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ince identifying effective compounds is time-
consuming and costly, computational drug-discovery
methods now enable high-throughput screening of
bioactive molecules. Philippine marine natural
products (MNPs) were computationally screened
against four targets in the DNA damage response (DDR)
pathways: Poly (ADP-ribose) polymerase 1 (PARP-1), Histone
Deacetylase 2 (HDAC?2), and topoisomerases I and II (TOPOI
and TOPOII). These targets are crucial in various diseases,
including cancer. A total of 27 MNPs were screened through
molecular docking. Most favorable complexes were further
analyzed for pharmacokinetic and drug-likeness profiling,
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visualization and molecular interaction analysis, and molecular
dynamics (MD) simulations. Several MNPs demonstrated
strong binding affinities to DDR targets, along with promising
pharmacokinetic profiles supporting their drug candidacy
including Ningalin B for PARP-1; Perophoramidine for
HDAC?2; Ulithiacyclamide B for TOPOI; and Patellamide C for
TOPOIL. MD simulations affirmed the stability of the best
complexes via root-mean-square deviation and fluctuation,
radius of gyration, and interaction energy analyses. Overall, the
in silico results highlight the potential of Philippine MNPs—
especially Ningalin B, Perophoramidine, Ulithiacyclamide B,
and Patellamide C—as natural-product inhibitors of DDR
pathways relevant to anticancer drug discovery.

KEYWORDS

DNA damage response; marine natural products; molecular
docking; molecular dynamics

Vol. 18 (Supplement) | 2025

SciEnggJ 515


https://doi.org/10.54645/202518SupEOX-42

w1

Topoisomerase | Topoisomerase l

Philippine Marine Natural Products
from Marine Sponges, Sea Squirts, and Sea Cucumber

DNA Damage Response Pathways

Promising Binding Propensity, Stability,

In silico analysis shows

Therapeutically Promising MNPs as
DNA Damage Response Inhibitors

and Pharmacokinetic Profiles

In silico activities of various Philippine Marine Natural Products as potential DNA Damage Response inhibitors

INTRODUCTION

The maintenance of genomic integrity through efficient repair of
deoxyribonucleic acid (DNA) damage is fundamental to cellular
survival and function. DNA damage response (DDR) pathways
are essential in recognizing and rectifying various DNA lesions,
including single-strand breaks (SSBs), double-strand breaks
(DSBs), and crosslinks, primarily via base excision repair
(BER), nucleotide excision repair (NER), and homologous
recombination (Chatterjee and Walker 2017). In oncology, DDR
mechanisms are of particular interest as cancer cells frequently
exploit these pathways to overcome genotoxic stress and
maintain proliferation. Consequently, recent advances have
highlighted DNA damage response modulation (DDRM)
inhibitors as effective adjuvant therapies, enhancing the
cytotoxicity of chemotherapy and radiotherapy by selectively
impairing the DNA repair capabilities of cancer cells (Cheng et
al. 2022).

Key enzymes involved in DDRM include Poly (ADP-ribose)
polymerase 1 (PARP-1), histone deacetylase 2 (HDAC2), and
topoisomerases I and II (TOPOI and TOPOII), all of which play
critical roles in preserving genome stability and cell cycle
progression. PARP-1 binds competitively to DNA damage sites
and catalyzes poly (ADP-ribose) synthesis to recruit DNA repair
proteins to single-stranded breaks; its inhibition results in
persistent DNA strand breaks that ultimately lead to cancer cell
death (Peng et al. 2022). HDAC2 modulates gene expression by
deacetylating histones, resulting in chromatin compaction and
transcriptional — repression (Seto and Yoshida 2014).
Accordingly, HDAC inhibitors prevent histone deacetylation,
thereby hindering chromatin condensation required for mitosis
and exhibiting anticancer potential (Li and Sun 2019).
Topoisomerases resolve DNA supercoiling during replication
and repair, and their inhibition prevents DNA ends from re-
ligating, inducing cytotoxic lesions (Pommier 2009). TOPOI
primarily addresses SSBs, whereas TOPOII resolves DSBs
(Baker et al. 2008; McClendon and Osheroff 2007). Emerging
evidence further indicates that marine natural products (MNPs)
possess bioactive compounds capable of modulating DDR
pathways, positioning them as promising candidates for
anticancer drug discovery.

The Philippines, an archipelagic nation located at the heart of the
Coral Triangle, represents a valuable reservoir of marine natural
products with immense pharmaceutical potential. Its
archipelagic setting of over 7,600 islands and extensive coral
reef systems provides unique ecological niches that foster the
evolution of structurally diverse and biologically potent marine
secondary metabolites (Al-Asif et al. 2022). Marine organisms

from Philippine waters, particularly sponges, sea squirts, and sea
cucumbers, are known to produce metabolites with
pharmacological properties distinct from those found in
temperate environments (Concepcion et al. 2014). This
biodiversity constitutes a largely untapped chemical reservoir
that could yield novel scaffolds for drug discovery with
promising DDR-modulating activity, although their
mechanisms and therapeutic potential remain less explored
compared to synthetic DDRM inhibitors. The significance of
marine-derived compounds in pharmacology is exemplified by
the approval of PRIALT® (Ziconotide) in 2004, a conotoxin
derived from Conus magnus venom and now used clinically for
chronic pain management due to its potent and selective action
on ion channels and membrane receptors (Molinski 2009;
Gomez et al. 2019). More recently, Filipino marine
bioprospecting initiatives have explored marine sponges for the
development of combination therapies against cancer, further
underscoring the untapped potential of local MNPs in
oncological therapeutics (Acyatan et al. 2024).

In this study, the selected compounds are referred to as
“Philippine MNPs” as they originate from marine species
documented in Philippine waters, with their initial extraction
and characterization reported in prior studies conducted
elsewhere (Karim et al. 2018; Sajwani 2019). As demonstrated
by Concepcion et al. (2014), bioactive compounds from
Philippine ascidians and sponges have been successfully
isolated and elucidated using advanced spectroscopic
techniques. A total of 27 compounds were selected based on the
following criteria: (1) reported bioactivity associated with DNA
damage response modulation, such as Didemnin B from
Trididemnum solidum (Lee et al. 2012), Perophoramidine from
Perophora namei (Palanisamy et al. 2017), and Patellamides and
Ascidiacyclamide from Lissoclinum patella (Schmidt et al.
2005); (2) availability of high-quality three-dimensional
structures and reliable chemical data in PubChem; (3) structural
diversity representing distinct chemical scaffolds from
Philippine marine species; and (4) origin from marine organisms
recognized as native inhabitants of Philippine marine
ecosystems based on biodiversity records and ecological surveys
(Longakit et al. 2005; Shenkar and Swalla 2011).

Despite growing interest, the role of MNPs in targeting DDR
pathways remains underexplored. Challenges persist in the
isolation, characterization and in vitro and in vivo evaluation of
marine-derived compounds due to the complexity and resource-
intensive nature of experiments and analysis. To address these
limitations, = computational  approaches have become
increasingly valuable tools in anticancer drug discovery. In fact,
previous studies have demonstrated the utility of computational
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modeling in identifying novel compounds targeting cancer-
related proteins (Malaluan et al. 2022; Manzano et al. 2022;
Ibana et al. 2024; Manzano et al. 2024a; Manzano et al. 2025).
Nevertheless, comprehensive computational screening of
Philippine-derived marine compounds remains limited. This gap
highlights the need for systematic in silico screening to uncover
novel anticancer candidates from Philippine marine ecosystems.

This study therefore integrates molecular docking, molecular
dynamics simulations, and pharmacokinetic predictions to
identify promising Philippine MNPs as potential DDR inhibitors
for anticancer therapy development.

MATERIALS AND METHODS

MNP and DDRM collection

The DDRM PARP-1, HDAC2, TOPOI, and TOPOII were
selected as target receptors. Their 3D structures were retrieved
from the RCSB Protein Data Bank (https://www.rcsb.org) using
the following Protein Data Bank (PDB) IDs: 4UND (PARP-1),
3MAX (HDAC2), 1T8I (TOPOI), and 4FM9 (TOPOII).
Clinically approved inhibitors were used as positive controls:
olaparib and talazoparib for PARP-1; vorinostat and
panobinostat for HDAC2; topotecan and camptothecin for
TOPOI; and etoposide and doxorubicin for TOPOIL.

