results, including binding afnities and
molecular interactions of these ligands with the 6X41 protein, is
presented in Table 1.

The interaction of indolylmethyl glucosinolate with the 6X41
protein exhibited a binding energy of �9.1 kcal/mol and was
mediated by a range of amino acid residues. Notably, the tar-
get–ligand complex interaction template showed seven hydrogen
bond interactions with ASN262, ARG302, ASN342, ASN263, and
PHE343 amino acid residues. Carbon–hydrogen and pi–pi
stacking interactions were observed with GLN307 and PHE345,
respectively, and pi–pi interactions were also noted at PHE345.
The 6X41þ indole-3-carbinol complex evolved a binding energy
of �8.75 kcal/mol (Table 1) and formed four hydrogen bond
interactions with target protein at ALA31, GLU35, GLU47, and
THR177 (Figure 2(a)). Only a single pi–alkyl interaction was
identifed at LYS43 (Figure 2(b)). Compared to the control

compound ciprofoxacin, our top two compounds demonstrated
stronger binding energies and more extensive interactions with
the target protein. The control complex 6X41þ ciprofoxacin
exhibited two hydrogen bonds with LYS24, VAL182, one car-
bon–hydrogen bonds with PHE101, one alkyl bondwith PRO151,
one pi–sigma bond with SER147, and one halogen bond with
ASP145 (Figure 2(c)).

The 6X41 protein is still unexplored for inhibition by phyto-
compounds through molecular docking studies. These results
suggest that the compounds may interact with potential binding
sites on the 6X41 protein, implying that these phytochemicals
could potentially inhibit the CDTa protein. Indolylmethyl glu-
cosinolate and their hydrolysis products, such as isothiocyanates,
exhibit antimicrobial activity by disrupting bacterial cell walls
and inhibiting key bacterial enzymes [63]. Their ability to disrupt
bacterial virulence mechanisms aligns with the fndings of this
docking study, where strong binding interactions were observed
with the CDTa protein. Indole-3-carbinol, although primarily
known for its anticancer properties, has also shown potential in
modulating bacterial virulence factors [64]. However, its ability
to inhibit bacterial proteins is still emerging, but the current
docking results suggest that it may be capable of forming stable
interactions with bacterial proteins involved in virulence.

Although molecular docking was performed using the isolated
CDTa structure (PDB 6X41), published CDTb–CDTa cocomplex
structures [13] demonstrate that the enzymatic active site of
CDTa remains solvent-accessible within the assembled binary
toxin. This supports the structural plausibility of the selected
docking target for ligand engagement in a biologically relevant
context. Accordingly, the observed docking interactions are
considered informative despite the absence of explicit pro-
tein–protein complex docking in the present study.

3.2 | MD Simulation

The results from molecular docking were further corroborated
using MD simulations, which confrmed that the ligands sus-
tained comparable interactions in both docking and MD simu-
lations. However, some alterations in the bond types for specifc
amino acids were observed (Supporting Figure S1 and Table S2).
MD simulations were employed to analyze the atomic-level
behavior of protein–ligand complexes, providing critical in-
sights into drug design, uncovering underlying biological
mechanisms, and enhancing the understanding of structur-
e–function relationships [65–67]. To evaluate the stability and
rigidity of the most promising compounds, MD simulations were
performed over a 100-nanosecond (ns) timeframe, enabling the
identifcation of potential inhibitors. The stability of the com-
plexes was assessed using various metrics, including RMSD,
SASA, radius of gyration (Rg), hydrogen bonding, and RMSF.
The evaluation primarily focused on the CDTa protein complexes
(PDB ID: 6X41), as shown in Figure 3.

3.3 | Analysis of RMSD

RMSD measures the average displacement of atoms relative to
a reference structure over a specifed period [68]. In the current
research, a 100-ns simulation was used to track the RMSD of the
CDTa protein’s Cα backbone (PDB ID: 6X41) in association with
the drug candidates [68]. In this study, a 100-ns simulation was
conducted to monitor the RMSD of the Cα backbone of the CDTa
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protein (PDB ID: 6X41), concerning the drug candidates.
Figure 3(a) reveals distinct fuctuations in protein–ligand com-
pounds when complexed with 6X41. The glucosinolate complex
exhibited a consistent state with an average RMSD value of
1.922 Å, closely resembling the apo protein (1.803 Å) and positive
control ciprofoxacin (1.729 Å), implying that the binding of the
ligand does not cause substantial rearrangements or distortions
in the protein backbone. In contrast, indole-3-carbinol exhibited

stable RMSD values until 30.75 ns, after which increased fuc-
tuations suggested decreased stability, with an average RMSD of
2.28 Å. This indicates that indole-3-carbinol binding caused
greater structural variations compared to glucosinolate, which is
possibly due to the ligand causing localized conformational
changes in the protein or weaker binding interactions [69]. On
the other hand, the control complexes ciprofoxacinþ 6X41 re-
main almost stable during the simulation period.

TABLE 1 | The interactions between the ligand molecules and the Clostridium difcile (CDTa) 6X41 protein, covering aspects such as binding
energy, types of noncovalent interactions, participating amino acid residues, bond types, and interaction distances.

