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Abstract: Breast cancer is a prevalent malignancy worldwide. Human MutT homolog 1
(MTH1) is over expressed in breast tumors, and cancer cells rely on MTH1 for survival.
This protein ensures the integrity of the nucleotide pool by preventing the integration of
oxidized 2’-deoxynucleoside triphosphates (ANTPs) during DNA replication. Therefore,
inhibiting MTH1 pharmacologically emerged as a valid target in treating breast cancer. In
the present study, we screened biologically active phytochemicals from the NPACT database
to discover potential inhibitors of MTH1. Molecular docking analysis was employed to
identify the binding conformation and the interaction pattern. The top five compounds
were selected for detailed analysis based on their superior binding affinity and interactions
with crucial residues (Asn33, Gly36, Tyr7, Phe72, Trp117, Lys23, and Phe27, Glu100) of
MTHI1. Additionally, the ADMET profile of selected compounds highlighted the high
intestinal absorption, low toxicity, and acceptable metabolic stability, exhibiting their
potential as drug candidates. Furthermore, in silico validation of selected compounds
was performed through molecular dynamics (MD) simulation, which revealed that the
resultant complexes are appreciably stable. Compounds revealed RMSD values ranging
between 1.0 and 1.5 A, indicating strong and stable binding conformations. PCA analysis
revealed restricted conformational sampling, highlighting stabilization, particularly with
ZINC14727630, ZINC14819291, ZINC14781695, and ZINC95099417. MM-GBSA confirmed
the stability of the ligand—protein complexes, with ZINC14819291, ZINC14727630, and
ZINC95099417 demonstrating the most stable interactions with MTH1, with total binding
free energies of —32.46, —45.06, and —33.44 kcal/mol, respectively. Our results support
that these natural compounds could act as potential anti-MTH1 for ameliorating the breast
cancer. However, experimental validation is required to validate the efficacy of these
molecules and robustness of this anticancer approach.

Keywords: breast cancer; anticancer phytochemicals; molecular modeling; MD simulations

1. Introduction

Cancer remains the leading cause of mortality in both developed and developing coun-
tries, despite extensive research into its biological mechanisms, identification of therapeutic
targets, and drug development [1]. Cancers include over 200 types, each originating in
distinct locations within the body and from various underlying causes [2]. Among these,
Breast cancer ranks as the second most prevalent cancer worldwide. Each year, nearly
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1.5 million women are diagnosed with breast cancer [3]. Although breast cancer can occur
in younger women, those over 50 are at a far higher risk [4]. It is a type of metastatic
cancer that can propagate throughout the body, including the bones, liver, brain, and lungs,
making it untreatable [5]. Several biological subtypes of breast cancer exist, and these
differ from each other in their genetic features, clinical characteristics, and responses to
different treatments [6].

A hallmark in the prognosis of breast cancer is oxidative stress, which is promoted
by redox imbalance and contributes to its progression. Reactive oxygen species (ROS) are
produced by the processes of xanthine oxidase, lipogenesis, cyclooxygenase, and NADPH
oxidase (Nox), which produce hydroxyl radicals, hydrogen peroxide, and superoxide
radicals. High ROS production triggers tumor inhibition through the activation of DNA
damage [7]. ROS levels are frequently high in carcinogen-induced cancer cells, which are
recognized by rapid proliferation and metabolic abnormalities [8]. Hence, these mecha-
nisms pose a risk to cancer cells and apoptosis. Studies report that elevated levels of ROS
have been found in breast cancer cells and various immune cells in the tumor microenviron-
ment (TME). Signaling pathways, such as MAPK, NF-«B, and PI3K/AKT, can be activated
through ROS and promote tumor cell proliferation, likely playing a complex function in
tumor progression and metastasis by facilitating two-way communication between diverse
components. Furthermore, an excessive amount of ROS can damage the micromoles within
the cells and cause mutations in the genetic information within the genome. Hence, cancer
cells often increase the expression of various DNA damage repair proteins, including
human MutT homolog 1 (MTH1), to modulate the genome stability [9].

MTHLI is an important member of the NUDIX hydrolase superfamily and has a sig-
nificant role in cancer biology. To combat the inhibitory impacts of high levels of ROS,
cancer cells stimulate adaptive mechanisms [10]. According to previous research, cancer
cells mostly depend on the MTH1-mediated base excision repair pathway to inhibit the
detrimental oxidized nucleotides from getting improperly incorporated into the genome,
which can reduce genotoxicity. MuT1 enzyme prevents the integration of oxidized nu-
cleotides, such as 8-oxo-7,8-dihydro-2’'-deoxyguanosine triphosphate 8-oxo-dGTP and
N6-methyl-d ATP, into DNA by hydrolyzing them into their monophosphate forms, thereby
regulating genomic stability (Figure 1A) [11]. The MTH1 structure is characterized by its
unique o-p-« scaffold, making a monomeric enzyme with a molecular weight of 18 kDa.
MTHI1 contains a conserved amino acid sequence motif known as the MUT box motif
(Gly37-Leud9), essential for its enzymatic activity (Figure 1B).
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Figure 1. Role and Structure of MTHI in cancer cell proliferation. (A) Therapeutic role of MTH1.
(B) Overall crystal structure of MTHI1. Structure is colored based on secondary structure elements.
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The MUT box comprises important residues like Gly37, Glu52, and Leu53, which
stabilize the catalytic activity and neutralize oxidative nucleotides [12]. Several studies
demonstrate that MTH1 is overexpressed in multiple cancers, including colorectal cancer,
lung cancer, gastric cancer, renal cancer, brain tumors, and breast cancer. High MTH1
expression correlates considerably with poor prognosis in distinct malignancies [13,14].
MTHI1 was examined in breast cancer subtypes, including luminal, hormone receptor-
positive (HR+) tumors, and triple-negative breast cancer (TNBC) [15]. Another study
revealed that MTHLI is significantly overexpressed in TNBC, which protects the cancer cells
from oxidative DNA damage and apoptosis [16]. Thus, MTH1 is considered an important
factor in the progression of breast cancer and a potential target for therapeutic intervention.