A total of 27 Philippine marine natural products (MNPs),
derived from sea squirts, marine sponges, and sea cucumbers,
were selected as ligands for the docking studies (Table 1).
Canonical Simplified Molecular Input Line Entry System
(SMILES) notations for each MNP were obtained from
PubChem (https://pubchem.ncbi.nlm.nih.gov). Figure 1 depicts
the 2D structures of the 27 MNPs, generated with MolDraw
(https://moldraw.com/). These SMILES strings were converted
into SYBYL mol2 format using UCSF Chimera 1.17.3 (Huang
et al. 2018) for subsequent docking studies (Manzano et al.
2024; Tan et al. 2024).

Table 1: List of All Marine Natural Products, their Species of Origin, and Existing Research on their Mechanism of Action.

MNP Species Location

Sea Squirts

Mechanism of Action Classification

Didemnin B Trididemnum sp.

Apo Reef, Mindoro Island  Inhibition of protein synthesis Cyclic peptide

by acting on Eukaryotic
translation elongation factor 1
alpha 1 (EEF1A1)
(Hetherington et al. 2016).

I
Diplosoma Ylidene-2 Diplosoma virens

| |
Apo Reef, Mindoro Island  Caspase activation via the Alkaloid
Cebu

mitochondrial/cytochrome  C
stress pathway (Ogi et al. 2008).

Perophoramidine Perophora namei Zamboanga Peninsula PARP cleavage (Ishida & Cyclic peptide
Takemoto 2013).
I T T T T 1
Patellamides Lissoclinum patella Mindoro Island Exact mechanism is not known Cyclic peptide
to date (Ramadhani et al., 2022).
I ] ] ] | 1
Ascidiacyclamide Lissoclinum patella Mindoro Island DNA damage, but exact Cyclic peptide
mechanism is not known to date
(Chen et al. 2018).
I ] ] ] | 1
Cycloxazoline Lissoclinum Mindoro Island Delays cells in S-phase from Cyclic peptide
bistratum entering the G2/M phase (Zhang

et al., 2021).

I ] ]
Sansalvamide A Lissoclinum sp.

Mindoro Island

Inhibition of topoisomerase I
and G(1) cell cycle arrest
(Zheng et al. 2011).

Cyclic peptide

I T T
Ulithiacyclamide B Lissoclinum patella

Marine Sponge

Mindoro Island

Decreases cell viability, but Cyclic peptide
exact mechanism is yet to be
identified (Ahmed et al. 2022).

[limaquinone Dactylospongia

San Francisco, Cebu

Inhibition of PDK1 activity Quinone /
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elegans (Kwak et al. 2020). Terpenoid

|
Ningalin B lotrochota sp. San Francisco, Cebu P-glycoprotein inhibition Alkaloid
(Dantzic et al. 2018).

T
Lamellarins lotrochota sp. San Francisco, Cebu Topoisomerase I inhibition Alkaloid
leading to the activation of a
nuclear pathway; targets
mitochondria to directly induce
apoptosis (Bailly 2015).

| ]
Microcionamide A Clathria (Thalysias) Philippines PARP cleavage and caspase-3 Cyclic peptide

abietina activation (Mokhlesi et al.
2017).
I | ] | | |
Pseudoceratinine A Pseudoceratina Marigondon, Cebu Not known Alkaloid
verrucosa
I T T T T 1
Spheciosterol sulfates Spheciospongia sp San Francisco, Cebu Inhibits NF-kB activation and Sulfated sterol
Mindoro PKC-zeta (Whitson et al. 2008).
La Union
Ilocos Norte
Illocos Sur
I | ] | | |
Topsentiasterol sulfate Spheciospongia sp San Francisco, Cebu Inhibits NF-kB activation and Sulfated sterol
E Mindoro PKC-zeta (Whitson et al. 2008).
La Union
Ilocos Norte
Ilocos Sur

Frondoside A Cucumaria frondosa Philippines Inhibition of p21-activated Triterpenoid /
kinase 1 (PAK1); caspase 3 sulfated saponin
activation; PARP cleavage
(Adrian & Collin 2018).
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Figure 1: 27 Structures of Marine Natural Products (MNPs) from Sea Squirts, Marine Sponges, and Sea Cucumber drawn in MolDraw.

I

Frondoside A

Ligand and Receptor Preparation

The 27 MNP ligands were geometrically optimized using
Avogadro version 1.2.0 (Hanwell et al. 2012). For the receptor
proteins, refinement was performed in UCSF Chimera,
including isolation of specific protein chains based on active site
localization. Selected chains were specified in their respective
RCSB PDB depositions, confirming their biological relevance
for docking. Chain B was selected for PARP-1 (Thorsell et al.
2017) as it contains the catalytic domain co-crystallized with

talazoparib. Meanwhile, the active site for HDAC2 to an N-(2-
aminophenyl)benzamide inhibitor was seen in Chain as
indicated in the PDB entry (Bressi et al. 2010). For TOPOI,
Chain A represents the catalytic domain complexed with
camptothecin and a DNA duplex, with PDB annotation
confirming its role as physiologically relevant cleavage complex
(Staker et al. 2005). Chain A was also chosen for TOPOII as it
corresponds to the DNA-bound catalytic core, and its PDB
deposition specifies this as targeted by inhibitors such as
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etoposide (Wendorff et al. 2012). Non-standard residues and
water molecules were removed to expose and simplify the
binding pockets. Receptor energy minimization was performed,
and Gasteiger charge distribution was applied (Fernandez et al.
2021).

Molecular Docking and Visualization

Molecular docking was conducted using UCSF Chimera 1.17.13
(Huang et al., 2018). Structures for receptors: PARP-1, HDAC2,
and TOPOI were already co-crystallized with their respective
inhibitors. The TOPOII structure was co-crystallized with DNA
rather than an inhibitor. Although not in the apo form, this DNA-
bound structure still represents the enzyme’s catalytic
conformation suitable for inhibitor docking. Grid box
parameters were set to cover the active binding site of each
receptor. Dimensions of the grid box were manually adjusted to
ensure coverage of the active binding site, while excluding
irrelevant regions. The specific grid center and size values used
for each receptor are summarized in Table 2. AutoDockTools

1.5.7 was used for docking configuration, and the AutoDock
Vina-based scoring function was applied to estimate ligand-
receptor BE (kcal/mol), which estimates the free energy of
binding by combining weighted terms for van der Waals forces,
hydrogen bonds, electrostatic hydrophobic bonds, and torsional
entropy (Eberhardt et al. 2021). All MNPs and positive controls
were docked against each receptor, and the ten MNPs with the
lowest BE values were selected for visualization of molecular
interactions and drug-likeness evaluation. Binding site
interactions were visualized using BIOVIA Discovery Studio
2021. The docking protocol was validated by calculating the root
mean square deviation (RMSD) between the co-crystallized and
re-docked ligands as presented in Supplementary Table 1. The
RMSD values for all target proteins were less than 2 A,
indicating that the docking procedure reliably reproduced the
experimentally  observed ligand—protein  conformations
(Magpantay et al. 2021; Manzano et al. 2024b).

Table 2: Grid Box Center Coordinates, Dimensions, and Binding Site References for Target Receptors: PARP-1, HDAC2, TOPOI, and TOPOII

Receptors Grid Center (X,Y,Z)

Grid Size (X,Y,Z)

Binding Site References

PARP-1 30.7679, 50.0061, 217.503
HDAC2 72.8783, 26.5585, -9.15621
TOPOI 21.2864, -6.13234, 25.4773

TOPOII 29.2045, 47.4878, 19.8507

19.212, 12.6439, 34.4957
23.5245,33.6619, 33.6562
57.5465, 33.9398, 40.3403

29.583, 49.4614, 40.1555

Co-crystallized inhibitor (Thorsell et al. 2017)
Co-crystallized inhibitor (Bressie et al. 2010)
Co-crystallized inhibitor (Staker et al. 2005)

DNA-binding Catalytic Site (Wendorff et al. 2012)

Drug-likeness Predictions

The MNP ligands were evaluated for pharmacokinetic
properties and drug-likeness using the SwissADME web tool
(Daina et al., 2017). Lipinski’s Rule of Five (LRo5) criteria were
used to assess drug-likeness, including: molecular weight < 500
Da, lipophilicity (MLogP) < 5, number of hydrogen bond
acceptors (NH or OH) < 10, and hydrogen bond donors (NH or
0) < 5, whereas gastrointestinal tract absorption and Blood
Brain Barrier (BBB) permeability were utilized to assess
favorable pharmacokinetic properties (Quimque et al. 2021;
Karami et al. 2022). Accordingly, this evaluation represents
basic in silico absorption descriptions and preliminary screening
rather than a comprehensive pharmacokinetic analysis.