Complex Binding energy (kcal/mole) Amino acid residues Bond types Distance (Å)

6X41þ indolylmethyl glucosinolate �9.1

A:ASN262 H 2.15
A:ARG302 H 2.21
A:ARG302 H 2.75
A:ASN342 H 2.52
A:ASN263 H 2.28
A:ASN263 H 2.96
A:PHE343 H 2.48
A:ARG359 H 5.34
A:GLN307 C-H 3.51
A:PHE345 P-P 4.00
A:PHE345 P-P 4.71
A:GLU308 AC 5.31

6X41þ indole-3-carbinol �8.75

A:ALA31 H 1.85
A:GLU35 H 4.77
A:GLU47 H 4.92
A:THR177 H 3.04
A:LYS43 P-A 5.00

6X41þ ciprofoxacin �8.2

A:LYS24 H 2.27
A:VAL182 H 1.95
A:PHE101 CH 3.45
A:PRO151 A 4.54
A:SER147 PS 3.80
A:ASP145 HA 3.17

Note: Ciprofoxacin served as a positive control for comparison. H: Hydrogen bond; C–H: carbon–hydrogen bond; P–P: pi–pi stacked bond; P–S: pi–sigma bond; P–An:
pi–anion bond; P–H: pi–donor hydrogen bond; HA: halogen bond (fuorine).
Abbreviations: AC, attractive charge; P–A, Pi–alkyl.

Interactions

Attractive charge

Conventional hydrogen bond

Carbon–hydrogen bond

Pi–Pi stacked

(a)

FIGURE 2 | (Continued)
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FIGURE 2 | The molecular docking interactions between the 6X41 protein of Clostridium difcile and two compounds derived from Brassica
oleracea: (a) indolylmethyl glucosinolate and (b) indole-3-carbinol. The compounds are represented in both two-dimensional format and surface view.
(c) Ciprofoxacin was used as a reference compound for validation.
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FIGURE 3 | (Continued)
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Although the RMSD profle of the indole-3-carbinol complex
shows larger deviations, this does not indicate inadequate
equilibration. Rather, it refects increased protein–ligand fexi-
bility associated with weaker binding interactions.

3.4 | Analysis of Radius of Gyration (Rg)

The radius of gyration (Rg) is the measurement of the RMS radial
distance between the target protein’s center of mass and its
terminals [70]. This analysis ofers insights into the compactness
of the protein–ligand complex by evaluating the protein’s rigidity
and fexibility in response to specifc ligands [71]. The glucosi-
nolate complex remained stable with an average value of
24.119 Å during the 100-ns simulation period, indicating
a compact structure similar to the apo protein, and control
ciprofoxacin, which also remained stable with an average value
of 24.0 and 23.99 Å, respectively. Indole-3-carbinol showed mi-
nor fuctuations between 40 and 80 ns, with an average Rg of
24.28 Å, suggesting slightly less compactness. However, these
slight fuctuations do not indicate the degree of conformational
change induced by the binding of indole-3-carbinol to 6X41. The
overall Rg analysis indicates that all complexes maintained
a generally compact structure, although the glucosinolate
complex was more stable than indole-3-carbinol (Figure 3(b)).

3.5 | SASA

SASA measures the exposure of a protein to solvent, which can
indicate conformational changes [72]. Over the 100-ns simula-
tion, the SASA profles for the glucosinolate and indole-3-car-
binol complexes with CDTa (PDB ID: 6X41) were stable, with
mean values of 20,011.41 and 20,178.49 Å2, respectively. These
values were similar to the apo protein’s SASA (19,751.86 Å2),
indicating that neither ligand caused signifcant changes in the
protein’s solvent exposure or overall conformation. The control
complex ciprofoxacinþ 6X41 also showed a stable SASA profle
(20,210.46 Å2) until 80 ns, after which it exhibited a slight in-
crease. Overall, the consistent SASA values across the complexes
suggest that the binding of these ligands has aminimal impact on

the protein’s structure or its exposure to the solvent when
compared to the unbound state (Figure 4(a)).

3.6 | Analysis of Hydrogen Bond

Hydrogen bonding is among the key interactions that play a vital
role in stabilizing the protein–ligand complex [73]. Figure 4(b)
shows the number of hydrogen bonds formed between the se-
lected ligands and CDTa (PDB ID: 6X41) over a 100-ns simu-
lation. Glucosinolate and indole-3-carbinol maintained stable
hydrogen bond profles throughout the 100-ns simulation, like
those observed in the apo protein and the control, ciprofoxacin.
On average, glucosinolate, indole-3-carbinol, the apo protein,
and ciprofoxacin formed 347.83, 342.84, 350.80, and 339.01
hydrogen bonds, respectively, suggesting strong and consistent
binding interactions (Figure 4(b)). These stable hydrogen bond
patterns, similar to those in the apo protein, and control indicate
that both ligands maintain dynamic yet stable interactions with
the protein, pointing to their potential inhibitory properties.

