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ABSTRACT

Background and Objective: Breast cancer remains a major cause of cancer-related
mortality among women, with tumor heterogeneity and therapeutic resistance presenting
significant challenges to treatment. The DNA damage response (DDR) pathway is
essential for DNA repair and may contribute to cancer cell survival and treatment
resistance, making DDR-associated proteins potential therapeutic targets. This study
investigated the potential interactions of zerumbone, a bioactive compound derived from
Zingiber zerumbet, with DDR-related proteins using molecular docking, molecular
dynamics (MD) simulations, and molecular mechanics Poisson—Boltzmann surface area
(MM/PBSA) analysis.

Materials and Methods: Molecular docking of 12 DDR-related protein structures
identified favorable predicted interactions, with docking scores ranging from —5.24 to
—6.69 kcal/mol. Five complexes with the most favorable docking scores were selected
for three independent 100-ns MD simulations.

Results and Conclusion: Root-mean-square deviation and fluctuation (RMSD
& RMSF) analyses revealed differences in global structural deviations and residue-level
flexibility, with 3JVE-zerumbone exhibiting relatively low RMSD values and 7CMZ—
zerumbone showing greater structural fluctuations. Radius of gyration analyses indicated
that overall structural compactness remained relatively consistent during the simulations,
while principal component analysis revealed comparatively restricted conformational
sampling for 3JVE-zerumbone and broader conformational exploration for 7CMZ—
zerumbone. MM/PBSA calculations, performed without an entropy term, yielded
estimated binding energies ranging from —8.20 to —26.53 kcal/mol, with 7CMZ—
zerumbone and 3AL2-zerumbone exhibiting the most favorable estimates. Notably,
3JVE-zerumbone displayed relatively low RMSD values but the least favorable
MM/PBSA estimate, illustrating that limited structural deviation does not necessarily
correspond to more favorable estimated binding energetics. Collectively, these findings
provide structural and energetic insights into the predicted interactions of zerumbone
with DDR-related protein domains and identify candidate complexes for further
investigation.

What is “already
known”:

e Rhizosphere-associated Streptomyces spp.
antimicrobial compounds.

e Antimicrobial activity depends on isolates and target microorganisms, highlighting

the importance of screening strains against a diverse panel of pathogens.
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e Antimicrobial activity of actinomycetes isolated from the rhizospheres of rosemary
(Salvia rosmarinus) and spearmint (Mentha spicata).

e Molecular identification revealed selected isolates were related to Streptomyces

What this article adds:

amritsarensis and Streptomyces antibioticus.

e Isolates show distinct antimicrobial profiles: broad inhibitory activity by RR1 & high
activity of MR4 against methicillin-susceptible and methicillin-resistant S. aureus.

1. INTRODUCTION

Cancer continues to be a critical global health
concern, with projections indicating a substantial rise
in both incidence and mortality rates over the coming
decades. According to the World Health Organization
(WHO), nearly 35 million new cases of cancer and over
16 million related deaths are anticipated annually by
2050 [1]. Breast cancer, in particular, accounts for a
considerable portion of this burden, affecting millions
of women worldwide [2]. A wide array of treatments is
available for cancer, including surgical procedures,
chemotherapy, radiation therapy, immunotherapy,
hormone therapy, and targeted approaches that
address specific cancer pathways. Advanced methods,
such as gene therapy and personalized medicine, are
now being developed to align with the genetic profiles
of individual patients [3]. However, despite these
advancements, many newer targeted therapies have
limitations, including high costs, nonspecific toxicities,
and suboptimal effectiveness [4]. A significant
challenge with anticancer medications is their lack of
selectivity, which often results in damage to healthy
tissues and organs [5]. Moreover, both conventional
chemotherapy and targeted therapies are frequently
associated with the emergence of resistance [6]. This
resistance can develop through mechanisms such as
genetic mutations or the activation of alternative
biological pathways, reducing the long-term success of
these treatments.

The DNA Damage Response (DDR) pathway is an
intricate signaling network that detects, signals, and
repairs DNA damage, ensuring the genomic stability of
cells. This pathway enables cancer cells to repair
therapy-induced DNA damage efficiently, thereby
enhancing their survival under therapeutic stress and
contributing significantly to treatment resistance [7].
Targeting the DDR pathway has emerged as a potential
strategy to counteract this resistance and improve
therapeutic outcomes [8,9]. Key proteins involved in
the DDR pathway serve as promising therapeutic