Conventional chemotherapeutic medicines effectively suppress breast cancer but also
damage normal cells in the body [17]. While targeted therapies are highly effective for
certain subsets of breast cancer patients, they are not universally practical due to their
restricted specificity. As such, there is a need to identify enzyme inhibitors to address
these therapeutic constraints and serve as a promising avenue for cancer treatment. The
discovery of small-molecule inhibitors by targeting a specific protein is the trending method
of drug discovery [18-23]. The inhibition of MTH1 can exert anticancer effects and exhibit
broad-spectrum anticancer activity. TH287 and TH588 were discovered as the first small-
molecule inhibitors targeting MTH1 [24,25]. However, computational approaches have
been widely employed for developing potential therapeutic drug targets for various life-
threatening diseases. Many researchers have already utilized computational methods to
investigate MTH1 inhibitors, particularly from natural products. Several studies have
investigated inhibitors such as aminopyrimidine derivatives, natural extracts, nucleoside
analogs, Kettle’s three classes of inhibitors, and nanoparticles, all of which revealed a
significant inhibitory effect on MTH1 [26]. Furthermore, Warpman Berglund U revealed
that the MTH1 inhibitor TH1579 is an anticancer agent for acute myeloid leukemia by
inducing oxidative DNA damage and mitotic arrest [27].

Computer-aided drug discovery (CADD) approaches significantly accelerate drug
development while reducing associated costs [28]. Innovations in supercomputing, algo-
rithms, and computational tools have further enhanced the efficiency of lead compound
identification in pharmaceutical research [29-35]. Leveraging these progressions, we em-
ployed high-throughput screening integrated with molecular dynamics simulations to
identify novel inhibitors, such as ZINC14819291, ZINC14727630, and ZINC95099417, that
show stable binding and strong inhibitory potential against MTH1. ADMET analysis and
PCA provided insights into their pharmacokinetic features and dynamic behavior. These
results provide insight and candidate compounds for the innovations of new therapies and
drugs targeting the common abnormal phenotypes in breast cancer.

2. Methodology

The current study is illustrated in a flow chart as shown in Figure 2.

2.1. Compound Libraries Preparation

The Naturally Occurring Plant-based Anti-Cancer Compound-Activity-Target database
(NPACT, http://crdd.osdd.net/raghava/npact/ (accessed on 27 May 2024)) [36], which
contains naturally occurring plant-derived anticancer compounds and the MPD3 (Medici-
nal Plant Database for Drug Discovery) [37] database were employed for virtual screening
analysis [38] The retrieved ligands were then energy-minimized using MMFF94 imple-
mented in Openbabel for structural optimization [39], after which they were filtered ac-
cording to Lipinski’s Rule of Five (MW < 500 Da, LogP < 5, H-bond donors < 5, H-bond
acceptors < 10) to retain drug-like candidates.
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Figure 2. Complete flow chart of the in silico study for drug designing against the cancer protein target.

Ligands were further optimized by adding charges and hydrogens. The prepared
ligands were saved in PDBQT format using AutoDock Tools to facilitate virtual screen-
ing [40,41]. Redundant compounds were removed to avoid computational redundancy,
and the ligand structures were visually inspected to ensure structural integrity [42]. The
final ligand library was compiled into a single directory for further analysis.

2.2. Target Selection and Preparation

The MTH]1 protein was first identified as a therapeutic target based on its pivotal role
in sanitizing oxidized nucleotides and its over expression in several cancer types. The 3D
crystal structure of MTH1 in complex with N6-methyl-d AMP (PDB ID: 6QV0) was then
retrieved from the Protein Data Bank (https:/ /www.rcsb.org/structure /6QV0 (accessed on
27 May 2024)). All the unnecessary molecules were removed from the structure. Hydrogens
were added and the structure was energy-minimized using UCSF Chimera [43] to relieve
any steric clashes and optimize geometry prior molecular docking.

2.3. Grid Generation and Molecular Docking

The AutoDock Vina program in the PyRx software was employed for molecular dock-
ing experiments. AutoDock Vina employs empirical scoring function. It is extensively used
due to its combination of rapid search algorithms and an empirically derived scoring func-
tion for accurate hit identification. It efficiently searches for the best possible binding poses
by analyzing configurations and scoring them according to binding affinities [44—48]. The
docking grid region was defined by centering the grid box at the active site with at x, y, and
z centered around —0.508, 10.840, and 27.554, respectively, with dimensions of 40 A in each
direction, ensuring full coverage of the active site for subsequent docking calculations [47].

