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ABSTRACT: The present study explores the
dynamic behavior and binding stability of a novel =
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Published: ICs = 0.018 uM).  Mechanistically, the title
August 15, 2024 compound (I) surpassed the reference MMPs
' inhibitor NNGH against MMP-

10 (ICs = 0.16 uM), depleted GSH in HCT-116
cells (relative fold decrement = 0.81) with modest
GPX4 inhibition, and induced lipid peroxidation

by 1.32 relative fold increment. Employing  Crxatcn- st |

GROMACS program MD simulations were

conducted for 100 ns to assess the complex's root mean square deviation (RMSD), root mean square fluctuation
(RMSF), radius of gyration (Rg), solvent accessible surface area (SASA), ligand interaction network, contact
frequency analysis, and Molecular Mechanics-Poisson Boltzmann Surface Area (MM-PBSA) binding free energy
calculations aiming to elucidate the molecular tenets responsible for its anti-colorectal cancer activities. The results
show that compound (I) has a stable and consistent interaction within the MMP-10 active site, which supports its
promising inhibitory effect and prospective therapeutic application in colorectal cancer treatment. Colorectal cancer
(CRC) is the third most frequent malignancy and the fourth most prevalent cause of cancer-related mortality.

1. INTRODCTION

Molecular dynamics (MD) simulations can predict how each variety of important biomolecular processes at femtosecond
atom in a protein structure or any other molecular system will temporal resolution.
move over time [1]. These simulations thus can capture a wide
147
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In the area of drug discovery and at a qualitative level,
simulations can guide the ligand optimization process by
identifying the key interactions a ligand makes within the
binding pocket, predicting rearrangements of the pocket induced
by the ligand, and refining potential ligand poses [2,3]. At a
quantitative level, simulation-based methods can provide more
accurate estimates of ligand binding free energies than docking
[4]. The Molecular Mechanics/Poisson-Boltzmann Surface Area
(MM/PBSA) and Molecular Mechanics/Generalized Born
Surface Area (MM/GBSA) methods, use MD simulation and
rely on continuum solvent models rather than an explicit
representation of water to offer accurate estimates of binding
energies [5]. Different molecular dynamics simulation
applications have been linked to the development of new drugs
especially, anticancer agents [6].

Indeed, cancer research has concentrated on the extracellular
matrix of the tumor microenvironment, which is primarily
responsible for metastasis and proliferation [7,8]. Several
different proteinases released into the extracellular matrix
influence tumor progression events [9]. Among these matrix
metalloproteinases (MMPs), a family of zinc-dependent
endopeptidases, have been reported to be dysregulated in almost
all human malignancies [10-12]. About twenty-six MMPs have
been identified and classified as collagenases (MMP-1, -8, -
13, —18), gelatinases (MMP-2, -9), stromelysins (MMP-3, -10),
matrilysins (MMP-7, -26), membrane-type MMPs (MMP-14, -
15, —16, 17,24, —25), and others [13]. All members share an
almost structurally similar catalytic domain consisting of three
a-helixes and five B-sheets with the active-site zinc ion
coordinated by three histidine residues, and five calcium ions.
The domain is divided into C-terminal and N-terminal
subdomains by a shallow cleft containing six binding pockets
(S1, S2, S3, S1’, S2" and S3’). The S1’ subsite is viewed as the
selectivity pocket among various MMPs [14,15].

Several studies showed that MMPs as tumor microenvironment
modulators and driving factors for cancer progression and
patient prognosis [16-18]. It comes as no surprise then that
MMPs are considered attractive anticancer targets. This is
mirrored by the introduction of numerous MMP inhibitors over
the past three decades [19-22]. Early inhibitors were designed
as peptidomimetics or mimics of the MMPs’ endogenous
ligands combined with a hydroxamic acid cap as a zinc-binding
group [22].

Although potent, these inhibitors failed in the clinic due to side
effects [19], dose-limiting toxicity [23], and pharmacokinetic
challenges [24] associated with the hydroxamic acid moiety
[25,26]. The doubts about the suitability of hydroxamates as
MMPs inhibitors then directed optimization studies to diversify
the zinc-binding groups, therefore several non-hydroxamate
MMP inhibitors were introduced [27,28].