targets. For instance, mediator of DNA damage
checkpoint protein 1 (MDC1) plays a pivotal role in
recruiting repair proteins to sites of DNA double-
strand breaks and activating cellular checkpoints [10].
Inhibiting MDC1 may overcome resistance in cancers
heavily reliant on DDR for survival, such as triple-
negative breast cancer, ovarian cancer, and non-small
cell lung cancer [11]. Similarly, Neighbour of BRCA1
gene NBR1, which regulates selective autophagy, is
crucial for managing cellular stress and damaged
organelles. Blocking NBR1-mediated autophagy could
enhance the efficacy of DNA-damaging therapies like
chemotherapy and radiation by increasing the
accumulation of damaged organelles and promoting
cancer cell death [12,13]. Another critical player in the
DDR pathway is BRCA1, which is involved in
homologous recombination repair and acts as a key
tumor suppressor by maintaining genomic stability
[14]. While directly inhibiting BRCA1 does not prevent
cancer, it creates a vulnerable state in cancer cells,
making them more responsive to targeted therapies
such as PARP inhibitors and DNA-damaging agents
[15]. This approach selectively eliminates cancer cells
with BRCA1 deficiencies or a high dependency on DDR
mechanisms, thereby halting tumor progression.
TopBP1 (Topoisomerase II Binding Protein 1) is
another significant regulator within the DDR and
replication stress response. It plays a dual role in
suppressing tumor growth and contributing to therapy
resistance. Inhibiting TopBP1 sensitizes cancer cells to
DNA-damaging therapies, making it a valuable target
for tumors characterized by high replication stress or
dependence on DDR pathways [16,17]. RPA-70N
(Replication Protein A 70 kDa N-terminal domain), a
subunit of the Replication Protein A complex, is
essential for maintaining genomic stability during
DNA replication. Although it supports normal cellular
functions, cancer cells exploit RPA70N to survive high
replication stress and therapy-induced damage.
Targeting RPA70N offers a novel therapeutic
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approach, especially when combined with other DNA-
damaging agents or DDR-targeting therapies, to selec-
tively impair cancer cell survival [18,19]. Collectively,
these DDR proteins represent critical therapeutic
targets. By impairing their repair functions using
inhibitors or compounds, it is possible to sensitize
cancer cells to DNA-damaging therapies and reduce
their survival mechanisms. This strategy enhances the
effectiveness of treatments such as chemotherapy and
radiation, potentially leading to improved clinical out-
comes. Natural products have consistently been a rich
source of therapeutic agents, particularly in cancer
treatment, due to their effective pharmacological pro-
perties and reduced side effects compared to synthetic
alternatives [20—22]. One such compound, zerum-
bone, a bioactive sesquiterpene derived from the rhizo-
mes of Zingiber zerumbet, has attracted attention for
its wide range of biomedical benefits. These include
antioxidant, antibacterial, antipyretic, antinociceptive,
anti-inflammatory, hepatoprotective, and immunomo-
dulatory effects [23—25]. Beyond these general health
benefits, zerumbone exhibits significant antitumor
activity by influencing key processes such as cell pro-
liferation, angiogenesis, and programmed cell death,
making it a subject of extensive research in oncology
[26,27]. Zerumbone has shown great promise in
targeting triple-negative breast cancer through its
ability to modulate various molecular pathways.
Zerumbone influences the Notch signaling pathway by
increasing presenilin-1 protein levels, which facilitates
the cleavage of Notch2. At the same time, it reduces the
levels of cleaved Notch1 and Notch4, promoting pro-
grammed cell death and curbing the migration of
cancer cells [28]. Furthermore, zerumbone inhibits
NF-xB activity, leading to a reduction in IL-8 and
MMP-3 production [29,30]. This, in turn, diminishes
the cell migration and invasive behavior stimulated by
IL-1f. It also causes cell cycle arrest at the G2/M phase
and induces apoptosis through Bax/Bak pathways [31].
Moreover, zerumbone reduces the expression of
CXCR4, thereby inhibiting cancer cell invasion and
metastasis [32]. Another important mechanism
involves its suppression of TGF-B1, which leads to
reduced levels of fibronectin, MMP-2, and MMP-9
through decreased phosphorylation of Smad3. This,
combined with its inhibition of Ki67 expression,
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significantly curtails tumor proliferation [33]. Animal
studies using xenograft models have further demo-
nstrated zerumbone’s effectiveness in reducing tumor
size, weight, and spread [31,33]. These findings under-
score its potential as a treatment for triple-negative
breast cancer, given its ability to combat tumor growth
and metastasis effectively. Despite these well-docum-
ented anticancer effects, the role of zerumbone in
targeting the DNA Damage Response (DDR) pathway
remains relatively unexplored [34]. Investigating how
zerumbone inter-acts with DDR proteins may provide
new insights into its therapeutic potential, particularly
in addressing treatment resistance in cancers with a
high dependency on DDR mechanisms, such as triple-
negative breast cancer.

Advances in molecular docking and molecular
dynamics (MD) simulations, including the incurpora-
tion of enhanced sampling techniques and solvation
models, have substantially improved the precision of
predicting protein-ligand interactions [35,36]. These
computational methods have become invaluable for
identifying and refining compounds that selectively
target components of the DDR pathway [37]. Recent
investigations have utilized these approaches to study
zerumbone's interaction with proteins implicated in
cancer progression. For example, research has iden-
tified its binding affinity to multiple targets, including
AKT1, XIAP, HSP9oAA1, MDM2, and EP300, in breast
cancer models, highlighting its potential to act on
multiple molecular pathways. Other studies have
demonstrated zerumbone's capability to engage with
proteins involved in cellular stress response, apoptosis
regulation, and metastatic processes [38—40]. Despite
these findings, there remains a scarcity of studies dire-
ctly examining zerumbone's influence on DDR-specific
proteins. This gap underscores the need for further
investigation into its therapeutic potential within
DDR-targeted cancer treatments. To address this gap,
the current study uses molecular docking and MD
simulations to investigate the predicted interactions of
zerumbone with selected DNA damage response
(DDR)-related protein structures, including MDCi,
NBR1, BARDi1, TopBP1, Brci, and RPA70N. The
selected structures represent specific protein domains
or constructs involved in DNA damage signaling, repli-
cation checkpoint control, and genome maintenance.
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By evaluating zerumbone interactions across these
targets, this study aims to provide computational
insights into its potential interactions with DDR-
associated proteins and identify candidate complexes
for further investigation in the context of breast cancer.