After grid generations, the ligands and protein structure were uploaded to PyRx and
Autodock Vina was run to perform docking. During the virtual screening, each compound
underwent 20 iterations, and the best binding pose was predicted with the low-affinity
score. After docking, the docked complexes were ranked based on the docking scores and
visually inspected using PyMol3.1 [49] (https:/ /pymol.org/ (accessed on 27 May 2024))
and Discovery Studio v.2020 [50]. Compounds displaying the most favorable binding
affinities and formed key interactions with the active site residues were shortlisted as
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candidate molecules for subsequent analyses. To examine the binding potency of the
selected compounds with the MTH1 protein and to understand the interactions within the
docked complex, the compound N6-methyl-d AMP was also re-docked in the same binding
pocket under the identical conditions as the very first virtual screening.

2.4. Molecular Docking Protocol Validation

Molecular docking is an important approach to predict the interaction between a
macromolecule and a small molecule, leading to stable complex formation. Redocking of
the co-crystallized ligand operates as a validation process for the docking criteria, validating
that the in silico model can accurately replicate the experimentally identified orientation
of the ligand within the protein active site [51]. The native compound N6-methyl-d AMP
was re-docked onto the MTHI1 protein (Figure 3). The docking accuracy was assessed by
comparing the docked pose with the experimental binding conformation. Consequently,
the RMSD valued for the docked ligand superimposed on the crystallized ligand was
0.15 A, within the generally accepted range for precise pose replication in docking analysis.
The native ligand showed a binding energy score of —8.9 kcal/mol and the hydrogen
bonding interaction with Leu9, Lys23, Asn33, Asp119, Gly37, Phe72, Trp117, Met81, Glu100,
and Glu56, as shown in Table 1. The native ligand formed a sandwich-stabilized structure
between phenylalanine A:72 and tryptophan A:117 hydrophobic aromatic amino acid
residues. These residues revealed strong pi—pi stacking interactions, which positively
affect the ligand affinity within the hydrophobic core of the binding pocket. Furthermore,
hydrogen bonding interaction was observed with polar glycine A:37 residue.

Table 1. Hydrogen bond interactions and binding affinities of the selected compounds.

Binding Affinities Hydrogen Bonds Interaction

Compounds  Compound Name Structure Kkeal/mol Residues with Ligands
HN-
Né-methyl-dAMP K gl‘/fﬂ 8.0 Leu9, Lys23, Asn33, Asp119, Gly37
(Reference) O_i =0 0
oH

ZINC14781695 —-10.7 Lys23,Glu56,Gly36
ZINC95099417 —10.3 Lys23, Asn33, Phe27
ZINC1530850 —10.2 Lys23, Asn33, Lys38
ZINC14727630 —-9.7 Tyr7, Lys23, Asn33, Gly34, Gly36
ZINC14819291 -9.9 Lys23, Glu100
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Figure 3. Molecular docking of native and screened compounds against MTH1 Protein. (A) Inter-
actions of the native ligand N6-methyl-d AMP with the MTH1 active site residues. (B) Re-docked
conformation (gray) of ligand N6-methyl-d AMP superimposed to crystallized conformation (green).

2.5. ADMET Analysis

The absorption, distribution, metabolism, elimination, and toxicity (ADMET) features
are crucial for the efficacy and safety of a therapeutic agent [52]. The characteristics of
the two compounds were examined for their physiochemical features, hydrophobicity,
lipophilicity, and gastrointestinal environment, which were directly affected by the ADMET
profile before the defecation and urination of the drug from the body. This analysis was
conducted using the SwissADME [53] (http://www.swissadme.ch/index.php (accessed
on 28 May 2024), webserver to facilitate the assessment of physicochemical properties.

2.6. Molecular Dynamics Simulations

Molecular dynamics simulation was conducted using the AMBER16 simulation tool.
During the molecular simulation, the dynamic and structural profiles of ligands docked
into the binding sites of the target protein of interest were assessed using the AMBER16
program [54], which had the general AMBER force field [55] for ligand preparation and
the ff14SB force field [56] for enzyme preparation. Following the initial setup, 500 steps
of conjugate gradient minimization and steepest descent were applied to each system.
The TIP3P water box [57] was used to submerge the selected docking complexes, with
a 12.0 A adjustment made between the complex and edge box. System neutralization
was achieved by adding ions. The system was heated to a target temperature of 310 K
by running the NVT ensemble for 200 ps [58]. After that, the system was subjected to
the NPT ensemble for around 400 ps to achieve system equilibration. Isotropic position
scaling was used to keep the pressure at 1 atm on average. Langevin dynamics was
used to adjust the temperature, resulting in a collision frequency of 1 ps—1.The SHAKE
method was used to restrict hydrogen bonding [59]. Finally, a production run of 200 ns
was performed. A 200 ns molecular dynamics (MD) simulation was selected due to its
established efficacy in capturing essential structural and dynamic properties for systems of
comparable complexity. Studies show this simulation duration is sufficient for monitoring
ligand—protein interactions, analyzing complex dynamics, and exploring conformational
spaces without excessive computational demands [60-62]. The simulation paths were
assessed by using the CPPTRA] program [63]. RMSD is a measure used to compare the
spatial positions of protein C atoms by calculating their average distance during a certain
time frame [64].
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2.7. PCA Analysis

Furthermore, Principal Component Analysis (PCA) was conducted using the GRO-
MACS program and graphically visualized by R studio program [65]. PCA methodology
transforms complex protein dynamics data from high-dimensional to low-dimensional
space, generating eigenvectors and eigenvalues that represent global movements in the
protein [66]. PCA may be used on any system to analyze the impact of different factors by
simplifying the complexity of collective motion. This method is linked to the phase space
behavior of protein functions and stability [67]. It is often used to describe various struc-
tural changes that occur during protein folding, the opening and closing of ion channels,
and the dynamics of molecular conformations [68].