Additionally, extensive efforts have been exerted to design
and synthesize selective inhibitors. For MMP-10, potent
inhibitors are rarely reported in the literature [29], despite
being involved in different types of cancer [30-33], arthritis
[34-36], atherosclerosis [37] and most recently Alzheimer's
disease [38]. It is worth mentioning that sparing the hydroxamic
acid ZBG while maintaining potency is indeed challenging.
We recently described the optimization of new
non-hydroxamate MMP-10/13inhibitors and the identification
of a potent MMP-10 lead inhibitor (I) (Figure 1) surpassing
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the reference hydroxamate broad spectrum MMPs inhibitor
N-hydroxy-2-[[(4-methoxyphenyl)sulfonyl](2-
methylpropyl)amino]-acetamide (NNGH) [39]. This hit
compound was also capable of inducing ferroptosis via
GSH depletion in HCT-116 cells by a relative fold decrement of
0.81 and triggering lipid peroxidation by 1.32 relative fold
increments. Inspired by these findings, we herein report a
computational investigation of the hit compound (I) binding
mode, stability, and dynamic behavior into MMP-10 active site
via molecular dynamics simulations binding to gain more
information on the structural determinants of activity in such
lead compound.

® NNGH

MMP-10; ICs, = 0.161£0.051 pM MMP-10; ICs, = 0.623£0.011 pM
GPX4; IC5) = 387.18£0.05 pM

HCT-116; 1C50= 0.01820.002 uM

Figure 1. The chemical structures and biological activities of
the triazine derivative (1) and the reference MMP-10 inhibitor
N-hydroxy-2-[[(4-methoxyphenyl)sulfonyl](2-
methylpropyl)amino]-acetamide (NNGH).).

2. Results and discussion
2.1. Chemistry

The copper-catalyzed click conditions were used to allow
4,6-dimethoxy-N-(prop-2-yn-1-yl)-1,3,5-triazin-2-amine to react
with
(E)-N'-(1-(4-azidophenyl)ethylidene)-2-cyanoacetohydrazide

to produce the triazole derivative. Then, the desired product (1)
[39] was produced by condensation of the active methylene
group in the previously prepared compound with 4-
bromobenzaldehyde in the presence of triethylamine in ethanol.
(supplementary data, Scheme S1).

2.2. Docking

Docking the investigated compound (1) into the catalytic domain
of MMP-10 was simulated by MOE 2019.0102 [40]. The
enzymatic catalytic domain was retrieved from the protein
databank; PDB ID: 1Q3A [41], prepared according to the MOE
default settings and optimized as a monomer. The adopted
protocol was first validated by reproducing most of the
experimental interactions following redocking the co-
crystallized ligand. The hit MMP-10 inhibitor (I) recorded lower
binding free energy (AG =-9.04 kcal/mol) than that of the
redocked NNGH (AG = —8.24 kcal/mol). This is consistent with
the in vitro assay results. Its best presumed binding mode within
the MMP-10 active site (Figure 2) showed that the scaffold
could interact via the triazole ring with the active site zinc ion
allowing the triazine core to display m-m stacking with the
His221 and the linker phenyl ring to interact with Ser179 of the
S1’ pocket.
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Figure 2. (A) 3D binding mode of the triazine derivative () (pink sticks), (B) 2D interactions of (I) in MMP-10
active site, (C) Overlay of the docked (1) (pink sticks) and the reference MMP inhibitor inhibitor N-hydroxy-2-
[[(4-methoxyphenyl)sulfonyl](2-methylpropyl)amino]-acetamide (NNGH) (yellow sticks) in MMP-10 active
site (PDB ID: 1Q3A). For 2D interactions; hydrogen bond interactions are illustrated as blue dotted arrows, n-H
or 7-7 interactions are presented in green dotted lines, and zinc chelation is shown as red dotted line.

2.3. Molecular dynamics simulations

To study the dynamic behavior of the hit (I) into the active sites
of MMP-10 (PDB ID: 1Q3A [41]), molecular dynamics
simulations of the top-ranked docking pose were run for 100 ns
at comparable physiological conditions employing the
GROMACS program [42].
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Analysis was performed in terms of root mean square deviation
(RMSD), root mean square fluctuation (RMSF), radius of
gyration (rGyr), ligand interactions network, and binding free
energy (MMPBSA).
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2.3.1. Root Mean Square Deviation (RMSD)

The RMSD plots of the complex were computed as a function
of the simulation time to estimate the degree of deviation
of each complex quantitatively relative to its initial behavior.
Herein, the RMSD plot of the selected docking mode
(Figure 3A) displayed RMSD ranging from approximately 1.5
to 2.5 A. As illustrated, the RMSD increases rapidly within the
first 10,000 ps, indicating significant structural deviations from
the starting conformation. After this initial increase, the RMSD
fluctuates around 1.5 A, suggesting that the structure has
reached a relatively stable conformation with minor variations.
Around the 60,000 ps mark, the RMSD shows a noticeable
increase, reaching a peak of approximately 2.5 nm. Following
this peak, there is a gradual decrease in RMSD, stabilizing again
around 1.5 A towards the end of the simulation.