2. MATERIALS AND METHODS

2.1. Preparation of protein and ligand struc-
tures

The high-resolution crystal structures of key
proteins involved in DNA damage response and repair
mechanisms were meticulously selected from the
Protein Data Bank (PDB). The specific PDB entries
used in this study include the BRCT Repeat Domain of
MDC1 (PDB ID: 2ADO), PB1 Domain of NBR1 (PDB
ID: 2BKF), MDC1 Tandem BRCT Domains (PDB ID:
2ETX), TopBP1 BRCT7/8 domains (PDB ID: 3AL2),
BARD1 Ankyrin Repeat Domain (PDB ID: 3C5R), Sixth
BRCT Domain of TopBP1 (PDB IDs: 3JVE and 3PD7),
TopBP1 BRCT4/5 domains (PDB ID: 3UEN), Brci
BRCT5-BRCT6 domains (PDB ID: 3L40), BARD1
BRCT (PDB ID: 6M14), BRCT7/8 (PDB ID: 7CMZ),
and RPA70oN (PDB ID: 8Koo). These structures were
RCSB PDB
(http://www.rcsb.org). In cases where the PDB

retrieved via  the database
structures contained missing residues, these gaps were
carefully filled using loop modelling to restore the full
integrity of the protein. Following the completion of
the structure, energy minimization was performed to
optimize the repaired regions and the overall protein
conformation by 10,000 steps using the steepest
descent minimization algorithm. The CHARMM force
field in Discovery Studio 2016 (Accelrys, Inc., San
Diego, CA, USA) was employed to achieve the lowest
energy states, thereby ensuring that the proteins were
in a stable conformation suitable for docking. For
ligand preparation, the bioactive compound
zerumbone was acquired from the PubChem database
(https://pubchem.ncbi.nlm.nih.gov/) [41]. The 3D
structure of zerumbone was then subjected to energy
minimization to achieve an energetically favorable
conformation, enhancing its interaction potential with
the target proteins. The structural characteristics and
biological relevance of the 12 protein targets

investigated in this study are summarized in Table 1.
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2.2, Site-specific molecular docking

The protein and ligand structures were prepared for
docking using AutoDock Tools [42]. Protein structures
were imported, with hydrogens added and partial
charges assigned. Active site grids were precisely
defined, and the structures were converted to pdbqt
format. The grid centers were x = 37.84,y = 1.00 and z
= 3.14 for 2ADO, x = 8.72, y = 76.19 and z = 3.45 for
2BKF, x = 37.70, y = 0.98 and z = 3.26 for 2ETX, x =
15.65, v = 27.89 and z = 18.58 for 3AL2, x = 1.84,y =
15.17 and z = 18.42 for 3C5R, x = 9.19, y = 72.78 and z
=10.09 for 3JVE, x = -7.87, y = 12.23 and z = -13.27 for
3L40,x=18.88,y =18.57and z = 29.21 for 3PD7,x = -
0.40,y = 49.41 and z = 76.82 for 3UEN, x = 18.17,y =
2.16 and z = 25.12 for 6M14,x = 2.56,y = -4.73 and z =
17.58 for 7CMZ and x = -7.38,y = -7.96 and z = 10.93
for 8Koo PDB files, respectively. For all targets, the
docking grid dimensions were set to 50 x 50 x 50 A.
The docking search used an exhaustiveness value of 8
and an energy range of 4 kcal/mol. The previously
energy-minimized ligand, zerumbone, was loaded into
AutoDock Tools, where Gasteiger charges were
computed, polar hydrogens were added, rotatable
bonds were detected, and the structure was saved in
pdbqt format. Docking was then executed with
AutoDock Vina using an exhaustiveness of 8 and an
energy range of 4 kcal/mol, and the binding
conformations with the lowest binding free energy
(most negative affinity, kcal/mol) were selected for
analysis. After docking, protein-ligand complexes
exhibiting the most negative binding energies were
constructed using UCSF Chimera (version 1.18) [43].
These complexes were then analyzed using Discovery
Studio, where the key interactions between zerumbone
and the protein targets were visualized.

2.3. Molecular dynamics (MD) simulations

Following the docking analysis, five protein—ligand
complexes (7CMZ, 3AL2, 3UEN, 3JVE, and 6M14)
were selected from the 12 screened targets based on
their five most favorable predicted docking scores for
MD simulations using GROMACS v2022.6 [44],
employing the AMBER99SB forcefield [45].

This open-access article distributed under the terms of the Creative Commons Attribution Non Commercial 4.0 License (CC BY-NC 4.0).
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

4


http://creativecommons.org/licenses/by-nc/4.0/
http://www.rcsb.org/
https://pubchem.ncbi.nlm.nih.gov/

Sanaimehr et al.

BiotechIntellect, 2026; Vol. 3, No. 1, e22 (1-18)

Table 1. Structural characteristics and biological relevance of the protein targets selected for molecular docking.

Number PDBTID Protein and domain/construct Functional relevance

1 2ADO Mediator of DNA MDC1#, tandem Thetandem BRCT repeats recognize the phosphorylated C-
BRCT repeats terminal tail of H2AX (y-H2AX), contributing to the

recognition and repair of DNA double-strand breaks

2 2ETX Mediator of DNA MDC1, tandem The structure comprises the tandem BRCT domains of
BRCT domains MDC1, while microcephalin (MCPH1) is implicated in DNA

damage checkpoint signaling, DNA repair, and
transcription.