2.8. MMPBSA and MMGBSA

Binding free energy calculations were performed on the MD trajectories with the
MM-PB/GBSA module of AMBER 16 to quantify the ligand—protein interaction energy [69].
The binding free energies of the ligand-MTH1 complexes were estimated of the 5000 frames
from the last 25 ns of the 200 ns MD trajectory. They calculate free energies by forecasting
the free energy difference between the ligand and protein alone and with complex. The
binding free energy of the ligand—protein complex is calculated as follows:

AGBinding = AGcomplex - (AGProtein + AGLigand) 1)

The binding free energy AGginging is further broken down into various energetic
components, expressed as follows:

AGginding = AEmm + AEsory, — TAS )

AEpp is the molecular mechanics energy consisting bonded and non-bonded energy
terms, AE;,, is solvation energy comprising polar and non-polar solvation, and TAS is the
entropic contribution. The non-polar solvation term is derived from the solvent-accessible
surface area (SASA), while the polar solvation term is computed with either the Poisson—
Boltzmann (PB) or Generalized Born (GB) models. Collectively, these metrics reveal not
just the overall binding strength but also the key forces hydrophobic contacts, electrostatic
effects, and entropic penalties that stabilize the ligand—protein complex.

3. Results
3.1. Molecular Docking Analysis

The present study involved screening of the NPACT database against the MTH1
protein, followed by the ranking of docked compounds based on their binding energies
(measured in kcal/mol). Docking scores of the top 10 compounds from both libraries
were shown in Table S1. The top five compounds were selected according to their binding
affinity scores (kcal/mol), having interactions with the important active site residue and
possessing a similar binding orientation to the native ligand. The binding affinity of these
compounds exceeded that of the native ligand, as highlighted by their superior binding
scores. The superimposed conformation of compounds and the one native ligand showed
an almost similar binding confirmation with the MTH1 binding pocket, with minimal
deviations, representing structural similarity and compatibility of the compounds with the
active site (Figure 4).
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Figure 4. The binding conformations of the top screened ligands within the MTH1 active site
are shown on the left, with the superimposed conformations of the screened ligands and the na-
tive ligand displayed on the right. Ligands were shown in colored sticks; ZINC14781695 (cyan),
ZINC95099417 (yellow), ZINC1530850 (light pink), ZINC14819291 (pink), and ZINC14727630 (green).

The docking analysis revealed that ZINC14781695 showed the highest binding affin-
ity, with a docking score of —10.7 kcal/mol. It formed hydrogen bonds with important
residues Lys23, Glu56, and Gly36, revealing strong interactions within the binding pocket
(Figure 5A). Similarly, the ZINC14781695 compound, the ZINC95099417 compound, and
the ZINC1530850 compound also showcased significant binding affinities towards the
MTHI1 with binding energies recorded at —10.3 kcal/mol and —10.2 kcal/mol, respectively.
The ZINC95099417 compound interacted with Lys23, Asn33, and Phe27 (Figure 5B), while
the ZINC1530850 compounds formed hydrogen interactions with Lys23, Asn33, and Lys38
residues (Figure 5C).

Additionally, ZINC14819291 also had the highest binding affinity to the MTHI1 cat-
alytic site, with a —9.9 kcal/mol binding energy. The side chain carboxylate oxygen atom
of Glu100 and side chain amine group of Lys23 was involved in a conventional hydrogen
bond interaction with the ligand (Figure 5D). ZINC14727630 binds to the protein with a
slightly lower binding energy of —8.8 kcal/mol. The compound establishes a hydrogen
bond with Tyr7, Lys23, Asn33, Gly34, and Gly36 (Figure 5E). These interactions highlight
the compound’s ability to target specific sites on the protein, potentially leading to unique
therapeutic outcomes. In a study, similar interactions of the natural compounds Thymo-
quinone and Baicalin with the key residues (Asn33, Gly36, Tyr7, Phe72, and Trp117) of the
MTHI1 binding pocket were reported. The similar interaction patterns revealed that these
residues are crucial for structural support and inhibition of the MTH1 enzymes [14].