Molecular Dynamics

Selected ligand-receptor complexes were subjected to molecular
dynamics (MD) simulations based on two criteria: (1) the lowest
BE and (2) favorable drug-likeness properties. This multi-
faceted approach of choosing candidates for MD simulations
values favorable docking scores as the most impactful factor, but
MNPs with more than one Lipinski criteria violation and
unfavorable pharmacokinetic permeability and absorption,
prompting less favorable drug-like properties than majority of
the positive controls, have been excluded. Simulations were
performed using GROMACS 2022.1 under Ubuntu Linux 22.04
(Abraham et al., 2025). Protein topologies were generated using
the CHARMM36 force field with a TIP3P water model, while
ligand topologies were created using the CHARMM General
Force Field (CGenFF). Each system was solvated in a
dodecahedral box using the spc216.gro coordinate file, which is
treated as TIP3P under the CHARMMS36 topology, and
neutralized with Na* and CI™ ions.

Energy minimization was performed using the steepest descent
integrator for 5000 steps. The Particle Mesh Ewald (PME)
method was used to account for Coulomb and van der Waals
interactions. After equilibration, production runs were carried
out for 50 ns at 300 K (26.85°C). System trajectories were
recorded every 10 ps and subsequently analyzed to determine

root mean square deviation (RMSD) and root mean square
fluctuation (RMSF). Interaction energies (IE) were calculated
using the g_energy tool from GROMACS, based on the 50-ns
simulation data. The interaction energy of each complex was
calculated as the sum of short-range Coulomb and Lennard-
Jones interactions:

IE = Ecour-sg + Epj-sr

RESULTS AND DISCUSSION

Binding Affinity Analysis

Molecular docking revealed notable binding affinities of various
MNPs to key DDRM PARP-1, HDAC2, TOPOI, and TOPOII.
Each of the four enzymes plays a distinct and therapeutically
relevant role in cancer biology. PARP-1 is a critical target,
particularly in BRCA1/BRCA2-deficient tumors that rely on
PARP-mediated repair of DNA single-strand breaks. Inhibiting
PARP-1 in such contexts leads to synthetic lethality, selectively
killing cancer cells (Hopkins et al. 2019). HDAC2, implicated
in chromatin remodeling and transcriptional repression, is a
validated target for both cancer and neurodegenerative diseases
due to its influence on cell cycle progression and apoptosis (Jo
et al. 2023). TOPOI is vital for relieving torsional strain during
DNA replication and transcription. Its transient cleavage
complex is a pharmacological vulnerability exploited by
selective inhibitors, offering a tailored strategy for tumors with
defective DNA repair checkpoints (Pommier 2006). TOPOII,
essential for chromosomal segregation during mitosis, is
targeted by inhibitors that trap the DNA-enzyme complex,
inducing DNA damage and apoptosis in proliferating cells.
Remarkably, several MNPs exhibited more favorable binding
energy (BE) to these target proteins than clinically established
drugs, highlighting their potential as lead compounds for
targeted anticancer therapy.

Table 3 presents the calculated binding energies (BE) and
interacting residues for the 27 MNPs against the four receptors.
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Among the MNPs, Ningalin B showed the strongest binding to suggesting their potential utility as alternative or complementary

PARP-1 (-11.5 kcal/mol), Perophoramidine exhibited the therapeutic agents. Overall, the observed binding trends indicate
highest affinity for HDAC2 (-8.1 kcal/mol), Didemnin B that selected Philippine MNPs can match or exceed reference
demonstrated the most favorable interaction with TOPOI (-9.8 compounds, with binding likely mediated by a combination of
kcal/mol), and Patellamide C displayed the strongest binding to favorable structural and chemical features (Vivek-Ananth et al.
TOPOII (-10.7 kcal/mol). These negative BE values indicate 2020).

spontaneous and energetically favorable ligand—receptor
interactions. Notably, several MNPs demonstrated comparable
or higher binding affinities relative to positive control drugs,

Table 3: BE of positive controls and MNPs against the four DDRMs

Binding energy score (kcal/mol)
Ligands I 1
PARP1 HDAC2 TOPOI TOPOII

Positive Controls

Olaparib -11.1 — — —
Talazoparib -10.1 — — —
Vorinostat — -7.0 — —
Panobinostat — -7.1 — —
Topotecan — — -8.9 —
Camptothecin — — -8.9 —
Etoposide — — — -9.8
Doxorubicin — — — 94
Ascidiacyclamide 4.8 -6.3 -8 -7.8
Cycloxazoline -5.8 -6.7 -8 -8
Didemnin B 31.6 -7.3 -9.8 -10
Diplosoma Ylidene-2 -6.8 -6.3 -6.1 -6.5
Patellamide A 33.9 -7.3 -8.7 -10.3
Patellamide B 20 -7.3 9.1 9.5
Patellamide C 344 -7.6 -8.9 -10.7
Patellamide D -0.2 -8 -8.5 -8.7
Perophoramidine -10.8 -8.1 -7.9 -8.8
Sansalvamide A 9.4 -7.1 -7.7 -7.8
Ulithiacyclamide B 15.9 -7.6 9.5 9.2
Marine Sponge
Ilimaquinone -8.9 -6.3 -7.2 -8.3
Lamellarin D -5.7 -6.5 -8.4 -8.2
Lamellarin E -7.3 -6.7 -1.5 -8.7
Lamellarin G -6.7 -6.2 -7.8 -8.2
Lamellarin H -9.7 -7.4 -8.9 -8.8
Lamellarin O -9.9 -7.1 -7.8 -9
Lamellarin R -10 -7.6 -8.1 -9
Lamellarin W -5.2 -6.7 -8 -8.2
Microcionamide A 2.2 -5.4 -7.6 -8.1
Ningalin B -11.5 -7.7 -8.9 -10.1
Pseudocreatine A -8.7 -6.6 -7.4 -7.3
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Spheciosterol sulfate A -1.4
Spheciosterol sulfate B -1.4
Spheciosterol sulfate C -1.4
Topsentiasterol sulfate E -1.4

-1.3
-1.3
-1.3
-1.3

-1.2 -1.3
-1.2 -1.3
-1.2 -1.3
-1.2 -1.3

Sea Cucumber

Frondoside A 233 -8 -8.2 -10.3
Drug-likeness and Pharmacokinetic Profile Analysis could improve the pharmacokinetic behavior of otherwise non-
SwissADME analysis was performed on the 18 MNPs with the ideal compounds. In addition, technologies such as liposome-
most favorable docking energies (10 per receptor, with overlaps). based nanoparticles have shown promise in enhancing drug
These were evaluated for drug-likeness and pharmacokinetic solubility, stability, and targeted delivery (De Leo et al. 2022).
properties. SwissADME was employed to evaluate the These approaches open avenues for repurposing MNPs that
druggability of the MNPs based on their pharmacokinetic initially exhibit suboptimal drug-likeness into viable drug
parameters, Lipinski’s Rule of Five, absorption and permeability, templates.
and Pan Assay Interference Structures (PAINS) alert. Lipinski's
Rule of Five serves as a foundational guideline in rational drug To address the risk of non-specific binding, the PAINS alerts
design by predicting oral bioavailability based on molecular from SwissADME of each candidate molecule were also taken
properties (Bitew et al. 2021). This assessment is critical for into consideration. Most MNPs were free of PAINS alert,
identifying potential lead compounds with favorable however, Ningalin B, Lamellarin H, and Ilimaquinone all
pharmacokinetic profiles. PAINS alerts identify motifs such as presented one PAINS alert each, meaning specific motifs in their
catechols and quinones that may cause non-specific binding in structures (catechol for Ningalin B and Lamellarin, quinone for
screening assays (Daina et al. 2017). Ilimaquinone), may contribute to the non-specific binding of