3 2BKF Neighbor of BRCA1 gene, PB1 The PB1 domain mediates protein—protein interactions
domain with titin kinase and the scaffold protein p62.

4 3UEN DNA topoisomerase 2-binding BRCTj5 recognizes phosphorylated SDT repeats of MDCi,
protein 1 (TopBP1), tandem contributing to TopBP1 recruitment to y-H2AX-associated
BRCT4/5 domains foci and DNA replication checkpoint signaling.

5 3JVE DNA topoisomerase 2-binding BRCT6 is implicated in interactions with E2F1 and
protein 1 (TopBP1), BRCT6 domain  poly(ADP-ribose) polymerase 1 (PARP1). Structural and

binding studies suggest that it does not independently
function as a phosphopeptide-binding domain.

6 3PD7 Human TopBP1, sixth BRCT domain Crystal structure of the sixth BRCT domain of human

TopBP1 (DNA topoisomerase 2-binding protein 1).

7 3AL2 DNA topoisomerase 2-binding BRCT7/8 recognizes a phosphorylated motif in
protein 1 (TopBP1), tandem BACH1/FANCJ, contributing to DNA replication
BRCT7/8 domains checkpoint activation at stalled replication forks.

8 7CMZ TopBP1, tandem BRCT7/8 domains PHF8-mediated demethylation of TopBP1 contributes to
in complex with the APS motif of ATR activation and the cellular response to replication
PHFS8 stress.

9 3C5R BRCA1-associated RING domain BARDa1 is the constitutive nuclear partner of BRCA1. The
protein 1 (BARD1), ankyrin-repeat BRCA1-BARD1 complex contributes to genomic stability
domain through DNA damage signaling and repair, transcriptional

regulation, and cell-cycle control.

10 6M14 BARD1 BRCT domain carrying the The V695L mutation affects the BARD1—OLA1 interaction
V695L mutation and reduces BARD1-mediated activation of OLA1 ATPase

activity.

11 3L40 Schizosaccharomyces pombe Brei, Brei binds phosphorylated H2A (yH2A) and contributes to
tandem BRCT5—-BRCT6 domains genome integrity during S phase and DNA damage

responses associated with replication.

12 8Koo Human RPA70N-MRE11 fusion RPA70N, the N-terminal domain of the RPA70 subunit,

construct

interacts with multiple DNA damage response proteins.
The associated study investigates the structural basis of
these interactions.

t Protein Data Bank, + damage checkpoint protein 1

The ligand topologies were generated using the
Antechamber module [46] integrated into the Amber
package, with partial charges assigned via the AM1-
BCC model [47], then converted to GROMACS format
using the Acpype code. Each simulation system was
placed within a cubic simulation box, solvated with
SPC water molecules [48]. Counter ions replaced
enough water molecules to neutralize the system.
Periodic boundary conditions (PBC) were applied in
all three dimensions. Energy minimization was
initially conducted using the steepest descent
algorithm [49].
performed under constant volume (NVT) conditions

Subsequent equilibration was

for 100 ps at 300 K, with a coupling constant of 0.1

ps, utilizing the Berendsen thermostat [50]. This was
followed by a constant pressure equilibration phase,
conducted at 1 bar for 1 ns with a coupling constant of
5.0 Ds,
barostat [51]. To constrain rigid water molecules and
hydrogen bonds, SETTLE [52] and LINCS [53]
algorithms were used to constrain the geometry of

maintained by the Parrinello-Rahman

water molecules and the appropriate bond lengths,
respectively. The Particle Mesh Ewald (PME) method
was used for the accurate calculation of long-range
Coulombic (electrostatic) interactions [54]. For van
der Waals interactions, a Lennard-Jones potential
with a cutoff method was applied [55]. The cutoff
distance for both Coulombic and van der Waals
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interactions was set to 12 A. To minimize artifacts,
van der Waals interactions were smoothly truncated
using a switch function between 10 A and 12 A,
ensuring a continuous potential and avoiding
discontinuities at the cutoff distance. Each complex
was subjected to three independent MD simulations,
each with a production duration of 100 ns and an
integration time step of 2 fs. The resulting data were
analyzed using Visual MD (VMD) [56] and Discovery
Studio (DS). Structural behavior was assessed using
root-mean-square deviation (RMSD), root-mean-
square fluctuation (RMSF), and radius of gyration
(Rg). Principal component analysis (PCA) was also
performed to characterize the conformational
dynamics of the protein—ligand complexes.
2.4. MM/PBSA binding free
calculations

energy

To estimate the binding free energies of various
protein-ligand complexes, the gmx_ MMPBSA tool
was utilized [57]. For each complex, three
independent 100 ns MD trajectories were analyzed,
with snapshots extracted from the production phase
at 100 ps intervals, yielding approximately 1,000
snapshots per trajectory and 3,000 snapshots per
complex across the three replicates. The binding
energy was estimated using the standard MM/PBSA
of Eq. 1:
AG_binding=AG_complex-AG_ protein— AG_ligand

Eq.1
where AG_complex, AG_protein, and AG_ligand
represent the energy contributions of the protein—
ligand complex, protein, and ligand, respectively.
Each energy term was approximated by Eq. 2:
G_system ~ AE_MM + AG_ solvation

Eq. 2
The molecular mechanics energy (AE_MM)
comprises bonded and non-bonded interactions,
including electrostatic and van der Waals
interactions. The  solvation  free energy
(AG_solvation) consists of polar and non-polar
contributions. Polar solvation was calculated using
the Poisson—Boltzmann equation, while the non-
polar contribution was estimated from the solvent-
(SASA).

accessible  surface area Entropic
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contributions (-TAS) were not calculated; therefore,
the resulting entropy-excluded energy estimates were
used for relative comparisons between complexes
rather than as absolute thermodynamic binding free
energies [58].