2.3.2. Root Mean Square Fluctuation (RMSF)

The RMSF was analyzed to study the side chain residue
dynamics and local changes due to the inhibitor binding. The
RMSF results complement the RMSD data by providing a more
detailed view of residue-specific fluctuations. Calculations were
based on ‘C-alpha’ atoms using the GROMACS program. From
the plot (Figure 3B), it is observed that most residues have an
RMSF below 2 A, indicating relatively stable behavior.
However, there are significant peaks around residue numbers
250-270, where the RMSF exceeds 4 A. This suggests that these
residues experience higher flexibility and movement compared
to the rest of the protein.

2.3.3. Radius of Gyration (Rg)

The Rg provides a measure of the compactness of a molecule. In
the plot (Figure 3C), the Rg fluctuates around an average value
of approximately 1.5 nm. There are minor variations in the Rg
throughout the simulation. These fluctuations suggest that the
protein undergoes minor conformational changes, but overall
maintains a relatively consistent level of compactness. The
calculated values were consistent with their respective RMSD.

2.3.4. The solvent accessible surface area (SASA)

The SASA plot over time (Figure 3D) indicates a fluctuating
pattern with values oscillating between approximately 84 nm?2
and 94 nm2. There is no apparent trend towards increasing or
decreasing SASA, suggesting a dynamic equilibrium state. The
rapid fluctuations observed throughout the simulation indicate
significant conformational changes in the molecular system,
reflecting the constant movement and rearrangement of the
solvent molecules around the solute. Herein, the average SASA
appears to be around 90 nmz2. Overall, the plot highlights the
dynamic nature of the system and the continuous interaction
between the solute and the surrounding solvent.

2.3.5. Ligand interaction network and contact frequency
analysis

To further explore the ligand-protein binding nature and
stability in the studied complex, ligand interactions network
(Figure 4) and contact frequency (CF) (Figure 5) were
analyzed over the whole simulation time for the simulated
complex. Results (Figures 4 and 5) showed that compound (1)
was in contact with many active site amino acids. The 2D
interaction diagram showed that the ligand interacted with the
key His178, His221, His227, Alal81, and others. The CF
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timeline further elucidates the stability and dynamics of these
interactions over simulation time.

2.3.6. Molecular Mechanics-Poisson Boltzmann Surface
Area (MM-PBSA) calculations

The MM-PBSA method was selected for rescoring the
complexes being among the most employed force field-based
methods. Accordingly, calculations were performed using gmx.
MMPBSA software. Table 1 shows the AG binding energy, van
der Waal, electrostatic, and polar solvation. MMPBSA revealed
binding free energies ranged of -5.87+2.74 kcal/mol as shown in
Table 1. Collectively, the outcome demonstrated that compound
(1) remained in stable bound forms within MMP-10 active site
during simulations and recommended its promising MMP-10
inhibitory activity.

3. Experimental

3.1. Chemistry

The title compound (l) was prepared according to the
method reported by our group [39] and the spectra are
detailed in the supplementary data (Figures S1-S3).

3.2. Docking

The MMP-10 binding mode analysis was performed employing
MOE 2019.102 [40] as detailed in the supplementary data.

3.3. Molecular dynamics simulations

The input files for MD calculations were performed by the
CHARMM-GUI solution builder [43-45] using CHARMM
force field parameters as detailed in the supplementary data.

Conclusion

The detailed molecular dynamics simulations of the s-triazine-
based MMP-10 inhibitor, compound (I), revealed significant
insights into its binding mode and dynamic stability within the
MMP-10 active site. The RMSD, RMSF, and Rg analyses
confirmed the structural stability of the protein-ligand complex,
while the SASA analysis indicated a dynamic equilibrium state
with consistent solvation dynamics. The ligand interaction
network and contact frequency analysis demonstrated stable
hydrogen bonding and hydrophobic interactions, further
substantiated by the MM-PBSA binding free energy
calculations which indicated favorable binding affinity. These
findings underscore the potential of compound () as a robust
MMP-10 inhibitor with ferroptosis induction capacity,
providing a foundation for its development as a potent
anticancer therapeutic.
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Figure 3. (A) RMSD, (B) RMSF, (C) Rg, (D) SASA of compound (1)-MMP-10 (PDB ID: 1Q3A) complex
during 100 ns MD simulation.

Figure 4. Ligand-protein 2D interactions of compound (I)-MMP-10 (PDB ID: 1Q3A)
complex during 100 ns MD simulation.
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Table 1. The calculated binding free energies (kcal/mol) of the simulated compound (I)-MMP-10 (PDB ID: 1Q3A).

-5.87+2.74

-26.25+1.41 -16.38+0.12 36.76+18.87
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