3.7 | RMSF

The RMSF displays the fexibility and mobility of each amino
acid residue in the apo protein and ligand-6X41 complexes. A
signifcant change in the RMSF value over 3 Å is considered
signifcant and radically impacts the fexibility of amino acid
residues [74]. The RMSF profle depicted in Figure 5(a) shows the
fexibility of each amino acid residue in the 6X41-ligand com-
plexes. Based on the trajectory analysis, it is evident that both
complexes exhibited similar fuctuations when bound to 6X41.
Specifcally, common fuctuations were observed for both
indolylmethyl glucosinolate and indole-3-carbinolcomplexes
during the initiation of the simulation analysis at amino acid
residues THR1, THR2, TYR3, LYS4, ALA5, PRO6, and ILE7. The
observed fuctuations at specifc amino acid residues provide
insights into the stability and structural changes induced by li-
gand binding. The closer resemblance of indole-3-carbinol to the
apo protein state and positive control ciprofoxacin suggests
a potentially more native-like binding mode for both target
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FIGURE 3 | Analysis of (a) RMSD and (b) radius of gyration of complexes between indolylmethyl glucosinolate, indole-3-carbinol, and target
protein of Clostridioides difcile toxin CDTa (PDB: 6X41) at 100-ns molecular dynamics simulation.
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FIGURE 4 | Analysis of (a) SASA and (b) hydrogen bond of complexes between indolylmethyl glucosinolate, indole-3-carbinol, and target protein of
Clostridioides difcile toxin CDTa (PDB: 6X41) at 100 ns molecular dynamics simulation.
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FIGURE 5 | (Continued)
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proteins, which could be of signifcance in drug design and
optimization eforts.

In the current study, the RMSD and RMSF analyses provide
complementary insights into the dynamic behavior of the pro-
tein–ligand complexes. While the RMSF plot (Figure 5(a))
demonstrates relatively low atomic-level fuctuations across the
protein, indicating local stability, the RMSD plot (Figure 3(a))
shows notable global deviations in the overall structure. This can
be attributed to rigid-bodymotions or domain shifts, which cause
signifcant structural rearrangements without afecting the local
fexibility of individual residues. Therefore, the high RMSD
values observed in certain complexes, such as with indole-3-
carbinol, refect these global conformational changes rather than
local fuctuations, as captured by the RMSF. The key to resolving
the apparent discrepancy lies in the distinction between local and
global motions. The protein–ligand complex may experience
global conformational changes (such as rotation, translation, or
hinge-like motions of domains) that result in a high RMSD, while
the local atomic-level fexibility remains low, leading to a fat
RMSF. This is especially common in systems where the overall
shape or orientation of the protein changes, but the internal
secondary structures remain stable.

3.8 | Analysis of MM–PBSA

The binding free energy of the docked complexes was calculated
using the prime MM–PBSA method integrated within the
YASARA modeling software suite. Figure 5(b) portrays the
relative free binding energies of 6X41þ indolylmethyl glucosi-
nolate, and 6X41þ indole-3-carbinol complexes were �176.14
and 4.03 kJ/mol. The signifcantly negative MM–PBSA value for
the 6X41þ ciprofoxacin complex (�189.78 kJ/mol) and 6X41þ

indolylmethyl glucosinolate indicates a strong binding afnity
between the protein and ciprofoxacin, suggesting a stable and
energetically favorable interaction that efectively binds to its
target proteins. This suggests that indolylmethyl glucosinolate
has a moderate afnity for the 6X41 protein, which could be
relevant for their biological function. On the other hand, the
6X41þ indole-3-carbinol complex showed a slightly positive

MM–PBSA value (4.03 kJ/mol), indicating an unfavorable or
weak binding interaction. This suggests that indole-3-carbinol
does not bind efectively to the 6X41 protein under the conditions
of the simulation, which may imply limited biological relevance
or activity in this context.

3.9 | Analysis of Superimposition

The MD simulation snapshot of complexes of apo protein,
indolylmethyl glucosinolate, indole-3-carbinol, and control
ciprofoxacin at 0, 25, 50, 75, and 100 ns is shown in Figure 6.
Based on these fndings, the apo protein exhibited minimal
structural changes at 0, 25, and 100 ns, although slight al-
terations were observed at 50 and 75 ns (Figure 6(a)). The
compound indolylmethyl glucosinolate remained consistently
positioned within the binding pocket of the target protein
6X41 throughout the simulation. The complexes exhibited
high structural stability from 0 to 50 ns with no signifcant
structural changes observed during simulation period
(Figure 6(b)). However, variations in ligand–protein in-
teractions were detected at 50, 75, and 100 ns compared with
the interaction patterns at 0 and 25 ns (Figure 6(b)). Despite
these slight fuctuations, both compounds maintained con-
tinuous interactions with the target protein throughout the
entire simulation period, indicating stable binding and sus-
tained complex integrity. Similarly, indole-3-carbinol dem-
onstrated strong stability with the target protein at 0, 25, and
100 ns of the simulation (Figure 6(c)). The protein–ligand
interaction patterns observed at 0 and 100 ns were almost
identical, indicating restoration and maintenance of the
binding conformation. However, at 50 and 75 ns, indole-3-
carbinol temporarily dissociated from the binding pocket and
showed no detectable interactions with the target protein
during those intervals (Figure 6(c)). Despite this transient
separation, the ligand re-established interactions with the
protein by 100 ns, suggesting a reversible binding behavior
during the simulation period. Likewise, the target protein is
sustained by control ciprofoxacin; nevertheless, minor
structural alterations of the protein were noted, especially at
50 and 75 ns (Figure 6(d)). Interestingly, the control
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FIGURE 5 | The (a) RMSF and (b) MM–PBSA binding free energy of complexes at the 100-ns simulation period.
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compound ciprofoxacin showed almost identical interaction
patterns with the target protein at 0, 25, and 100 ns, indicating
minimal conformational variation and strong binding stability

across the simulation timeline (Figure 6(d)). Overall, the
superimposition results indicate that all compounds formed
a stable and strong interaction with the target protein