2.5. Statistical analysis

All computational analyses were independently
performed in triplicate. Data processing and
statistical analyses were carried out using GraphPad
Prism version 9 (GraphPad Software, Inc., CA, USA).
Statistical significance was determined by one-way
analysis of variance (ANOVA), followed by Tukey’s
multiple comparison post hoc test. A P value of less
than 0.05 was considered statistically significant.
Data are expressed as mean + standard deviation
(SD).

3. RESULTS AND DISCUSSION

3.1. Molecular docking analyses

Molecular docking studies were conducted to
examine the binding interactions between the
bioactive compound zerumbone and various proteins
involved in DNA damage response and repair
mechanisms. The docking simulations were
performed using AutoDock Vina, and the results are
summarized in Table 2, which presents the binding
affinity of zerumbone with the selected proteins. The
negative binding energy values suggest favorable
interactions between zerumbone and the target
proteins, with lower energy values indicating
favorable docking scores. Among the analyzed
proteins, the most favorable binding energy was
observed for the BRCT7/8 domains (PDB ID: 7CMZ),
with a binding energy of -6.69 kcal/mol. Detailed
analysis of the docking pose (Figure 1A) revealed
several key interactions contributing to this favorable
docking score. Zerumbone forms hydrophobic
interactions with residues such as Leu1319, Leu1414,
Phei411, and Alai470, which contribute to the
stabilization of the protein-ligand complex. While
hydrophobic interactions are common, their
significance in this context arises from their location
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within the hydrophobic binding pocket, which
enhances the ligand's stability and affinity by
minimizing solvent exposure and favorably
interacting with nonpolar regions of the protein.

In the TopBP1 BRCT7/8 domains (PDB ID: 3AL2),
zerumbone exhibited a notable binding affinity with
an energy of -6.547 kcal/mol (Figure 1B). Similar
hydrophobic interactions were observed with
Leu1319, Leu1414, Phe1411, and Ala1470, which were
further stabilized by a hydrogen bond with Argi407.
The presence of a well-defined hydrophobic pocket is
known to facilitate the tight binding of hydrophobic
ligands, like zerumbone, by minimizing solvent
exposure and maximizing interaction with nonpolar
residues in the binding site [59]. This favorable
environment likely contributes to the observed lower
binding energies, consistent with other studies that
highlight the importance of hydrophobic pockets in
ligand binding and stability [59,60]. The interaction
with the BRCT4/5 domains (PDB ID: 3UEN) showed
a binding affinity of -6.510 kecal/mol (Figure 1C). In
this docking pose, zerumbone forms hydrophobic
interactions with several key residues, including
Phes63, Pro597, Leu598, and Leu599. Additionally,
two hydrophobic interactions with Phe666 and a
hydrogen bond with Ser663 further contribute to the
binding stability. The alignment of zerumbone within
the hydrophobic pocket of the BRCT4/5 domains
highlights its potential to interact effectively with
multiple sites, forming an extensive network of
ligand-protein contacts that collectively stabilize the
complex.

For the Sixth BRCT Domain of TopBP1 (PDB ID:
3JVE), zerumbone showed a binding energy of -6.128
kcal/mol (Figure 1D). Although the hydrophobic
pocket in this domain appears less pronounced
compared to the other BRCT domains, the binding is
significantly stabilized by hydrogen bonds with
Lyso15 and Glyg949, along with a hydrophobic
interaction with Lysogis. This suggests that while
hydrophobic interactions are less dominant in this
complex, the specific placement of hydrogen bonds
compensates, resulting in a relatively stable
interaction. Finally, zerumbone's interaction with the

BiotechIntellect, 2026; Vol. 3, No. 1, e22 (1-18)

BARD1 BRCT domain (PDB ID: 6M14) demonstrated
a binding affinity of -5.870 kcal/mol (Figure 1E). In
this binding pose, zerumbone establishes several
hydrophobic interactions with key residues such as
Leu622, Lys693, and Ala697. Additionally, a
significant hydrogen bond is formed between Ser602
and zerumbone, adding to the stability of the
complex. The relatively less negative binding energy,
in this case, suggests that while the hydrophobic
pocket in this domain is present, it is less optimal
compared to other BRCT domains, leading to slightly
reduced stability of the protein-ligand complex.
Across all the analyzed interactions, a clear pattern
emerges: the presence of well-defined hydrophobic
pockets and zerumbone's ability to engage in multiple
hydrophobic interactions are key factors driving
higher binding affinities. This indicates that
zerumbone has a strong affinity for binding within
hydrophobic environments, which are prevalent in
BRCT domains involved in DNA repair pathways. The
slight variations in binding affinities among the
different BRCT domains suggest that while
hydrophobic interactions are crucial, the exact
positioning and accessibility of these hydrophobic
residues, as well as the potential for additional
hydrogen bonding, play a significant role in
determining the overall strength of the protein-ligand
interaction. The docking results of this study are
consistent with previous research on zerumbone’s
interactions with various protein targets. Singh et al.
demonstrated that zerumbone binds effectively to
TNF-alpha by forming strong hydrophobic
interactions and hydrogen bonds within its active
site, highlighting its broad potential for interacting
with different proteins [61]. Similarly, in our study,
zerumbone exhibited favorable binding to the
BRCT7/8 domains of TopBP1, with a binding affinity
of -6.69 kcal/mol. These results suggest that
zerumbone can effectively interact with various
protein targets, not only by leveraging hydrophobic
interactions but also by forming hydrogen bonds,
making it a versatile compound for different
biological pathways and targets, including TNF-alpha
and TopBP1.
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Table 2. Molecular docking scores of zerumbone
against the 12 selected protein targets.