these molecules (Magalhaes et al., 2021). This may serve as an
Among the 18 MNPs, only Lamellarin R fully satisfied all allusion to the molecules’ ability to target multiple DDRMs,
criteria, exhibiting no violations, high gastrointestinal (GI) which can also be observed in the docking scores of these
absorption, and no PAINS alert. This profile mirrored those of complexes, performing well across all receptors. Notably,
positive controls Olaparib and Talazoparib. Other MNPs namely Ningalin B has been previously reported for its P-glycoprotein
Perophoramidine, Ilumaquinone, Lamellarin O, and (P-gp) inhibitory activity in breast cancer cell lines
Pseudoceratine A have demonstrated favorable pharmacokinetic overexpressing P gp. Among nine synthesized permethyl
profiles with only minor violations and high GI absorption, analogs, permethyl Ningalin B derivative demonstrated strong
indicating strong potential for further optimization. Moreover, modulation of P gp activity (Wang et al. 2015). Molecular
the general Lipinski cutoff is MLogP<5; however, some MNPs docking further suggested Ningalin B's capacity to interact with
reported drug-likeness violations when MLogP exceeds 4.15. multiple DDR related targets, broadening its potential use in
For example, Perophoramidine had MLogP 5.51, slightly above oncology. Functional group analysis indicated that catechol and
the Lipinski cutoff, resulting in a rule violation. This highlights dimethoxy substitutions were critical for P-gp inhibition, and
that computational cutoffs can vary and may require context- these same electron donor groups have contributed to receptor
specific interpretation. Perophoramidine likewise emerged as a binding in the docking results, highlighting overlapping features
compelling multitarget inhibitor. Guha et al. (2022) synthesized that may underlie multitarget activity of this compound
a pentacyclic core derivative of Perophoramidine via blue LED (Kathawala et al. 2015). Despite PAIN alerts, structural
mediated cyclopropanation, which exhibited cytotoxic activity modification of these compounds can transform natural
across various cancer cell lines and induced DNA damage scaffolds into potent modulators with improved druggability
characteristic of PARP inhibition. The docking results supported (Newman and Cragg 2020).
its strong affinity for PARP-1, affirming its role as a potential
modulator of DDR signaling. In contrast, cyclic peptides like Overall, the analysis of these 18 MNPs demonstrates although
Patellamides, Ulithicyclamide B, Dedemnin B, and Frondoside these compounds may deviate from conventional drug-like
A have accumulated multiple Lipinski violations due to their properties, some have shown promising pharmacokinetic
molecular weight, which has resulted in poor GI absorption and profiles comparable to approved commercially available drugs.
limited permeability. Despite Lipinski violations, we still Meanwhile, other compounds like Patellamides and Frondoside
consider these MNPs for further study because of their highly A may require synthetic optimization to overcome their
favorable binding energies. Future work could involve limitations and violations. The findings suggest the balance
optimizing their structures to improve drug-likeness. Synthetic between structural novelty and drug-likeness, showing the
modifications, such as those employed by Yerien et al. (2016) potential of MNPs as promising modulators of DDR pathways.
may be utilized to address this issue of drug-likeness. One of the This assessment was restricted to rule-based drug likeness
common issues among these non-drug-like MNPs was high absorption predictions. While useful for early-stage filtering,
molecular weight, which can hinder distribution within these parameters do not capture metabolic stability and
biological systems (Coimbra et al. 2021). Additionally, a high physiological effects. Therefore, the reported results should be
number of hydrogen bond donors, which are NH or OH groups interpreted as preliminary indicators of oral drug-likeness.
(>5) and acceptors (N or O atoms >10) may reduce membrane
permeability, thus negatively impacting oral bioavailability
(Kenny 2022). Despite these challenges, structural optimization
strategies may be pursued to enhance druggability. Such
strategies may include chemical substitutions or elimination of
hydroxy and amine groups, as well as aliphatic fluorination to
improve physicochemical properties (Yerien et al. 2016).
Furthermore, the application of advanced drug delivery systems
522 SciEnggJ Vol. 18 (Supplement) | 2025



Table 4: Drug-likeness and pharmacokinetic profile of top MNPs according to Lipinski’s rule of five.

Pharmacokinetic
Compound Molecular H-bond H-bond Lipophilicit Lipinski Drug-likeness PAINS absorption/
weight donors  acceptor y Violations permeability
(<500 (<5) s (<10) (MLogP<5) |
g/mol) GI Blood
absorpti  brain
on barrier
Olaparib 434.46 1 5 3.09 None Yes 0 alert High No
PARP-1
| ] I | ] ] I | | | 1
Talazoparib 380.85 2 6 3.16 None Yes 0 alert High No
PARP-1
! ] | | | | | | | | 1
Panobinostat 349.43 4 3 2.31 None Yes 1 alert: High Yes
HDAC2 indol_3yl al
k
| ] | | | | | | | | 1
Vorinostat 264.32 3 3 1.83 None Yes 0 alert High No
HDAC2
! ] | | | | | ! | | 1
Topotecan 421.45 2 7 0.98 None Yes 1 alert: High No
TOPOI mannich A
| ] | | | | | | | | 1
Camptothecin 348.35 1 5 1.64 None Yes 0 alert High No
TOPOI
! ] | | | | | | | | 1
Etoposide 588.56 3 13 -0.14 MW>500 No 0 alert Low No
TOPOIl Nor0O>10
! ] | | | | | | | | 1
Doxorubicin 543.52 6 12 -2.10 None No 1 alert: Low No
TOPOII quinone a

Marine Natural Products

Didemnin B 1112.35 5 15 -1.05 MW=>500 Error 0 alert Low No
Sea squirt NorO>10

I I 1 ] | | 1 1 ] 1 1
Diplosoma 190.20 1 3 0.41 None Yes 0 alert High Yes
Ylidene-2
Sea squirt

! ] | | | | | ! | | 1
Patellamide A 742.95 4 10 0.35 MW>500 No 0 alert Low No
Sea squirt NorO>10

I I | ] | | | I ] ] 1
Patellamide B 776.97 4 10 0.67 MW>500 No 0 alert Low No
Sea squirt NorO>10

I I | ] | | | I ] ] 1
Patellamide C 762.94 4 10 0.5 MW>500 No 0 alert Low No
Sea squirt NorO>10

I I | ] | | 1 1 ] 1 1
Patellamide D 776.97 4 10 0.67 MW>500 No 0 alert Low No
Sea squirt NorO>10

I I | ] | | 1 1 ] 1 1
Perophoramidine 476.20 1 2 5.51 MLOGP>4 Yes 0 alert High Yes
Sea squirt 15

I I | ] | | 1 1 ] 1 1
Sansalvamide A 599.80 5 5 1.46 MW>500 Yes 0 alert Low No
Sea squirt

I I 1 ] | | 1 1 1 ] 1
Ulithiacyclamide 797 4 10 0.14 MW>500 No 0 alert Low No
B NorO>10
Sea squirt

! ] | | | | | ! | | 1
Ilimaquinone 358.47 1 4 2.26 None Yes 1 alert: High Yes
Marine sponge quinone A

! ] | | | | | ! | | 1
Lamellarin D 499.47 3 8 1.87 None Yes 0 alert Low No
Marine Sponge
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Lamellarin E 531.51 3 9 1.43 MW>500 Yes 0 alert Low No
Marine sponge

I | ] | 1 1 ] 1
Lamellarin H 459.40 6 8 0.94 NHorOH> Yes 1 alert: Low No
Marine sponge 5 cathechol A

] | | | | | | |
Lamellarin O 457.47 2 6 2.10 None Yes 0 alert High No
Marine sponge

I 1 ] | 1 1 1 ]
Lamellarin R 401.41 3 5 2.63 None Yes 0 alert High No
Marine sponge

I 1 ] | 1 1 ] 1
Ningalin B 461.42 6 8 1.14 NHorOH> Yes 1 alert: Low No
Marine sponge 5 cathechol A

I 1 ] | 1 1 ] 1
Pseudoceratine A 491.13 4 6 -0.47 None Yes 0 alert High No
Marine sponge

] | | | | | | |
Frondoside A 1335.43 10 29 -3.91 MW=>500, No 0 alert Low No
Sea cucumber NorO>10,

NHorOH>
5

Visualization of 3D-Structures and Analyses of Interactions
To further elucidate the molecular docking results and visualize
the key interactions between MNPs and the active sites of DDR
related enzymes, BIOVIA Discovery Studio was employed for
detailed interaction analyses (BIOVIA, 2021). Table 5 presents
the top 10 most favorable MNPs for each DDRM receptor,
ranked by the lowest BE, along with their predicted molecular
interactions visualized, highlighting their hydrogen bonds and
other interactions. The stability of ligand-receptor interactions is
primarily governed by noncovalent interactions, among which is
hydrogen bonds as it provides binding affinity (Adhav &
Saikrishnan 2023), while hydrophobic contacts, van der Waals
forces, and n-w stacking contribute to additional stabilization to
enhance overall BE (Paik et al. 2022). In several complexes,
hydrogen bonds found in the reference drugs were
complemented or substituted by other interaction types, such as
n-n stacking and electrostatic interactions, in the MNP
complexes. This interchangeability of interaction types suggests
that these noncovalent contacts are critical contributors to the
favorable BE scores observed in the docking simulations (Hong
et al. 2024).