0 nsSuperimposition 25 ns 50 ns 75 ns 100 ns

(a)

0 nsSuperimposition 25 ns 50 ns 75 ns 100 ns

(b)
0 nsSuperimposition 25 ns 50 ns 75 ns 100 ns

No interaction with
target protein

(c)
0 nsSuperimposition 25 ns 50 ns 75 ns 100 ns

(d)

FIGURE 6 | Molecular dynamic simulation snapshot of (a) apo protein, and complexes between 6X41 with (b) indolylmethyl glucosinolate, (c)
indole-3-carbinol, and (d) ciprofoxacin at 0, 25, 50, 75, and 100 ns. Here, in the superimposition panel, all snapshots are aligned to a common surface of
apo protein, where pest, blue, violet, white, and purple colors represent the 0-, 25-, 50-, 75-, and 100-ns snapshots.
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throughout the simulation compared to the apo and control
despite slight instability at 50 and 75 ns of indole-3-carbinol.

3.10 | Analysis of PCA

The PCA results for the protein–ligand complexes with protein 6x41
reveal distinct patterns of structural variability across diferent
systems (Figure 7). The apo form showed the highest conforma-
tional fuctuation, with the frst two principal components (PC1 and
PC2) accounting for 45.27% and 14.84% of the total variance, re-
spectively, indicating signifcant fexibility in the absence of any
ligand (Figure 7(a)). In contrast, the control complex exhibitedmore
constrained dynamics, with PC1 and PC2 contributing 20.25% and
12.08%, suggesting reduced mobility upon ligand binding
(Figure 7(b)). Among the test compounds, the glucosinolate com-
plex displayed moderate fexibility (PC1: 26.33%, PC2: 19.19%)
(Figure 7(c)), while the indole-3-carbinol complex showed a sub-
stantial variance in PC1 (36.64%) but less in PC2 (12.44%), refecting
a more dominant unidirectional conformational shift (Figure 7(d)).
Overall, these results suggest that ligand binding diferentially af-
fects the dynamic behavior of protein 6x41, with the apo form being
the most fexible and ligand-bound forms exhibitingmore restricted
yet distinct motions. Additionally, the PCA results are consistent
with the docking and in vitro inhibition data. They suggest that
ligand binding (especially indole-3-carbinol) stabilizes the protein
and restricts its conformational freedom, a typical sign of functional
inhibition.

3.11 | DCCM

The DCCM plots for a protein in diferent states with Apo (Fig-
ure 8(a)), control (Figure 8(b)), indolylmethyl glucosinolate
(Figure 8(c)), and indole-3-carbinol (Figure 8(d)) complexes illus-
trate the correlated motions between residue pairs within the
protein, with red indicating positive correlation (residues moving in
the same direction), blue indicating negative correlation (residues
moving in opposite directions), andwhite/light shades indicating no
signifcant correlation (Figure 8). The intensity of the color corre-
sponds to the correlation coefcient, ranging from �1.00 (strong
negative) to 1.00 (strong positive). Comparing the Apo and control
states, distinct diferences in correlated motions are observed,
particularly in the larger “control” system (Figure 8(b)), which
shows more extensive regions of strong positive correlations (deep
red blocks) and pronounced negative correlations (deep blue blocks)
across a wider range of residue indices (up to ∼800 compared to
∼400 for Apo). In the presence of ligands, both the indolylmethyl
glucosinolate and indole-3-carbinol complexes exhibit altered cor-
relation patterns compared to the Apo state, suggesting that ligand
binding induces changes in the protein’s dynamics. For instance, the
indolylmethyl glucosinolate complex shows some areas of increased
positive correlation around residue indices 50–100 and 200–250
compared to the Apo state, while the indole-3-carbinol complex
displays a more localized reduction in some positive correlations
seen in the Apo state, particularly around the 150–200 residue index
range. These changes in correlated motions provide insights into
how ligand binding afects fexibility and allosteric communication
within the protein.

3.12 | In Vitro Antibacterial Activity

The antibacterial activity of indolylmethyl glucosinolate and
indole-3-carbinol against C. difcile, a bacterium implicated in

CDI, was evaluated in vitro using the disc difusion method.
Table 2 presents the MIC and MBC values of two com-
pounds—indolylmethyl glucosinolate and indole-3-carbi-
nol—against C. difcile. The MIC represents the lowest
concentration needed to inhibit visible bacterial growth, while
the MBC indicates the concentration required to kill the bacteria.
Indolylmethyl glucosinolate demonstrated an MIC of 10.33�

0.72 μg/mL (p < 0.05) and an MBC of 23.33± 1.36 μg/mL
(p < 0.05), showing slightly greater antibacterial potency com-
pared to indole-3-carbinol, which had an MIC of 11.33± 0.27 μg/
mL (p < 0.05) and an MBC of 26.67± 3.60 μg/mL (p < 0.05).
These results suggest that both compounds possess notable
antimicrobial activity against C. difcile, with indolylmethyl
glucosinolate being marginally more efective.