3.2. ADMET Properties

After the identification of drug-like potential compounds, ADMET analysis was
conducted. Interactions with target macromolecules can lead to either beneficial or
detrimental pharmacological effects [70] as drug bioavailability relies primarily on the
safety and efficacy factors, which depend on the ADME qualities. ADME properties
of the selected five compounds were calculated through the in silico pkCSM server
(https:/ /biosig.lab.uq.edu.au/pkcsm/ (accessed on 29 May 2024) to observe the pharma-
cokinetic features or properties, such as blood-brain permeability, absorption, metabolism,
clearance, and toxicity [71]. The ADME properties of the five selected compounds are
shown in Table 2. Most compounds show high intestinal absorption, exceeding 80%, ex-
cept for ZINC14727698, which has an absorption rate of 68.725%, suggesting these can
be efficiently absorbed into the bloodstream and have potential for oral bioavailability.
All compounds are substrates of P-glycoprotein, a transporter protein that plays a role in
drug efflux and influences bioavailability and resistance. However, they do not inhibit
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P-gp, meaning they are unlikely to interfere with its function in drug—drug interactions.
Water solubility varies among the compounds, with ZINC95099417 having the lowest
solubility at —4.087. The blood-brain barrier (BBB) is a closely regulated barrier that shields
the brain from potentially harmful substances in the blood. Multiple studies suggest
that brain metastasis occurs in 10 to 15 percent of breast cancer patients based on clinical
diagnosis [72]. Blood-brain barrier permeability values indicate that these compounds
have limited penetration into the brain, with ZINC1530850 and ZINC14727630 showing
the lowest permeability at —1.407 and —1.362, respectively. These negative values sug-
gest limited potential for these compounds to target brain metastases in breast cancer
patients. None of the compounds act as CYP2D6 substrates, and only ZINC95099417
is a CYP3A4 substrate, suggesting that most compounds may not undergo significant
metabolism through this enzyme, reducing the risk of drug interactions. The cytochrome
P450 CYPs serve a multifaceted role in contributing to carcinogenesis, tumor growth, and
metastasis [73]. CYP gene polymorphisms are linked with drug responses and sensitivity to
breast cancer. Furthermore, findings suggest a generally favorable metabolic profile, with
implications for increased metabolic stability and reduced interaction potential in breast
cancer therapy. Most compounds inhibit CYP1A2, CYP2C9, and CYP2C19, which may
influence metabolic pathways. Total clearance values range from —0.175 for ZINC14727630
to 0.197 for ZINC14819291, indicating variability in metabolic clearance rates. None of
the compounds shows hepatotoxicity, supporting their safety profile. These compounds
demonstrate good intestinal absorption, low hepatotoxicity risk, and varying metabolic
properties. While their interactions with metabolic enzymes should be considered, their
overall ADMET profile suggests potential suitability for further drug development.

Figure 5. Binding pose and interactions of the top selected ligands. (A) ZINC14781695, (B) ZINC95099417,
(C) ZINC1530850, (D) ZINC14819291, and (E) ZINC14727630.
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Table 2. The ADME properties of the five selected compounds.

ADMET Property ZINC14781695 ZINC95099417 ZINC1530850 ZINC14727630 ZINC14819291
Water solubility —3.202 —4.087 —3.673 —3.346 —4.022
Intestinal absorption (%) 89.999 95.435 90.212 83.221 90.652
P-glycoprotein substrate Yes Yes Yes Yes Yes
P-glycoprotein inhibitor No No No No No
BBB permeability —0.869 —0.347 —1.407 —1.362 —0.956
CYP2D6 substrate No No No No No
CYP3A4 substrate No Yes No No No
Total Clearance
(log ml/min/kg) —0.071 0.111 0.009 —0.175 0.197
Hepatotoxicity No No NO No No

3.3. Molecular Dynamic Simulation

Molecular dynamics (MD) simulations were used to assess the dynamics and stability
of the complexes. MD simulations enables extensive analyses of structural stability and
residue-level flexibility [74].

3.3.1. Root Mean Square Deviations

The reference-MTH1 complex exhibits considerable structural variations, with RMSD
values ranging from 2.5 to 3.5 A. These variations indicate that the structure of MTH1
coupled to reference N6-methyl-d AMP experiences significant conformational changes
throughout simulation. The considerably larger RMSD values reflect the intrinsic instability
of the MTHI protein structure, which is dynamic and flexible. In contrast, the MTH1
structure associated with ZINC14819291 demonstrated higher stability than the reference.
The RMSD values are steady between 1.5 and 2.5 A, especially after the first equilibration
period (10 ns) (Figure 6). This pattern implies that ZINC14819291 binding produces
structural stability in the complex, but with some conformational flexibility, most likely
due to interactions or binding modes between ZINC14819291 and the target protein. The
system bound with ZINC14727630 has the stable trajectory, with RMSD values ranging
from 1.0 to 1.5 A. The low RMSD values observed throughout the simulation suggest that
ZINC14727630 forms a very stable complex with few structural aberrations. This shows
that the interaction of ZINC14727630 with the target protein results in a firmly bound and
conformationally stable system, possibly due to strong and evenly dispersed intermolecular
contacts. The MTH1-ZINC14781695 complex shows higher initial instability, with RMSD
values rising above 3.0 A in the early phase of the simulation. However, after 50 ns,
the system stabilizes within the 2.0-3.0 A range. The ZINC95099417 and ZINC1530850
complexes exhibit the most pronounced fluctuations, indicating higher instability compared
to the other systems. Their RMSD values frequently fluctuate between 2.0 and 3.5 A. To
further support these observations, superimposition of the ligand—protein complexes at
0 ns and 200 ns is presented in Figure 7. The ligands remain stably engaged within the
binding pocket throughout the simulation, showing that they preserve binding affinity and
spatial accommodation within the active site despite certain conformational changes.
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Figure 6. RMSD analysis of the simulated systems.