In PARP-1 complexes, olaparib and talazoparib both formed
two hydrogen bonds, stabilizing the drug-enzyme complex.
Residues like TYR B:907 and HIS B:909 were repeatedly
engaged in both positive controls and multiple MNPs such as
Lamellarin R and Ningalin B, despite showing no hydrogen
interactions. These catalytic residues may have contributed to
ligand stabilization through other interactions such as van der
Waals forces and n-w stacking. Consistent involvement of these
residues among MNPs highlights their importance, suggesting
that engagement may be sufficient to confer strong inhibitory
potential even in the absence of classical hydrogen bonds (Liu
et al. 2023). Moreover, the observed interaction patterns are
consistent with previously reported structural and docking
studies, thereby reinforcing the significance of specific amino
acid residues in ligand binding. LYS B:903 was noted to be
frequently involved in anchoring ligands within the PARP-1
active site, consistent with established interaction hotspots for
potent PARP-1 inhibitors. This alignment supports the
hypothesis that these residues serve as central mediators of
strong ligand binding.

Although favorable interactions predominated in most
complexes, certain ligand and receptor pairs, such as PARP-
1 Ningalin B and TOPOI Ulithiacyclamide B, revealed

occasional unfavorable interactions. Nonetheless, these were
outweighed by a greater number of stabilizing contacts, resulting
in net negative or favorable BE. Across all receptor and ligand
complexes, non-hydrogen bonding interactions were observed
to contribute more significantly to the overall stability of the
complexes than hydrogen bonds alone, underscoring the
multifactorial nature of molecular binding. Notably, Lamellarin
H has formed five hydrogen bonds, surpassing the controls in
polar interactions, which might confer higher stability. This
might indicate that certain MNPs could exceed the binding
efficiency of clinical PARP-1 inhibitors.

In HDAC2, positive controls demonstrated strong but selected
binding. Comparatively, Patellamide D and Ningalin B
interacted with residues present in controls like PHE A:210,
TYR A:209, and HIS A:183, which suggests that these
compounds engage the enzyme through similar binding
mechanisms as known inhibitors (Tateing and Suree 2022).
Moreover, the recurring involvement of TYR A:308 in both our
present study and the work of Liang et al. (2023) identifies this
residue as a likely universal anchor across different inhibitory
scaffolds. Presence of five hydrogen bonds can be observed in
Patellamide B, indicating stronger binding than the controls,
potentially enhancing stability. This may reinforce the potential
of MNPs as alternative HDAC?2 inhibitors given its diverse
binding mechanisms and hydrogen bonds exceeding present
drugs.

For TOPOI inhibitors, Topotecan exhibited four hydrogen bonds
and 17 interactions, while Camptothecin, despite having no
hydrogen bonds, has engaged in 16 residues, highlighting other
interactions as major contributors to its binding stability. In
comparison to controls, Lamellarin H and Lamellarin D have
formed five and six hydrogen bonds, respectively. These MNPs
have surpassed controls in polar contacts, particularly ASP
A:533 and HIS A:367. The present results echo those of
Boudjedir et al. (2021), who identified ARG A:364 as a key
contact for stabilizing camptothecin-like molecules, primarily
hydrogen bond formation. Their top performing compound
achieved a BE of -229.993 kilocalories per mole, emphasizing
the importance of this residue in promoting high affinity binding.
This finding aligns with the TOPOI and Ulithiacyclamide B
interactions observed in the current study wherein ARG A:364
formed a hydrogen bond. This convergence of findings
strengthens the validity of the docking approach as it highlights
the residue as a hotspot, reinforcing therapeutic potential.
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TOPOII inhibitors such as Etoposide and Doxorubicin have
exhibited three hydrogen bonds with around 16-20 residues with
catalytic interactions such as ARG A:672, ARG A:727, and
GLU A:839. Among the MNPs, Patellamide C and Patellamide
A exhibited broader contact networks with interactions
surpassing controls of 24 and 26 residues, respectively. This
suggests that these compounds are anchored more deeply and
tightly within the binding site compared to controls. The higher
number of engaged residues reflects a more extensive active
pocket, which can enhance stability and reduce likelihood of
ligand dissociation (Wankowicz et al. 2022). Meanwhile,

Ningalin has shown six hydrogen bonds, relying heavily on
polar contacts on its stability.

Certain compounds displayed more selective binding
preferences. TOPOI_Ulithiacyclamide B and
TOPOII_Patellamide C each exhibited high affinity interactions,
suggesting a more targeted inhibitory profile. This selectivity
may prove advantageous in designing therapeutic strategies
tailored to malignancies with specific dependencies on
particular DDR pathways.

Table 5: Top 10 MNPs with lowest BE scores and their molecular interactions with DDRM-related receptors.

Target Compound Hydrogen Other interactions
Receptor Bonds
[ 1
Positive Controls
| 1
PARP-1 Olaparib 2 16
ASP B:766 ALA B:880, ILE B:879, PRO B:881, LEU B:877, ILE B:872,
ARG B:878 ASP B:770, SER B:864, ASN B:868, ARG B:865, HIS B:909,
GLY B:863, TYR B:907, HIS B:862, TYR B:896, TYR B:889,
GLY B:888
[ T T 1
PARP-1 Talazoparib 2 16
ASN B: 868 ARG B:865, ASN B:767, ASP B:770, ASP B:878, ILE B:872,
ARG: 878 LEU B:877, GLY B:894, ILE B:895, HIS B:862, GLY B:863,
TYR B:907, TYR B:896, TYR B:889, GLY B:888, GLU B:763,
HIS B:909
| ] ] 1
HDAC2 Panobinostat 1 17
HIS A: 183 GLU A:208, GLN A:265, TYR A:209, LYS A:205, GLY A:305,
HIS A:145, GLY A:306, ASP A:181, ASP A:269, HIS A:146,
TYR A:308, CYS A:156, PHE A:155, PHE A:210, LEU A:276,
GLY A:154, ASP A:104
[ T T 1
HDAC2 Vorinostat 1 7
LYS A:205 ARG A:234, GLY A:207, TYR A:206, ASP A:235, GLU A:208,
GLN A:358
[ T T 1
TOPOI Topotecan 4 17
ARG A:364 LYS A:532, ARG A:488, ALA A:499, ASP A:533, THR A:498,
HIS A:367 PHE A:361, GLN A:421, GLY A:363, GLY A:365, SER A:534,
VAL A:502 LYS A:493, THR A:501, GLY A:531, GLY A:503, ALA A:489,
ASN A:491 GLY A:490, SER A:506
| ] ] |
TOPOI Camptothecin 0 16
GLU A:356, LYS A:425, GLU A:418, LYS A:374, TRP A:416,
PHE A:361, ILE A:420, ASN A:419, ARG A:375, ILE A:377,
ILE A:355, ASN A:352, TYR A:352, TRP A:416, LYS A:354,
ILE A:427
[ T T 1
TOPOII Etoposide 3 20
ARG A:672 LYS A:676, LYS A:827, ASP A:831, LEU A:829, ARG A:673,
ARG A:727 GLU A:712,LYS A:728, GLU A:837, PHE A:1003, PRO A:724,
GLU A:839 ILE A:715, LEU A:722, PRO A:716, LYS A:723, SER A:717,
VAL A:1006, TRP A:840, ASP A:1004, HIS A:1005, GLY A:
1007
| ] ] 1
TOPOII Doxorubicin 3 16
ARG A:727 LYS A:676, GLY A:1007, GLU A:712, PHE A:1003, SER
ARG A:673 A:717, GLU A:839, ILE A:715, PRO A:716, LEU A:722, LYS
ARG A:672 A: 723, LEU A:829, ASP A:831, LYS A:728, GLU A:837, PRO
A:724, VAL A:836
[ 1
Ligands
| |
PARP-1 Ningalin B 0 23
Marine sponge TYR B:907, LYS B:903, GLU B:988, HIS B:909, ARG B:865,
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ASN B:767, ASN B:868, SER B:864, ASP B:766, TYR B:710,
LEU B:769, PRO B:881, ARG B:878, ILE B:879, ALA B:880,
GLY B:894, ILE B:895, HIS B:862, TYR B:896, GLY B:888,
TYR B:889, MET B:890, LYS B:903