Both compounds exhibited varying degrees of inhibitory efects
against C. difcile, as indicated by the clear zones around the
discs on the agar plates (Figure 9 and Table 3). At a concentration
of 50 μg/disc, indolylmethyl glucosinolate produced an average
inhibition zone of 11.33� 0.33 mm (p < 0.05), which increased
to 18± 0.57 mm (p < 0.05) at 75 μg/disc and reached 23.33±

0.67 mm (p < 0.05) at 100 μg/disc. Likewise, indole-3-carbinol
showed mean inhibition zones of 13.67± 0.33 mm, 16.16±

0.16 mm, and 22.67± 0.33 mm (p < 0.05) at concentrations of 50,
75, and 100 μg/disc, respectively. These results indicate that both
compounds possess intrinsic antibacterial activity against
C. difcile, independent of their predicted interaction with the
CDTa toxin subunit. In comparison, the standard antibiotic
ciprofoxacin did not show any inhibition at a concentration of
5 μg/disc, indicating that C. difcile is resistant to this antibiotic.
This resistance aligns with previous fndings that have demon-
strated the antibacterial efcacy of B. oleracea extracts against
various Clostridium species, although no prior studies have
specifcally investigated their efects on C. difcile [75, 76]. The
diference in concentrations (5 μg/disc for ciprofoxacin versus
50, 75, and 100 μg/disc for indolylmethyl glucosinolate and in-
dole-3-carbinol) is attributed to ciprofoxacin’s established po-
tency as a broad-spectrum antibiotic, efective even at lower
doses. While ciprofoxacin typically serves as a reliable positive
control, the resistance shown by C. difcile in this study high-
lights its potential limitations. Although ciprofoxacin demon-
strated stable binding to CDTa in docking and MD simulations,
this interaction did not translate into observable antibacterial
activity in vitro. This apparent discrepancy is likely explained by
the intrinsic fuoroquinolone resistance of the C. difcile strain
used in this study, as well as the fact that ciprofoxacin’s primary
antibacterial mechanism targets DNA gyrase and topoisomerase
IV rather than toxin-mediated pathways. Therefore, binding to
CDTa alone is unlikely to be sufcient to inhibit bacterial growth
in resistant strains, suggesting that the lack of activity refects
strain-specifc resistance rather than assay insensitivity. Con-
versely, the higher concentrations of indolylmethyl glucosinolate
and indole-3-carbinol were necessary to assess their antibacterial
potential due to their novelty as antimicrobial agents. These
compounds, being naturally derived and less studied than
conventional antibiotics like ciprofoxacin, warranted the use of
higher concentrations to fully evaluate their inhibitory
properties.

Indolylmethyl glucosinolate may play a role in antibiosis owing
to its antibacterial activity, as supported by numerous previous
studies [63, 77–81]. Conversely, the antibacterial efectiveness of

12 of 20 Scientifca, 2026

 6168, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/sci5/8115947 by Jam

es C
ook U

niversity, W
iley O

nline L
ibrary on [15/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



PCA of MD trajectory (6X41_Apo)
60

40

0

20

T
im
e 
(n
s)

P
C
2 
(1
4.
84
%
)

–20

–40

0
0

–40 –30 –20 –10 10 20

20

30 40

PC1 (45.27%)

60

100

80

40

(a)

PCA of MD trajectory (6X41_Control_CIP)

T
im
e 
(n
s)

P
C
2 
(1
2.
08
%
)

–40

PC1 (20.25%)

60

40

0

20

–20

0
0

–40 –30 –20 –10 10 20

20

30 40

60

100

80

40

(b)

0

PCA of MD trajectory (6X41_indolylmethyl glucosinolates)

P
C
2 
(1
9.
19
%
)

60

40

20

–20

–40

0
0

–40 –30 –20 –10 10 20

20

30 40

60

100

80

40 T
im
e 
(n
s)

PC1 (26.33%)

(c)

0

PCA of MD trajectory (6X41_Indole-3-carbinol)
60

40

20

–20

–40

0
0

–40 –30 –20 –10 10 20

20

30 40

60

100

80

40 T
im
e 
(n
s)

P
C
2 
(2
1.
44
%
)

PC1 (36.64%)

(d)