Figure 7. Snapshots of the ligand protein complexes extracted at 0 ns and 200 ns superimposed to each
other. The 0 ns snapshot of the complex is shown in green color and snapshot extracted at 200 ns is
shown in yellow color. (A) ZINC14781695, (B) ZINC95099417, (C) ZINC1530850, (D) ZINC14819291,
and (E) ZINC14727630.
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3.3.2. Root Mean Square Fluctuations

To understand how the candidate ligands affect structural flexibility of the MTH], the
Root Mean Square Fluctuation (RMSF) analysis as performed. RMSF assesses the flexibility
of individual residues in of the protein. Figure 8 illustrates the comparative flexibility anal-
ysis of different protein-ligand complexes through root mean square fluctuation (RMSF)
and beta factor distributions, providing insight into residue-level flexibility. The reference
exhibited the highest fluctuations, particularly around residues 50, 100, and 140, indicating
highly dynamic regions. This suggests that in the absence of a ligand, the protein structure
was more flexible, potentially due to the lack of stabilizing interactions. The ZINC14819291
complex follows a similar trend with slightly lower fluctuations, suggesting that this ligand
maintains flexibility in key regions while exerting some stabilizing effects. In contrast, the
ZINC14727630, ZINC1530850, and ZINC14781695 complex displayed significantly lower
RMSF values, indicating that these ligands contribute to enhanced structural stability. The
ZINC95099417 complex exhibited moderate flexibility, suggesting an intermediate stabi-
lization effect. The beta factor illustrates the flexibility changes in the protein upon ligand
binding. The reference exhibited the highest flexibility, indicating that these complexes
retain significant conformational freedom. All ligand-bound complexes showed a reduc-
tion in flexibility to varying degrees. Among them, ZINC14727630 demonstrated the most
significant stabilization, with the lowest B-factor values, suggesting strong interactions
between the ligand and protein. ZINC14819291 closely follows the reference, indicating
a moderate stabilization effect, while ZINC95099417, ZINC14781695, and ZINC1530850
demonstrated intermediate levels of rigidity. The flexible regions with high fluctuations
belong to the loops (Figure 8C). These findings indicate that different ligands influence
protein flexibility to varying degrees.

Reference

" ZINC14819291

ZINC14727630

e ZINC95099417

ZINC14781695

ZINC1530850

20000

Beta Factor (‘Z\)

10000

Residues number

Figure 8. RMSF analysis on structural flexibility of the MTH1 Protein. (A) Root mean square
fluctuation analysis on candidate ligands. (B) Beta factor analysis of the simulated systems. (C) The
areas of MTH1 with the high residual fluctuations are highlighted in red color.

3.3.3. Principle Component Analysis

The first two principal components (PCs) derived from the atomic displacement co-
variance matrix were evaluated to determine the main movements inside the systems. The
2D projections of these components, show considerable variations in the conformational
space traversed by the complexes during molecular dynamics simulations (Figure 9). In
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this figure, Model and Mode2 represent the principal components that describe the confor-
mational flexibility of MTHI in the presence of different ligands. The density distribution,
represented by a color gradient from yellow (low density) to purple (high density), indi-
cates the frequency of specific conformational states. The reference structure (A) shows
a well-defined conformational space with distinct high-density clusters, representing the
natural flexibility of MTHI1 in its unbound state. This demonstrates the protein’s dynamic
and unstable character, with significant sampling of different structural states. Upon
ligand binding, significant variations are observed in the conformational distributions.
ZINC14819291 causes a change in the conformational landscape, resulting in two domi-
nating clusters that differ from the reference. ZINC14727630 changes the conformational
space by forming a more linked distribution, implying less flexibility than the reference.
ZINC95099417 produces an extended, arch-shaped distribution, indicating a significant
change in conformational states. A similar trend is found with ZINC14781695, albeit
with significantly less flexibility. ZINC1530850 has the greatest deviation, occupying a
broader conformational area and indicating greater flexibility or ligand-induced structural
alterations. These observations are consistent with the results of the RMSD and RMSE.

Each ligand uniquely affects MTH1’s structural dynamics. ZINC95099417 and
ZINC14781695 stabilize specific conformational states, while ZINC14819291 and
ZINC14727630 maintain partial similarities to the reference yet introduce notable shifts.
Moreover, the observed trends are consistent with RMSD and RMSF analyses, reinforcing
the role of PCA in capturing ligand-dependent conformational modulations.

3.4. Binding Free Energies Calculations

The results of the molecular dynamics simulations provide valuable insights into
the binding affinities and interaction characteristics of the five candidate compounds
ZINC14781695, ZINC1530850, ZINC14819291, ZINC14727630, and ZINC95099417 with
the reference N6-methyl-d AMP molecule, based on energy parameters derived from MM-
GBSA calculations (Table 3). Among the selected compounds, ZINC14727630 exhibits
the strongest binding affinity, with total binding energies of —45.06 kcal/mol. It has van
der Waals energy of —42.58 kcal/mol, indicating stronger non-covalent interactions such
as hydrophobic contacts. Although its electrostatic energy (—12.90 kcal/mol) is slightly
weaker than the reference compound (—15.38 kcal/mol), and other four compounds but its
overall stronger gas—phase energy (—53.35 kcal/mol) and total binding energy highlight its
superior stability within the binding site. ZINC1530850 also shows good binding potential,
with a total binding energy of —32.70 kcal/mol. It has the best gas—phase interaction
(—73.41 kcal/mol) among all compounds, showing significant van der Waals and elec-
trostatic contributions. ZINC95099417 also emerges as a strong candidate having a total
binding energy of —33.44 kcal/mol. It has a van der Waals energy of —38.12 kcal/mol and
an electrostatic energy of —31.30 kcal/mol, totaling a gas—phase energy of —69.42 kcal/mol.
Despite its solvation energy (35.98 kcal/mol), it shows to have a promising binding profile.
ZINC14819291, while also shows strong binding potential, with total —32.46 kcal/mol. Its
van der Waals (—30.67 kcal/mol) and electrostatic (—13.24 kcal/mol) energies contribute
to a gas—phase energy of —43.67 kcal/mol, suggesting high stability within the binding
site. Among all, ZINC14781695 exhibits the lowest total binding energy (—18.70 kcal /mol)
between the selected compounds. Despite a strong van der Waals energy (—31.28 kcal /mol)
and electrostatic interactions (—25.76 kcal/mol), its high solvation energy (38.34 kcal/mol)
weakens its overall binding affinity.
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Figure 9. PCA analysis of MTH1-ligand complexes. Model and Mode2 represent the principal
components that describe the conformational flexibility of MTH1 in the presence of different ligands.
(A) Reference, (B) ZINC14819291, (C) ZINC14727630, (D) ZINC95099417, (E) ZINC14781695, and
(F) ZINC1530850.
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Table 3. Binding energy calculation for the selected five complexes along the control reference compound.