PARP-1 Perophoramidine 0 21
Sea squirt ASP B:766, ARG B:865, ASN B:868, ASP B:770, SER B:864,
ILE B:872, ARG B:878, LEU B:877, ILE B:895, GLY B:863,
GLY B:894, SER B:904, HIS B:862, PHE B:897, TYR B:896,
TYR B:907, GLY B:888, TYR B:889, ALA B:880, GLU B:763,
HIS B:909
—
PARP-1 Lamellarin R 0 25
Marine sponge GLU B:988, TYR B:907, GLY B:888, TYR B:889, MET B:890,
TYR B:896, GLU B:763, HIS B:909, TYR B:689, ARG B:865,
ASN B:767, ASN B:868, SER B:864, ASP B:766, ASP B:770,
LEU B:769, PRO B:881, TYR B:710, GLY B:894, HIS B:862,
ALA B:880, ILE B:872, LEU B:877, ILE B:875, ARG B:878
PARP-1 Lamellarin O 2 19
Marine sponge ASP B:766 ALA B:880, ILE B:872, ARG B:878, LEU B:877, GLU B:988,
ARG B:865 GLY B:888, HIS B:862, TYR B:889, MET B:890, TYR B:907,
TYR B:896, HIS B:909, GLU B:763, ASN B:767, ASN B:868,
SER B:864, ASP B:770, LEU B:769, TYR B:710
|
PARP-1 Lamellarin H 5 12
Marine sponge SER B:864 HIS B:909, GLN B:759, LYS B:903, TYR B:896, PHE B:897,
GLU B:763 TYR B:907, GLY B:863, HIS B:862, ASP B:766, ARG B:865,
TYR B:889 ASN B:868, ASN B:767
GLY B: 888
GLU B:988
|
PARP-1 Sansalvamide A N/A
Sea Squirt
|
PARP-1 Ilimaquinone 1 19
Marine Sponge GLY B:863 HIS B:862, ASP B:766, SER B:864, ASN B:868, ASP B:770,
ARG B:878, LEU B:769, LEU B:877, ILE B:879, ALA B:880,
GLY B:894, ILE B:895, TYR B:889, GLU B:988, LYS B:903,
PHE B:897, TYR B:896, TYR B:907, SER B:904
|
PARP-1 Pseudoceratine A 4 13
Marine Sponge ARG B:878 ILE B:872, ASP B:770, LEU B:769, TYR B:710, PRO B:881,
SER B: 864 TYR B:889, ILE B:879, ALA B:880, HIS B:862, TYR B:907,
ASN B: 868 GLU B:763, HIS B:909, ARG B:865
ASP B: 766
|
PARP-1 Lamellarin E 4 20
Marine Sponge ARG B:878 HIS B:909, ARG B:865, TYR B:889, LEU B:765, TYR B:710,
ASN B:868 ASP B:766, LEU B:769, ALA B:880, PRO B:881, ILE B:879,
TYR B:907 ASP B:770, LEU B:877, GLY B:894, HIS B:862, ILE B:895,
TYR B:896 GLN B:759, GLU B:763, ASN B:767, GLY B:888, SER B:864
|
PARP-1 Diplosoma Ylidene-2 1 7
Sea squirt GLY B:863 TYR B:889, GLY B:888, MET B:890, TYR B:896, TYR B:907,
HIS B:862, SER B:864
|
HDAC2 Perophoramidine 0 13
Sea squirt GLU A:208, TYR A:209, PHE A:155, TYR A:308, GLY A:154,
HIS A:146, CYS A:156, GLY A:305, GLY A:306, GLN A:265,
ASP A:269, PHE A:155, LEU A:276
HDAC2 Frondoside A N/A
Sea cucumber
HDAC2 Patellamide D 2 12
Sea squirt PHE A:210 TYR A:308, LEU A:276, GLU A:208, TYR A:209, PHE A:155,
HIS A:183 HIS A:146, GLY A:154, ASP A:104, HIS A:33, PRO A:34, ARG
A:275, GLY A:32
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HDAC2 Ningalin B 3 11
Marine sponge ARG A: 275 ASP A:104, PRO A:34, LEU A:276, GLY A:154, HIS A:146,
TYR A: 308 ASP A:269, GLY A:306, HIS A:183, PHE A:155, TYR A:209,
PHE A: 210 CYS A:278
I I |
HDAC2 Lamellarin R 1 12
Marine sponge TYR A:209 HIS A:183, TYR A:308, PHE A:210, HIS A:146, GLY A:154,
PHE A:155, ASP A:104, LEU A:276, PRO A:34, ASP A:235,
LYS A:205, CYS A:278
] | |
HDAC2 Patellamide C 1 8
Sea squirt PHE A:210 TYR A:209, GLU A:208, LEU A:276, ASP A:104, HIS A:183,
GLY A:154, PHE A:155, HIS A:146
] I |
HDAC2 Ulithiacyclamide B 0 12
Sea squirt CYS A:278, LEU A:276, PHE A:210, HIS A:183, PHE A:155,
PRO A:34, ASP A:104, GLY A:154, GLU A:208, LYS A:205,
ASP A:235, TYR A:209
] | 1
HDAC2 Patellamide A 0 13
Sea squirt GLU A:208, GLY A:277, ARG A:275, LYS A:205, CYS A:278,
TYR A:209, PRO A:34, LEU A:276, ASP A:104, GLY A:154,
PHE A:210, PHE A:155, HIS A:183
] | 1
HDAC2 Patellamide B 5 8
Sea squirt GLU A:190 ASP A:186, GLY A:212, THR A:213, PHE A:210, TYR A:193,
PRO A:211 THR A:194, GLU A:189, ASP A:218
LYS A:148
SER A:153
GLU A:151
] 1
HDAC2 Didemnin B N/A
Sea squirt
] |
TOPOI Didemnin B N/A
Sea squirt
] 1
TOPOI Ulithiacyclamide B 1 19
Sea squirt ARG A:364 LYS A:532, SER A:506, PHE A:361, ASN A:491, ALA A:489,
GLY A:503, THR A:498, GLN A:421, ARG A:488, SER A:423,
GLY A:531, VAL A:502, THR A:501, ILE A:424, TYR A:426,
LYS A:493, LYS A:425. ASP A:533, MET A:428
I I |
TOPOI Patellamide B 1 18
Sea squirt LYS A:532 PTR A:723, ARG A:488, ARG A:590, LYS A:587, ALA A:586,
THR A:585, ASN A:574, ASN A:491, LYS A:493, ALA A:489,
THR A:498, ILE A:424, LYS A:425, TYR A:426, GLY A:490,
GLY A:503, VAL A:502, THR A:501
] | 1
TOPOI Patellamide C 1 18
Sea squirt LYS A:425 GLY A:363, ARG A:364,LYS A:436, MET A:438, TYR A:426,
ALA A:351, ILE A:427, ASN A:352, TRP A:416, ILE A:355,
PRO A:358, LYS A:374, ARG A:375, ILE A:377, ASN A:419,
GLU A:418, ILE A:420, GLU A:356
I I |
TOPOI Ningalin B 3 16
Marine sponge LYS A:374 PHE A:361, GLY A:363, ARG A:362, LEU A:360, ARG A:364,
TRP A:416 PRO A:358, PRO A:357, ARG A:375, ILE A:377, GLU A:418,
GLU A:356 TYR A:426, ILE A:427, ASN A:352, LYS A:354, ILE A:355,
LYS A:425
] | 1
TOPOI Lamellarin H 5 9
Marine sponge ALA A:499 ASP A:533, GLY A:531, ARG A:488, GLY A:490, GLY A:503,
THR A:501 HIS A:367, LYS A:493, THR A:498, SER A:534
VAL A:502
LYS A:532
ARG A:364
] | |
TOPOI Patellamide A 3 18
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Sea squirt LYS A:425 TYR A:426, SER A:423, GLN A:421, ILE A:420, GLU A:418,
ARG A:364 PHE A:361, SER A:534, GLY A:365, ALA A:499, THR A:498,
ASP A:533 HIS A:367, LYS A:493, LYS A:532, ALA A:489, ARG A:488,
ASN A:491, GLY A:490, ILE A:424
|
TOPOI Patellamide D 2 17
Sea squirt LYS A:425 GLY A:363, PHE A:361, HIS A:367, ASP A:533, ARG A:364,
GLN A:421 ALA A:499, GLY A:365, SER A:534, THR A:501, LYS A:532,
THR A:498, ASN A:491, GLY A:492, LYS A:493, GLY A:497,
GLY A:494, SER A:423
|
TOPOI Lamellarin D 6 6
Marine sponge HIS A:367 GLY A:363, ALA A:499, LYS A:532, THR A:501, LYS A:493,
ASP A:533 ASN A:491
SER A:534
ALA A:489
GLN A:421
|
TOPOI Frondoside A N/A
Sea cucumber
—
TOPOII Patellamide C 1 24
Sea squirt ASP A:831 SER A:756, HIS A:758, ASP A:832, LEU A:592, GLU A:596,
VAL A:836, LYS A:728, GLU A:837, LEU A:829, GLU A:839,
PRO A:724, GLY A:1007, ARG A:727, GLU A:712, PHE
A:1003, ILE A:715, LYS A:723, PRO A:716, SER A:717, ARG
A:673, TRP A:840, LYS A:676, ARG A:672, LYS A:827
| ]
TOPOII Patellamide A 2 26
Sea squirt ASP A:831 GLU A:712, GLY A:1007, GLU A:839, PHE A:1003, LYS
ARG A:672 A:723, ILE A:715, ARG A:727, SER A:717, PRO A:724, GLU
A:837, LEU A:829, LYS A:728, VAL A:836, SER A:755, SER
A:756, ASP A:832, TYR A:757, HIS A:758, GLN A:544, LEU
A:592, PRO A:593, GLU A:596, LYS A:599, LYS A:676, LYS
A:827, ARG A:673
| ]
TOPOII Frondoside A N/A
Sea cucumber
TOPOII Ningalin B 6 15
Marine sponge LYS A:676 ARG A:672, GLU A:712, GLY A:1007, PHE A:1003, ILE
ARG A:673 A:715, LYS A:723, LEU A:722, PRO A:716, PRO A:724, SER
LYS A:827 A:717, TRP A:840, ASP A:831, LEU A:829, TYR A:830, GLU
GLU A:837 A:839
LYS A:728
ARG A:727
I
TOPOII Didemnin B N/A
Sea squirt
|
TOPOII Patellamide B 2 21
Sea squirt ARG A:672 LEU A:680, GLY A:679, LYS A:676, ASP A:831, GLU A:596,
GLU A:712 LEU A:592, GLU A:682, PRO A:593, GLU A:839, ARG A:727,
TRP A:840, ARG A:673, VAL A:1006, GLY A:1007, LYS
A:728, GLU A:837, LEU A:829, PRO A:724, GLN A:544, PRO
A:681, ARG A:675
|
TOPOII Ulithiacyclamide B 5 10
Sea squirt SER A:763 THR A:767, ARG A:713, SER A:714, HIS A:759, GLY A:855,
TYR A:757 MET A:762, GLY A:760, GLU A:854, ARG A:929, MET A:766
ILE A:856
ASN A:770
LYS A:723
|
TOPOII Lamellarin O 2 19
Marine sponge LYS A:676 LEU A:680, GLU A:682, ARG A:675, ARG A:672, GLU A:712,
ARG A:673 LEU A:829, PRO A:724, LYS A:728, GLU A:837, ARG A:727,
PRO A:838, GLU A:839, ASP A:1004, PHE A:1003, SER
A:717, HIS A:1005, TRP A:840, GLU A:1007, VAL A:1006
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SER A:714, GLY A:855, LYS A:489, HIS A:759, ARG A:713,
SER A:763, GLY A:725,LYS A:723, THR A:767, GLN A:726