FIGURE 7 | Principal component analysis (PCA) of protein 6x41 in diferent states to evaluate conformational dynamics. (a) Apo form of the protein
showing high structural fexibility. (b) Protein in complex with the control ligand demonstrating reduced motion compared to the apo form. (c)
Indolylmethyl glucosinolate–bound complex indicating moderate stabilization of the protein structure. (d) Indole-3-carbinol-bound complex displaying
a distinct conformational restriction, suggesting a strong interaction and structural stabilization. PCAwas performed on 100-ns MD trajectories, and the
frst two principal components (PC1 and PC2) are plotted to illustrate the dominant motions in each system.
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FIGURE 8 | (Continued)
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indole-3-carbinol may have a signifcant impact on inhibiting
bacterial growth, especially against C. difcile [64, 82, 83]. The
enzyme myrosinase facilitates the hydrolysis of glucosinolates,
producing unique chemicals that afect the growth of diferent
microbes. [84]. Glucosinolates have a cytotoxic impact on
C. difcile and can slow the growth of various harmful bacteria
that create bioflms [85]. Indole-3-carbinol has been shown to
inhibit bacterial efux pumps, bioflm formation, FtsZ activity,
and the pyruvate kinase activity of MRSA [86]. Considering the
fndings presented above, both indolylmethyl glucosinolate and
indole-3-carbinol stand out as promising templates for the de-
velopment of novel antibacterial agents, ofering substantial
potential for future research and practical applications.

While the computational analyses focused on the interaction of
the selected compounds with the CDTa subunit of the binary
toxin, it is important to distinguish toxin inhibition from bac-
terial growth suppression. CDTa is a secreted virulence factor
primarily responsible for host cell cytotoxicity and is not essential
for bacterial viability. Therefore, the growth inhibition observed
in the antibacterial assays likely refects additional mechanisms
unrelated to CDTa targeting, such as interference with bacterial
membrane integrity or metabolic processes. In this context,
CDTa engagement is proposed to represent a complementary
antivirulence mechanism that may attenuate toxin-mediated

pathogenicity rather than directly impair bacterial pro-
liferation. This distinction is further supported by the observation
that ciprofoxacin exhibited predicted interaction with CDTa
in silico but did not inhibit bacterial growth, highlighting that
CDTa binding alone is insufcient to afect C. difcile viability.
Although toxin-specifc functional or secretion assays are re-
quired to experimentally validate antivirulence efects, the
present fndings suggest that the studied compounds may exert
a dual functional profle combining antibacterial and anti-
virulence properties.

3.13 | ADMET Analysis

To understand the pharmacokinetic profle and possible detri-
mental consequences of drugs, it is essential to evaluate their
ADMET characteristics during medication development [87, 88].
Table 4 shows the results of the ADMET profle estimations
performed using computational methods on the SwissADME and
pkCSM platforms for indolylmethyl glucosinolate and indole-3-
carbinol, respectively. The profles were focused on the follow-
ing: absorption, distribution, metabolism, excretion, and toxicity.
Many parameters were used to assess absorption, including
water solubility, CaCO2 cell permeability, and the human in-
testinal absorption (HIA) percentage. The water solubility LogSw
for indolylmethyl glucosinolate was �2.683, and for indole-3-
carbinol, it was �1.874. Because compounds with LogSw values
below �6 are usually considered poorly soluble, these data show
reasonable solubility [89]. When comparing indole-3-carbinol
(1.586) to indolylmethyl glucosinolate (�0.848), the latter
showed signifcantly poorer permeability with respect to CaCO2.
With an estimated HIA value of 92.085% for indole-3-carbinol
and 5.082% for indolylmethyl glucosinolate, indole-3-carbinol
has a far higher potential for absorption in the human intestine.

The ability of indolylmethyl glucosinolate and indole-3-carbinol
to inhibit important cytochrome P450 (CYP) enzymes, such as
CYP1A2, CYP2D6, and P-glycoprotein I and II, was used to assess
their metabolic behavior. There is no concern that glucosinolates
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FIGURE 8 | Dynamic cross-correlation matrix (DCCM) of protein in diferent states. The DCCM matrices depict the correlated motions between
protein residue pairs. Red indicates positively correlated motions, blue indicates negatively correlated motions, and white/light shades indicate no
signifcant correlation. The intensity of the color represents the correlation coefcient, ranging from�1.00 (strong negative) to 1.00 (strong positive). (a)
Apo protein, (b) control, (c) protein in complex with indolylmethyl glucosinolate, and (d) protein in complex with indole-3-carbinol.

TABLE 2 | MIC values quercetin and standard ciprofoxacin against
Clostridioides difcile.

Compounds MIC (μg/mL) MBC (μg/mL)
Indolylmethyl
glucosinolate

10.33a � 0.72 23.33a � 1.36

Indole-3-carbinol 11.33a � 0.27 26.67a � 3.60
Note: Where data are presented as mean� SE, and p < 0.05 in comparison with the
positive and negative control groups according to Duncan’s multiple range test and
one-way ANOVA. Values marked with diferent superscript letters (e.g., “a”) indicate
statistically signifcant diferences among groups. Values sharing the same letter are not
signifcantly diferent, while those with diferent letters difer signifcantly at p < 0.05
according to one-way ANOVA followed by Duncan’s multiple range test.
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may cause metabolic interference or toxicity because they do not
inhibit CYP1A2 or CYP2D6. This suggests that indolylmethyl
glucosinolate has an advantageous metabolic profle, which may
lessen the likelihood of medication interactions.