Receptor (PDBTID)  Binding Energy (kcal/mol)

7CMZ -6.69
3AL2 -6.547
3UEN -6.51
3JVE -6.128
6Mi14 -5.87
3PD7 -5.851
2ETX -5.774
3L40 -5.571
2BKF -5.44
2ADO -5.42
8Koo -5.266
3C5R -5.238

t Protein Data Bank

3.2. Molecular dynamics (MD) simulations
analyses

3.2.1. RMSD analyses

The RMSD profiles of the protein—zerumbone (ZRB)
complexes describe their time-dependent structural
deviations from the reference structures during the
100 ns simulations. RMSD values reflect the degree of
structural deviation from a reference structure during
MD simulations. Generally, relatively low and stable
RMSD values indicate that a protein maintains its
overall structure with limited conformational
changes, whereas higher values or substantial
fluctuations may indicate greater structural flexibility
or conformational rearrangement [62]. Starting with
the 3AL2-ZRB complex (Figure 2, black line), the
RMSD values indicate a generally stable behavior,
with the RMSD fluctuating between 0.20 and 0.25
nm for most of the simulation. However, a slight
increase in RMSD towards the end of the simulation,
reaching up to 0.30 nm, suggests some degree of
flexibility or structural adjustment within the
complex over time. Despite these fluctuations, the
RMSD remained within a relatively narrow range for
most of the simulation, indicating limited global
structural deviation in the 3AL2-ZRB complex during
the sampled trajectory. The 3JVE-ZRB complex
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(Figure 2, red line) shows a slightly lower RMSD
range compared to 3AL2, with values generally
hovering around 0.15 to 0.20 nm.

The lower RMSD range of 3JVE-ZRB compared with
3AL2-ZRB indicates smaller global structural
deviations during the simulation. The relatively low
and consistent RMSD values indicate that the 3JVE-
ZRB complex underwent comparatively small global
structural deviations throughout the sampled
trajectory. For the 3UEN-ZRB complex (Figure 2,
green line), the RMSD trajectory indicates slightly
higher fluctuations, with values ranging from 0.20 to
0.30 nm. The 3UEN-ZRB complex displayed RMSD
fluctuations comparable to those of 3AL2-ZRB, with
a somewhat broader range of structural deviations
than observed for 3JVE-ZRB. The RMSD profile of
6M14-ZRB (Figure 2, blue line) increased from
approximately 0.20 nm to around 0.25 nm and then
approached a plateau, suggesting an initial structural
adjustment followed by comparatively limited
changes in global structural deviation. Lastly, the
7CMZ-ZRB complex (Figure 2, yellow line) exhibits
the highest RMSD values among all the complexes,
fluctuating between 0.25 and 0.35 nm throughout the
simulation. The higher RMSD values of 7CMZ-ZRB
indicate greater global structural deviations during
the simulation than those observed for the other
complexes.

3.2.2. RMSF analyses

The RMSF (Root Mean Square Fluctuation) data
provide additional insights into the flexibility of
individual residues within the protein-ligand
complexes throughout the simulation [63]. RMSF
analysis identifies regions of a protein that exhibit
greater residue-level fluctuations during MD
simulations, providing insights into local flexibility
and the dynamic behavior of the protein structure
[64]. The 3AL2-ZRB complex (Figure 3, black line)
exhibits relatively low fluctuations throughout most
of the protein, with only a few regions showing higher
RMSF values, particularly towards the C-terminal
end.
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Figure 1. Docking pose and interactions of Zerumbone with target proteins. (A) Molecular interactions between the 7CMZ
protein and zerumbone. (B) Molecular interactions between the 3AL2 protein and zerumbone. (C) Molecular interactions
between the 3UEN protein and zerumbone. (D) Molecular interactions between the 3JVE protein and zerumbone. (E)

Molecular interactions between the 6M14 protein and zerumbone.
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This suggests that the majority of the protein remains
stable, with only specific loops or terminal regions
experiencing flexibility. The 3JVE-ZRB complex
(Figure 3, red line) shows a similar trend, with
low RMSF
comparatively stable protein structure with limited

generally values, indicating a
residue-level fluctuations. However, certain regions,
likely corresponding to loops or unstructured regions,
exhibit higher fluctuations, which is common in
proteins and often does not impact the overall
stability of the complex. In contrast, the 3UEN-ZRB
complex (Figure 3, green line) presents higher RMSF
values across several regions, indicating that this
complex experiences more significant conformational
changes during the simulation. This is particularly
evident in the terminal regions and certain loop
regions, which are more prone to movement [65].
This increased flexibility may correlate with the
slightly higher RMSD values observed in this
complex, suggesting that while the complex is
generally stable, certain regions are more flexible
[66]. The 6M14-ZRB complex (Figure 3, blue line)
also shows moderate RMSF values, with fluctuations