TOPOII Lamellarin R 4
Marine sponge ASN A:770
ILE A:856
ASP A:545
TYR A:757
| ] ]
TOPOII Perophoramidine 1
Sea squirt GLU A:839

17

ASP A:831, LYS A:827, LEU A:829, TRP A:840, LYS A:676,
ARG A:673, VAL A:1006, ASN A:708, ARG A:672, GLY
A:1007, ASP A:1004, PHE A:1003, SER A:717, PRO A:724,
GLU A:712, ARG A:727, PRO A:838

From the top 10 most favorable complexes per receptor
identified, top four complexes were prioritized that satisfied the
criteria of lowest binding energies across their respective
DDRM target and demonstrated favorable drug-likeness
properties. These included  PARP-1 Ningalin B,
HDAC?2_ Perophoramidine, TOPOI Ulithiacyclamide B, and
TOPOII_Patellamide C, as illustrated in Figure 2, which shows
the docked complexes and their significant binding interactions.

The 3D visualization and interaction analysis corroborated the
docking results, highlighting both broad spectrum and selective
inhibitory potential among the evaluated MNPs. In PARP-
1_Ningalin B in Figure 2A, its aromatic alkaloid core and the
presence of aromatic rings may facilitate n-m stacking
interactions and hydrophobic contacts with key amino acid
residues (Lanzarotti et al. 2020), while structural flexibility may
enhance conformational adaptability within the active site. This
interaction is consistent with its polyaromatic structure and
reported activity as P-glycoprotein modulator, further

supporting its potential as multitarget inhibitor. Additionally, the
functional groups found in MNP scaffolds, including hydroxy,
may enhance molecular

amino, and carbonyl moieties,

recognition via hydrogen bonding and electrostatic interactions
(Paggi et al. 2024). This is especially notable in the
HDAC2 Perophoramidine complex in Figure 2B, where
multiple polar contacts and its indole nucleus may stabilize the
binding conformation and contribute to its high affinity (Konyar
et al. 2022). In TOPOI Ulitithiacyclamide B complex (Figure
2C), its cyclic peptide backbone showed selective hydrogen
bond networks that may account for its favorable binding and
confers rigidity despite its size. While TOPOII Patellamide C
(Figure 2D) combines aromatic and hydrophobic residues that
strengthens n-m stacking and van der Waals interactions that
support conformational stability within its catalytic pocket.

Overall, aromatic rings, indole cores, and cyclic-peptide
backbones emerge as common motifs in the high-affinity
complexes. These features (m—m stacking, hydrogen-bonding
groups) rationalize the observed binding strengths and can guide
future optimization (Makwana and Mahalakshmi 2015).
Notably, the four highlighted MNP—protein complexes combine
strong binding with favorable drug-like properties, underscoring
their translational potential.

Figure 2(A-D): Visualization of docked complexes and their significant interactions. (A) PARP-1_Ningalin B, (B) HDAC2_Perophoramidine, (C)
TOPOI_Ulithiacyclamide B, (D) TOPOII_Patellamide C. Interactions: light green - van der Waals, neon green - conventional hydrogen bond, pastel
green - carbon hydrogen bond, orange - pi-anion, neon pink - -1 stacked, light pink - pi-alkyl, red — unfavorable.
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Molecular Dynamics (MD) Simulations

MD simulations were conducted to assess the stability and
interaction behavior of the top MNPs with DDRM-related
targets. Key parameters analyzed included root mean square
deviation (RMSD), root mean square fluctuations (RMSF),
radius of gyration (Rg), and interaction energies.

Root Mean Square Deviation

RMSD analysis revealed the structural deviation of each
complex over the 50 ns simulation period, providing insight into
binding stability. Results are shown in Figure 3. Among the

PARP1_Ningalin B

tested complexes, PARP-1_Ningalin B exhibited the greatest
stability (lowest RMSD), suggesting the complex remains
tightly bound throughout 50 ns. This suggests that once Ningalin
B binds to PARP-1, it maintained a stable interaction that may
contribute to enzyme inhibition (Malaluan et al. 2022). Similarly,
HDAC2_Perophoramidine also showed low RMSD (~2-3 A),
consistent with reliable complex formation (Quimque et al.
2021). In contrast, TOPOI_Ulithiacyclamide B had high RMSD
(8-12 A), indicating structural mismatch, whereas
TOPOII_Patellamide C remained stable.
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Figure 3: RMSD (A) of top-scoring protein-ligand complexes as determined during 50 ns of MD simulation. The y-axis shows the RMSD value in A

while the x-axis shows the time in nanoseconds (ns).