Additionally, it was discovered that indolylmethyl glucosinolate
did not inhibit P-glycoprotein I or II, suggesting that they
probably will not interfere with drug efux mechanisms. A good
pharmacokinetic profle with lower risks of pharmacokinetic
interactions is supported by the limited impact on the absorption
and distribution of other drugs that rely on P-glycoprotein
transport. There may be metabolic interactions or toxicity con-
cerns associated with this route due to indole-3-carbinol’s status
as an inhibitor of the CYP1A2 enzyme. Thus, it is advised to use
caution when administering indole-3-carbinol with medications
that are processed by CYP1A2. It is highly unlikely that indole-3-
carbinol will impact drug efux or the pharmacokinetics of
coadministered P-glycoprotein substrates, as it does not inhibit P-
glycoprotein I or II, just as indolylmethyl glucosinolate. Indo-
lylmethyl glucosinolate and indole-3-carbinol are both efciently
eliminated from the body at rates of 0.375 and 0.515 log mL/min/
kg, respectively, suggesting that their accumulation and the
potentially detrimental efects it entails are less likely. It is also
not expected that the renal OCT2 transport protein will bind to
either of these drugs. Indolylmethyl glucosinolate and indole-3-
carbinol exhibit similar patterns of toxicity across a wide range of
parameters.

Since neither compound is linked to AMES toxicity, it cannot be
said that it causes mutations. The maximum tolerated dose
(MTD) for indolylmethyl glucosinolate was 0.947 log mg/kg/day,
which is greater than the MTD for indole-3-carbinol at 0.163 log
mg/kg/day. This suggests that indolylmethyl glucosinolate may
have better human tolerance. Neither chemical is expected to
block hERG I or II channels; therefore, there is no concern about
cardiac toxicity. Indolylmethyl glucosinolate and indole-3-car-
binol both have equivalent acute toxicity levels in rats, with LD50

values of 2.53 mol/kg and 2.39mol/kg, respectively, indicating
that they have similar short-term toxicological profles. On the
other hand, indole-3-carbinol has a lower potential for chronic
toxicity (1.77 log mg/kg/bw/day) than indolylmethyl glucosi-
nolate (3.72 log mg/kg/bw/day), suggesting that the two may
difer in terms of long-term safety. Indolylmethyl glucosinolate is
anticipated to induce hepatotoxicity, in contrast to indole-3-
carbinol, which is not anticipated to do so. Based on prior re-
search and established standards, Table 4 details the evaluation
of the pharmacokinetic characteristics and conformity with
Lipinski’s rule for both substances [90–92].

This study builds upon our earlier investigation on derivatives
from B. oleracea against bacterial toxins [93] with a novel focus
on the binary toxin of C. difcile. The molecular weight of
indolylmethyl glucosinolate is 448.47 Da, and they include 7
rotatable bonds, 10 hydrogen bond acceptors, and 6 hydrogen
bond donors, giving them a total polar surface area (TPSA) of

TABLE 3 | The inhibition zones for Clostridium difcile at diferent concentrations of indolylmethyl glucosinolate and indole-3-carbinol, with
ciprofoxacin serving as the control.

Compounds
Zone of inhibition (mean� SE)

50 μg/disc 75 μg/disc 100 μg/disc CIP
Indolylmethyl glucosinolate 11.33a � 0.33 18b � 0.57 23.33c � 0.67 0
Indole-3-carbinol 13.67a � 0.33 16.16a � 0.16 22.67b � 0.33 0

Note: Values marked with diferent superscript letters (e.g., “a”, “b”, “c”) indicate statistically signifcant diferences among groups. Values sharing the same letter are not
signifcantly diferent, while those with diferent letters difer signifcantly at p < 0.05 according to one-way ANOVA followed by Duncan’s multiple range test.

Indolylmethyl glucosinolate

Indole-3-carbinol

?

CDTa

Clostridioides difficile

(a)

(b)

FIGURE 9 | The antibacterial efects and possible mechanism of (a) indolylmethyl glucosinolate and (b) indole-3-carbinol against Clostridioides
difcile at three distinct concentrations, with ciprofoxacin serving as the positive control.
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215.58 Å2. While the majority of the properties adhere to Lip-
inski’s rule of fve, there are a little too many hydrogen bond
donors and acceptors (over 5 and 10 donors, respectively).
However, indole-3-carbinol has properties that are within Lip-
inski’s acceptable range, such as a TPSA of 36.02 Å2, one ro-
tatable bond, one hydrogen bond acceptor, and two hydrogen
bond donors, and amolecular weight of 147.17 Da. Indolylmethyl
glucosinolate and indole-3-carbinol both fall within the ideal 0-3
range for lipophilicity (LogPo/w), suggesting adequate oral
bioavailability. The indole-3-carbinol’s value is 1.51, whereas
indolylmethyl glucosinolate varies from 0.46 to 1.51. Indo-
lylmethyl glucosinolate may also have trouble being absorbed
orally because their estimated bioavailability score was only 0.11,
compared to 0.55 for indole-3-carbinol (Table 5) [93].