Compound ID Vdw Elec Gas Phase  Solvation Total
Reference —30.10 —15.38 —33.68 10.53 —29.94
ZINC14781695 —31.28 —25.76 —57.04 38.34 —18.70
ZINC95099417 —38.12 —31.30 —69.42 35.98 —33.44
ZINC1530850 —54.09 —19.32 —73.41 40.71 —32.70
ZINC14727630 —42.58 —12.90 —53.35 12.45 —45.06
ZINC14819291 —30.67 —13.24 —43.67 11.02 —32.46

4. Discussion

Accelerated metabolism in cancer cells generates significantly more ROS than normal
cells. MTH1, which cleanses oxidized nucleotide pools, is essential for the survival of cancer
cells but not necessary for the growth of normal cells [75]. Many MTH1 inhibitors have been
researched for cancer treatment development by increasing oxidative damage in cancer cells.
Although some inhibitors were successful, others were ineffective in destroying cancer cells,
which complicates the potential of MTH1 as a target for eradicating cancer [13]. MTH1
inhibition as a therapeutic strategy faces complexities due to redundancy in cancer cells’
antioxidant systems, off-target effects that compromise selectivity and safety, and variability
in MTH1 expression requiring patient-specific approaches. These challenges emphasize
the need for precise targeting and better understanding of MTH1’s role in cancer [76,77].
This study provides an overview of the progress in creating MTH1 inhibitors isolated from
medicinal plants as possible drug candidates, in which they were categorized based on
structure, as well as discusses their potential in cancer treatment by targeting MTH1 [78].
Natural compounds offer structural diversity, biological relevance, lower toxicity, and
multiple pathways, making them effective enzyme inhibitors, particularly valuable in
complex diseases like cancer, and excellent drug development starting points. Their multi-
target capabilities and favorable safety profiles may help overcome resistance mechanisms
and improve therapeutic efficacy [79-81].

To identify potential inhibitors against MTH1, two libraries (NPACT and MPD3) of
natural compounds were screened against the MTH1 protein using PyRx. After molecular
docking, we ranked all candidates by binding energy (kcal /mol). The 15 top scoring
ligands were then subjected to detailed interaction profiling against MTH1. We retained
only those molecules that engaged the greatest number of critical residues within the MTH1
active site, ensuring that the candidate ligands not only exhibit a favorable binding affinity
but also formed key interactions essential for enzymatic inhibition.

In this study, the native ligand N6-methyl-d AMP bound with MTH1 (PDB ID 6QVO)
was also included for comparison. This ligand forms hydrogen bond interactions with Leu9,
Lys23, Asn33, and Asp119 and pi—pi interactions with Phe72 and Trp117. The phosphate
tail is involved in attractive charge interactions with Glul100 and Lys23 [82]. The com-
pounds ZINC14819291, ZINC14727630, ZINC95099417, ZINC14781695, and ZINC1530850
exhibited potential interactions with the MTH1 active site residue, showing good binding
affinity compared to the reference compound. All the ligands formed hydrogen bonds with
the critical residues such as Lys23, Asn33, Gly34, and Glul00. Further, MD simulations
were conducted, providing a comprehensive understanding of the dynamic behavior, sta-
bility, and binding interactions within protein-ligand complexes [83]. Through the analysis
of various structural metrics, including RMSD, RMSF, and Rg, critical insights into the
structural integrity and conformational dynamics of the complexes were collected [84]. The
consistent stability observed in RMSD profiles, coupled with the fluctuations in RMSF,
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indicates the robustness and adaptability of the protein-ligand systems over the simulation
period. Additionally, Principal Component Analysis (PCA) offers a systematic approach to
dissecting the complex structural dynamics of protein-ligand interactions [85]. Through
PCA, major modes of motion and conformational changes within the complexes have been
visualized, providing insights into the dynamic behavior of the systems and the structural
determinants of ligand recognition and binding. The congruence between PCA-derived
motion trajectories and other structural metrics further validates the significance of PCA in
capturing the dynamic behavior and structural integrity of protein-ligand complexes [85].
Further MM-GBSA analyses revealed the strong stability and binding affinity between
the candidate ligand and MTH1 protein. The compounds ZINC14819291, ZINC14727630,
and ZINC95099417 had greater stability than the reference compound N6-methyl-d AMP
suggesting that these compounds could be strong candidates against breast cancer through
targeting MTHI1 for further investigation. Among these ZINC14819291 is a flavonoid
compound. Flavonoids are widely researched for their function in cancer prevention
and treatment. These compounds can cause apoptosis, limit cell growth, and affect criti-
cal signaling pathways such PI3K/Akt/mTOR and NF-«B in different cancer types [86].
ZINC14819291 has been explored for various biological activities and has demonstrated
promising potential across multiple conditions.