Root Mean Square Fluctuations

RMSF analysis quantifies the displacement of individual atoms
or residues from their average positions throughout the MD
simulation, offering insight into residue-specific flexibility
(Martinez 2015). The RMSF plots shown in Figure 4 revealed
residue-specific flexibility across the four prioritized complexes.
Because the PARP-1 (PDB ID: 4UND) and TOPOI (PDB ID:
1T8I) structures represent truncated catalytic domains, residue
numbering in their RMSF plots reflects the original PDB
sequence assignment rather than a continuous 1-n numbering.

The PARP-1-Ningalin B RMSF profile shows several localized
peaks, indicating regions of flexibility; however, the overall
profile suggests stable ligand binding. This implies that while
localized conformational dynamics occur, they do not
compromise complex stability, supporting the potential for

structural rearrangements that may influence enzymatic
inhibition (Manzano et al. 2022). Consistent with its flatter
aromatic structure and strong docking score (—-11.5 kcal/mol),
Ningalin B appears to fit snugly within the binding site and
stabilize surrounding residues.

The HDAC2-Perophoramidine complex exhibited a single
dominant RMSF peak around residue 230, suggesting the
presence of one flexible loop while the remainder of the enzyme
structure remains relatively rigid. This limited fluctuation is
indicative of higher structural stability and is consistent with the
RMSD results (Luo et al. 2025).

For TOPOI-Ulithiacyclamide B, a dominant fluctuation peak
was observed near residue 680, whereas the TOPOII-
Patellamide C complex displayed a comparatively flatter RMSF
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profile, indicative of greater overall stability. The presence of
isolated flexible regions across these enzymes highlights a
recurring pattern of localized conformational modulation, which
may facilitate structural adaptation during interactions with
DNA or other ligands and influence catalytic or regulatory
functions (Narayanan et al. 2016; Hupfeld et al. 2024).

These findings suggest that the molecular plasticity observed in
specific residues could be strategically targeted by MNPs. By
binding to or near these flexible regions, MNPs may exploit
structural vulnerabilities, inducing conformational shifts that

PARP1_Ningalin B

IS

w

[X)
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RMSF, A

TOPI_Ulithiacyclamide B
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destabilize the enzyme’s active form (Childers and Daggett
2017; Crean et al. 2020). Such disruption has the potential to
inhibit DNA repair, chromatin remodeling, and transcriptional
regulation, ultimately compromising genomic integrity and cell
survival (Damsma et al. 2013; Ishida et al. 2023). The RMSF
results therefore provide mechanistic insight into how MNPs
may exert inhibitory effects through modulation of residue-level
flexibility across DDRM targets.

HDAC2_Perophoramidine

100 200 300 400

TOPII_Patellamide C

200

600 800

Residue number

Figure 4: RMSF (A) of top-scoring protein-ligand complexes as determined during 50 ns of MD simulation. The y-axis shows the RMSF value in A

while the x-axis shows the residue number.

Radii of Gyration

Rg provides a quantitative measure of the distribution of atoms
around the center of mass of a molecule. It offers insight into the
folding, compactness, and overall structural stability of the
complex. Figure 5 shows that HDAC2 and PARP-1 complexes
have lower Rg (more compact) than TOPOI/TOPOII complexes.
This suggests PARP-1 and HDAC2 complexes are more
compact and potentially more stable (Ghahremanian et al. 2022).
The larger Rg values for the topoisomerases likely reflect their

inherent conformational flexibility with DNA. These enzymes
must undergo significant conformational changes during their
catalytic cycle, and greater flexibility can be advantageous in
this context. Despite the differences between enzyme types, all
six complexes showed only minor variations in Rg values per
compound, indicating consistent compactness across ligand
interactions (Quimque et al. 2021).
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Figure 5: Summary of radii of gyration per time of the top-scoring complexes. The y-axis shows the Rg value in A while the x-axis shows the time in

nanoseconds (ns).

One limitation is the 50 ns simulation length, which may not
capture long-term dynamics, especially for large enzymes.
Additionally, we did not simulate controls (apo proteins or
known inhibitors). Future studies should extend simulation time
and include such controls for comparison.

Interaction Energies

The interaction energies of all enzyme-ligand complexes were
assessed to evaluate their thermodynamic stability. The short-
range Coulomb energy (Coulomb SR) describes electrostatic
interactions between charged atoms, while the short-range
Lennard-Jones energy (Lennard-Jones SR) models van der
Waals and hydrophobic interactions between neutral atoms. All
complexes had negative Coulomb and Lennard-Jones energies,
indicating thermodynamically favorable binding (Manzano et al.
2022).

PARP-1-Ningalin B had the most negative total energy (—433.0
kcal/mol), indicating a particularly stable complex. This could
induce inhibitory conformational changes in PARP-1. HDAC2—
Perophoramidine (—66.1 kcal/mol), TOPOI-Ulithiacyclamide B
(-155.4 kcal/mol), and TOPOII-Patellamide C (-215.1
kcal/mol) also had negative interaction energies, reflecting
stable binding. The high magnitudes of Coulomb and LJ terms
suggest many strong contacts

Overall, RMSD, RMSF, Rg, and interaction-energy profiles
consistently indicated that the protein—ligand complexes

remained stable during the simulations. Ningalin B stood out as
a strong PARP-1 binder. These findings highlight the potential
of the top MNPs to stabilize inactive conformations of DDR
enzymes.” Then briefly note missing analyses: “We note that
hydrogen bond occupancy and detailed energetic decomposition
were not performed; these will be addressed in future work.

Table 6: Average protein-ligand interaction energy from a 50 ns simulation trajectory of the top complexes

Complex

Energy Terms (kcal/mol)

Coulomb SR Lennard-Jones SR Interaction Energy

PARP-1_Ningalin B -289.2850 + 48.0920 -143.7610 + 38.1991 -433.0460 + 61.4167

HDAC2_Perophoramidine -11.1483 +£15.7181 -54.9490 £ 27.0152 -66.0973 + 31.2550
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TOPO I_Ulithiacyclamide B

TOPO II_Patellamide C

-44.6974 + 39.1783

-41.5686 + 36.3950

-110.6710 + 33.7433 -155.3684 + 51.7064

-173.4970 £ 20.3782 -215.0656 +£41.7117

CONCLUSION

This computational study highlights selected Philippine MNPs
as multitarget inhibitors of DDR enzymes (PARP-1, HDAC?2,
TOPOI, TOPOII). In particular, Ningalin B, Perophoramidine,
Ulithiacyclamide B, and Patellamide C exhibited strong binding,
favorable drug-like profiles, and stable MD interactions. Despite
some Lipinski violations in larger compounds, proposed
structural modifications and delivery strategies could enhance
their druggability. These findings support the promise of MNPs
as scaffolds for the development of novel anticancer agents
capable of disrupting multiple pathways essential for genome
maintenance and cell survival. However, these findings are
based on computational models and must be validated
experimentally. We did not perform comprehensive in vitro or
in vivo pharmacokinetic or toxicity tests, which are necessary
next steps. Future work should include cytotoxicity assays in
cancer cell lines and in vivo studies in animal models to assess
efficacy and safety. Our results represent an early phase in drug
discovery. Significant additional preclinical development
(optimization, formulation, trials) will be needed before any
clinical use. Despite being a preliminary step, our favorable in
silico results underscore the promise of these natural-product
scaffolds for anticancer drug development.
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SUPPLEMENTARY MATERIAL

Receptor Co-crystallized

Ligand
(PDB ID)

Superimposition of Co-crystal (red) and its

redocked structure (blue)

RMSD

4UND (8S,9R)-5-fluoro-8-(4-
fluorophenyl)-9-(1-
methyl-1H-1,2,4-
triazol-5-y1)-2,7,8,9-
tetrahydro-3H-
pyrido[4,3,2-

de]phthalazin-3-one

0.666 A

3IMAX N-(4-aminobiphenyl-

3-yl)benzamide

1.038 A

1T8I 4-ethyl-4-hydroxy-
1,12-dihydro-4h-2-
oxa-6,12a-diaza-

dibenzo[b,h]fluorene-

3,13-dione

0.364 A

4FM9

No co-crystallized ligand
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