3.14 | Limitation of the Study

While the present study provides mechanistic insights into
ligand–CDTa interactions through molecular docking, MD
simulations, and MM–PBSA calculations, we acknowledge that
direct experimental confrmation of these interactions was not
performed. Nevertheless, we complemented the computational
analysis with in vitro antibacterial assays, which demonstrated
growth-inhibitory efects of indolylmethyl glucosinolate and
indole-3-carbinol against C. difcile. Direct experimental vali-
dation using biophysical approaches such as microscale ther-
mophoresis (MST), isothermal titration calorimetry (ITC), or
NMR titration would further strengthen the evidence by pro-
viding quantitative binding afnities. Future studies should aim

TABLE 4 | ADMET predictions for indolylmethyl glucosinolate and indole-3-carbinol, obtained through the SwissADME and PKCSM tools,
showing that both compounds exhibit overall favorable drug-like properties.

Parameters
Molecules

Indolylmethyl glucosinolate Indole-3-carbinol

Absorption
Water solubility �2.683 �1.874

CaCO2 permeability �0.848 1.586
Intestinal absorption (human) (%) Low (5.082%) High (92.085%)

Distribution
VDss (human) (log L/kg) �0.281 0.212

BBB permeability �1.54 0.439
CNS permeability �4.048 �2.17

Metabolism

CYP1A2 inhibitor No Yes
CYP2D6 inhibitor No No

P-Glycoprotein I inhibitor No No
P-Glycoprotein II inhibitor No No

Excretion Total clearance 0.375 0.515
Renal OCT2 substrate No No

Toxicity

AMES toxicity No No
Max. tolerated dose (human) (log mg/kg/day) 0.947 0.163

hERG I inhibitor No No
hERG II inhibitor No No

Oral rat acute toxicity (LD50) (mol/kg) 2.537 2.39
Oral rat chronic toxicity (LOAEL) (log mg/kg_bw/day) 3.72 1.77

Hepatotoxicity Yes No
Skin sensitization No Yes

TABLE 5 | The predicted outcomes for Lipinski’s rule and the pharmacokinetic characteristics of indolylmethyl glucosinolate and indole-3-carbinol,
based on analysis from the SwissADME server.

PubChem ID 6537198 3712
Molecule name Indolylmethyl glucosinolate Indole-3-carbinol
Formula C16H20N2O9S2 C9H9NO
Molecular weight 448.47 147.17
Number of rotatable bonds 7 1
Number of H-bond acceptors 10 1
Number of H-bond donors 6 2
TPSA 215.58 36.02
Log Po/w (WLOGP) 0.46 1.51
Lipinski violations 2violations: NorO> 10, NHorOH> 5 0
Bioavailability score 0.11 0.55

Note: The results suggest that both compounds possess favorable drug-like attributes overall. (Partially adapted from our previous work on Brassica oleracea-derived
compounds targeting E. coli CdtB with permission and expanded for the current study on C. difcile binary toxin.) [93].
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to experimentally validate the predicted ligand–CDTa in-
teractions to fully characterize their antivirulence potential.

4 | Conclusion

This study provides a detailed investigation into the interactions
between selected bioactive compounds and the CDTa subunit of
the C. difcile binary toxin (PDB ID: 6X41), employing MD
simulations conducted over a 100-ns time frame. The structural
stability and binding afnity of ciprofoxacin, indole-3-carbinol,
and indolylmethyl glucosinolate to the protein were evaluated
using several metrics, such as RMSD, Rg, and SASA. Among the
ligands examined, indolylmethyl glucosinolate demonstrated
superior stability and a consistently compact conformation
throughout the simulation period, indicating a strong and stable
interaction with CDTa. Indole-3-carbinol also maintained fa-
vorable interactions, despite exhibiting minor conformational
shifts that did not compromise protein structure. In parallel,
in vitro antimicrobial assays revealed that indolylmethyl glu-
cosinolate exhibited potent growth-inhibitory activity against
C. difcile, as supported by MIC and MBC values, indicating
intrinsic antibacterial efects. Importantly, the predicted in-
teraction with CDTa is proposed to represent a complementary
antivirulence mechanism, potentially contributing to the at-
tenuation of toxin-mediated pathogenicity rather than directly
accounting for bacterial growth inhibition. These fndings pro-
vide valuablemechanistic insights into ligand–CDTa interactions
while also highlighting the antibacterial properties of
B. oleracea–derived compounds. Indolylmethyl glucosinolate
emerges as a promising candidate for further exploration as
a therapeutic agent against CDI, either as a standalone anti-
bacterial compound or as an adjunct targeting toxin-mediated
virulence. Future studies focusing on pharmacokinetic profling
and in vivo validation will be essential to assess efcacy, safety,
and translational potential.

Nomenclature

CDI Clostridioides Difcile Infection

CDT Clostridioides Difcile Transferase (Binary Toxin)

CDTa Enzymatic Subunit a of CDT

MIC Minimum Inhibitory Concentration

MBC Minimum Bactericidal Concentration

ADMET Absorption, Distribution, Metabolism, Excretion, and
Toxicity

MMGBSA Molecular Mechanics Generalized Born Surface Area

RMSD Root-Mean-Square Deviation

RMSF Root-Mean-Square Fluctuation

SASA Solvent-Accessible Surface Area

Rg Radius of Gyration

PDB Protein Data Bank

LB Luria Bertani (Broth/Agar)

CFU Colony Forming Units
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