concentrated in specific regions. The fluctuations in
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this complex suggest some flexibility, particularly in
areas that may not be directly involved in the binding
interface, allowing the complex to adapt while
stability. The 7CMZ-ZRB
complex (Figure 3, yellow line) shows the highest

maintaining overall

RMSF values among all the complexes, particularly in
the loop regions and terminal ends. A comparison of
the RMSF results with the RMSD data reveals a clear
pattern that aligns with and supports the initial
observations. Complexes with lower RMSD values,
such as 3JVE-ZRB, generally show lower RMSF
values, indicating a comparatively stable protein
structure with limited residue-level fluctuations. In
contrast, complexes like 7CMZ-ZRB, which exhibited
higher RMSD values, also show higher RMSF
fluctuations, highlighting the relationship between
residue flexibility and overall complex stability. These
findings reinforce the conclusions drawn from the
RMSD analysis and the docking studies. The RMSF
profiles reveal differences in residue-level flexibility
with
lower fluctuations indicating more restricted local

among the protein—zerumbone complexes,

movements and higher fluctuations reflecting greater
flexibility in specific protein regions.
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3.2.3. Radius of Gyration (Rg) analyses

A relatively stable radius of gyration (Rg) throughout
a MD simulation indicates that the protein maintains
a consistent overall compactness, whereas substantial
changes in Rg may reflect structural expansion or
compaction during the simulation [67]. For the 3AL2-
ZRB complex (Figure 4, black line), the Rg fluctuates
around 2.0 nm, with minor variations throughout the
simulation. This relatively narrow range suggests that
the overall compactness of the 3AL2-ZRB complex
remains largely unchanged during the simulation,
with no substantial expansion or compaction evident
from the Rg profile. The 3JVE-ZRB complex (Figure
4, red line) exhibited an Rg of approximately 1.3 nm,
which remained relatively constant throughout the
simulation, indicating consistent overall
compactness. The 3JVE and 7CMZ protein structures
contained 104 and 237 residues, respectively.
Therefore, the substantially lower Rg of 3JVE-ZRB is
likely attributable, at least in part, to the smaller size
of the protein construct. The 3UEN-ZRB complex
(Figure 4, green line) showed modest Rg fluctuations
between approximately 1.9 and 2.0 nm, suggesting
that its overall compactness remained largely

unchanged during the simulation. Similarly, the
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6M14-ZRB complex (Figure 4, blue line) exhibited
relatively consistent Rg values, ranging from
approximately 1.93 to 2.03 nm. These limited
variations indicate that neither complex underwent
substantial changes in overall compactness during
the sampled trajectories, although local residue-level
fluctuations may still occur.

The 7CMZ-ZRB complex (Figure 4, yellow line)
displayed Rg values of approximately 1.95—2.0 nm,
comparable to those of 3UEN-ZRB and 6M14-ZRB.
Despite some fluctuations, its Rg profile suggests that
the overall compactness of the complex remained
relatively consistent throughout the simulation.
Although 7CMZ-ZRB exhibited higher RMSD and
RMSF values in the previous analyses, these
observations reflect global structural deviations and
local residue flexibility, respectively, and do not
necessarily indicate substantial changes in overall
compactness. Overall, the Rg profiles suggest that all
five complexes—3AL2-ZRB, 3JVE-ZRB, 3UEN-ZRB,
6M14-ZRB, and 7CMZ-ZRB—maintained relatively
consistent overall compactness during the
simulations. Because Rg depends on protein size and
shape, differences in absolute Rg values among the

complexes partly reflect differences in their structural

Rg (nm)

characteristics.
N I N | ¥y | ' | . .
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2 [« ' ot M.w.-. vyt il 3UEN-ZRB | zerumbone—protein comple-
g g g A SRl N — 6MI14-ZRB xes during the 100-ns
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lations. The Rg profiles re-
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throughout the simulations,
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compactness of each protein
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differences in protein size
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3.2.4. Principal component analyses (PCA)
Principal component analysis (PCA) is a statistical
method used in MD simulations to reduce the
dimensionality of complex datasets and identify the
dominant collective motions of biomolecular systems
[35]. By projecting protein—ligand trajectories onto
the first two principal components derived from the
covariance matrix of atomic displacements, PCA
provides a two-dimensional representation of the
conformational space sampled during a simulation.
This approach helps characterize differences in
conformational sampling and collective structural
motions among protein—ligand complexes [36].

In this study, PCA revealed differences in the con-
formational spaces sampled by the five protein—zeru-
mbone (ZRB) complexes. The 3AL2-ZRB complex
(Figure 5, black) exhibited a moderate spread in the
PCA projection, indicating a degree of conformational
variability during the simulation. This observation is
broadly consistent with its intermediate RMSD values
and relatively stable Rg profile, suggesting that the
complex underwent structural fluctuations while
maintaining relatively consistent overall com-
pactness. The 3JVE-ZRB complex (Figure 5, red)
displayed more compact clustering in the two-
dimensional PCA projection, indicating a narrower
range of sampled conformations along the first two
principal components. This observation is consistent
with the relatively low RMSD values observed for this
complex. Overall, the PCA results suggest compara-
tively restricted conformational sampling for 3JVE-
ZRB during the simulated trajectory.