Liu et al. studied the effect of ZINC14819291 against nasopharyngeal carcinoma.
ZINC14819291 inhibited the mTOR/PI3K/AKT signaling pathway, causing anticancer
effects in human nasopharyngeal carcinoma cells (HK1) [87]. ZINC14819291 treatment
resulted in a substantial drop in phosphorylated mTOR, PI3K, and AKT levels, indicating
inhibition of this pathway, which is essential for cancer cell proliferation and differenti-
ation [87]. Another study discovered the therapeutic potential of ZINC14819291 against
cancer by targeting VEGFR-2. ZINC14819291 inhibits the proliferation, cycle, apoptosis,
migration, invasion, and EMT of VEGF-stimulated MKN-45 cells by targeting VEGFR-2 and
blocking the PI3K/AKT and MEK/ERK signaling pathways [88]. ZINC14727630 natural
compound is derived from Garcinia oblongifolia Champ have cytotoxic properties against
some malignancies. ZINC14727630 exhibits a broad bioactivity profile, showing potent an-
tioxidant, anti-inflammatory, and anticancer effects through ROS scavenging, Nrf2 pathway
activation, and apoptosis modulation in multiple cell and animal models. ZINC14727630
has been studied as an inhibitor of a variety of diseases, including cancer (HCC, lung,
gastric, breast, leukemia, pancreatic), inflammatory conditions, bacterial and fungal infec-
tions, metabolic disorders, and neurodegenerative diseases [89]. Yudui et al. investigated
the potential of ZINC14727630 as an anti-tumor drug by regulating the expression of
ATR/Stat3/4E BP1 in nasopharyngeal cancer cells [90,91]. ZINC14727630 dramatically
reduced the cell survival of the human NPC cell lines CNE1, CNE2, HK1, and HONEI].
This inhibition occurred in a time and dosage-dependent way. Alpha-amylase is an enzyme
that converts starch to sugars, and inhibiting it is used to treat postprandial hyperglycemia
in type 2 diabetes. ZINC14727630 inhibits alpha-amylase, which reduces glucose synthesis
from dietary starch [92]. In a recent study, researchers explored the inhibitory effects of
ZINC14727630 on osteoclast development and bone resorption. ZINC14727630 reduces
RANKTL-induced osteoclast development and bone resorption by blocking oxidative stress
and the NF-«B signaling pathway [93].

Moreover, given the strong in silico affinity of these compounds for MTH]1, these
compounds could be explored as adjuvants to conventional chemotherapy as chemo-herbal
combination therapy. Chemo-herbal combination therapy has the potential to boost tumor
cell kill, overcome drug resistance, and lower dose-limiting toxicities through synergistic
or protective mechanisms [94,95].
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In silico approaches, such as molecular docking, dynamics simulations, and machine
learning, significantly aid in accelerating the drug discovery process by predicting potential
hits, understanding binding interactions, and reducing the number of compounds for
experimental testing, however they cannot consistently predict biological activity. They
cannot fully capture the complexity of biological systems. These in silico findings re-
quire experimental validation (in vitro and in vivo) to confirm biological activity, efficacy,
and safety.

5. Conclusions

MTHT1 is known to break down oxidized nucleotide triphosphates as part of DNA
repair. It may prevent the incorrect insertion of nucleotides during DNA replication and
reduce cell death. High levels of ROS in a cancer cell may cause significant DNA damage
and mutations via base pairing mismatch. MTH1 remove oxidized dNTP and inhibit cancer
cells from undergoing apoptosis. Thus, targeting MTH1 activity is seen as a potential
strategy for anticancer treatment. This work used high-throughput screening methods to
screen a library of compounds to identify potential inhibitor for MTH1. Five compounds
with MTH1 inhibitory properties were evaluated along with the reference compound
N6-methyl-d AMP. Further molecular dynamics (MD) simulations and MM-PBSA /GBSA
analysis were carried out to corroborate the complexes’ stability and binding affinities.
The results show that among the screened compounds, ZINC14819291, ZINC14727630,
and ZINC95099417 formed stable complexes with reduced flexibility, indicating a strong
interaction with MTH1. These findings indicate that ZINC14819291, ZINC14727630, and
ZINC95099417 have the potential to be used as therapeutic inhibitors of MTH1. Because
these three ligands combine the strongest binding energies, favorable ADMET profiles,
and consistent interactions with key catalytic residues, they are the most credible leads
for progression into in vitro, cell-based, and eventual preclinical studies. Moreover, these
are plant based natural compounds; they do not require complex chemical synthesis
and can be directly extracted from the plants, facilitating their availability for further
experimental evaluation.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/cryst15060507 /s1, Table S1: Docking scores of the top
10 compounds from both libraries. The compounds chosen as potential candidate for further analysis
are highlighted in yellow color.
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