The 3UEN-ZRB complex (Figure 5, green) also
exhibited conformational sampling across the PCA
projection, reflecting structural variability during the
simulation. Together with its moderate RMSD values
and relatively consistent Rg profile, this pattern
suggests that the complex underwent conformational
fluctuations without substantial changes in overall
compactness. The 6M14-ZRB complex (Figure 5,
blue) showed clustering across multiple regions of the
PCA projection, suggesting that the trajectory sam-
pled different conformational regions along the first
two principal components. This distribution may
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reflect transitions between conformations during the
simulation. Finally, the 7CMZ-ZRB complex (Figure
5, yellow) exhibited the broadest distribution in the
PCA projection, indicating more extensive confor-
mational sampling along the first two principal com-
ponents. This observation is consistent with the
higher RMSD and RMSF values reported for this
complex, which indicate greater global structural
deviations and local residue-level fluctuations,
respectively. Overall, PCA revealed distinct confor-
mational behaviors among the five protein—ZRB
complexes, ranging from relatively restricted
sampling in 3JVE-ZRB to broader conformational
exploration in 7CMZ-ZRB. These results complement
the RMSD, RMSF, and Rg analyses by providing in-
formation about collective motions and the confor-
mational space sampled during the simulations.
Together, these metrics characterize different aspects
of protein structural dynamics and should be
interpreted collectively when evaluating the behavior
of the simulated complexes.

3.2.5. MM/PBSA binding free energy analysis and

key residue contributions in protein-zerumbone

complexes

To further characterize the interactions between
zerumbone (ZRB) and the target proteins, MM/PBSA
(Molecular Mechanics Poisson—Boltzmann Surface
Area) calculations were performed using snapshots
from the MD simulations. This analysis provided
estimates of the binding energies of the protein—
ligand complexes and identified key residues contri-
buting to the calculated binding energies [68]. The
MM/PBSA calculations revealed differences in the
estimated binding energies (ATOTAL) among the five
protein—ZRB complexes. The 7CMZ—-ZRB complex
exhibited the most favorable estimated binding
energy (—26.53 kcal/mol), followed by 3AL2-ZRB
(—21.02 kcal/mol), 3UEN-ZRB (-19.37 kcal/mol),
6M14-ZRB (-15.53 kcal/mol), and 3JVE-ZRB
(—8.20 kcal/mol). These results indicate that 7CMZ—
ZRB had the most favorable MM/PBSA energy
estimate among the investigated complexes, followed
by 3AL2-ZRB and 3UEN-ZRB.
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The 6M14-ZRB complex showed an intermediate
energetic profile, whereas 3JVE-ZRB had the least
favorable estimated binding energy. The energetic
ranking highlights 7CMZ-ZRB as a promising
candidate for further investigation and demonstrates
differences in the predicted interactions of zerumbone
across the five target proteins.

Residue-level energy decomposition identified several
residues that contributed notably to the calculated
binding energies. In the 3AL2-ZRB complex, Phe1411
and Arg1407 were identified as important contributors
(Figure 6A). In the 3JVE-ZRB complex, Pheg38
showed a notable contribution (Figure 6B). Similarly,
Phe666 contributed to the calculated binding energy of
3UEN-ZRB (Figure 6C), while Leu622 and Ala697
were identified as notable contributors in 6M14—ZRB
(Figure 6D). In the 7CMZ-ZRB complex, Arg1407 and
Phe1411 were among the residues contributing to the
calculated binding energy (Figure 6E). These findings
identify potential residue-level determinants of the

components.

predicted interactions between zerumbone and the
target proteins.

Comparison of the docking results with the post-MD
energy-decomposition analysis revealed overlap in the
residues implicated in the predicted interactions. For
example, Phei1411 was identified as a contributing
residue in both the 3AL2-ZRB and 7CMZ-ZRB
complexes. This consistency supports the potential
importance of this residue in the predicted interactions
of zerumbone with these protein targets. Overall, the
MM/PBSA results complement the docking and
structural-dynamics analyses by providing an
energetic perspective on the five protein—ZRB
complexes. Considering the favorable MM/PBSA
estimate for 7CMZ—-ZRB alongside its docking score,
this complex emerged as a promising candidate for
further

interactions. Experimental studies can subsequently

investigation @ of = zerumbone—protein

assess the binding interactions and determine their
functional relevance.
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4. CONCLUSION

This study investigated the predicted interactions of
zerumbone with multiple DNA damage response
(DDR)-related protein structures using molecular
docking, MD simulations, and MM/PBSA analysis. The
selected targets included domains or constructs of
MDC1, NBR1, BARD1, TopBP1, Schizosaccharomyces
pombe Brei, and RPA70N. The MD simulations
revealed distinct structural-dynamic behaviors among
the selected protein—zerumbone complexes, while
MM/PBSA calculations provided complementary
estimates of their binding energetics. In particular, the
the most
favorable docking score and MM/PBSA energy
estimate among the five complexes selected for MD
simulations. These findings provide computational

7CMZ—-zerumbone complex exhibited

insights into the predicted interactions of zerumbone
with DDR-associated protein structures and identify
further investigation.
Experimental studies are needed to determine whether

candidate complexes for

these interactions influence protein function or DNA

damage response activity. Further biochemical and
cellular investigations, including studies in triple-
negative breast cancer models, will be required to
establish the biological significance and potential
therapeutic relevance of these findings.
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