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In silico molecular docking analysis of chlorotoxin-derived peptide
interaction with MMP-2
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ABSTRACT

Objectives: This study aimed to investigate the interaction between chlorotoxin (CTX) and matrix metalloproteinase-2 (MMP-2) using in silico
molecular docking.

Materials and methods: The three-dimensional structures of human MMP-2 (PDB ID: 1CK7) and CTX (PDB ID: 1CHL) were retrieved from the Protein
Data Bank and prepared for docking analysis. Molecular docking was performed with AutoDock Vina version 1.2, focusing on the catalytic region of
MMP-2. The resulting docking poses were analyzed for predicted binding affinity, spatial orientation, and residue-level interactions.

Results: Docking analysis identified several energetically favorable CTX binding poses on the MMP-2 surface. The top-ranked pose had a
predicted binding affinity of -9.1 kcal/mol, with additional conformations showing affinities of -8.5, -8.2, and -7.9 kcal/mol. The most favorable
binding mode was localized near the catalytic region of MMP-2, including residues adjacent to the zinc-binding pocket, but it did not clearly
occupy the catalytic center. Key putative interactions involved Glu404, Asp410, His403, Glu412, Leu399, and Val400, suggesting stabilization
through hydrogen bonding, electrostatic interactions, and hydrophobic contacts.

Conclusion: The present findings support the structural feasibility of CTX association with MMP-2 and suggest a surface-associated binding mode
near the catalytic region rather than a classical deep active-site inhibitory interaction. These results provide a useful structural framework for future

biochemical and cellular studies aimed at clarifying the role of CTX-MMP-2 recognition in glioma-associated systems.
Keywords: Chlorotoxin, glioblastoma, in silico analysis, MMP-2, molecular docking, tumor targeting.

Chlorotoxin (CTX) is a 36-amino-acid,
disulfide-rich peptide originally isolated from
the venom of Leiurus quinquestriatus and
initially characterized as a chloride channel
ligand. Its compact conformation and stable
tertiary structure have since attracted
considerable interest for cancer-targeting
applications, particularly in glioma research.
A pivotal development in this field came
when CTX was shown to inhibit glioma cell
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invasion through a mechanism involving matrix
metalloproteinase-2 (MMP-2), thereby shifting
CTX from a neurotoxin of biochemical interest
to a promising scaffold for tumor-targeted
applications.!3!

Matrix metalloproteinase-2 remains a
biologically plausible target in glioblastoma due
to its established role in extracellular matrix
degradation, tumor cell dissemination, and local
tissue invasion, all of which are hallmarks of
malignant glioma progression. Experimental
studies have shown that modulation of the
tissue inhibitor of matrix metalloproteinases
2/MMP-2 axis can directly influence MMP-2
activation and glioblastoma cell invasiveness,
while clinicopathological analyses have
associated elevated MMP-2 expression with
higher astrocytoma grade and poorer patient
prognosis. Beyond its prognostic significance,
MMP-2 is also relevant as it has historically been
linked to the anti-invasive effects of CTX in glioma
models. Together, these observations support
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the continued importance of MMP-2-centered
approaches in the development of targeted
glioma therapies.*

At the same time, the molecular basis of
CTX selectivity appears more complex than
a simple single-receptor interaction model.
In addition to MMP-2-related mechanisms,
annexin A2 has been identified as a molecular
target for TM601, a CTX-derived peptide with
tumor-targeting and anti-angiogenic properties.
More recently, structural studies demonstrated
that CTX can bind neuropilin-1 (NRP1), and
subsequent biochemical evidence suggested that
CTX may interact with both MMP-2 and NRP1.
Collectively, these findings imply that CTX
tumor tropism likely arises from a broader,
context-dependent recognition pattern rather
than from interaction with a single receptor
alone. 8

This expanding mechanistic understanding
has facilitated the translational development
of CTX-based platforms. Chlorotoxin-derived
agents have been investigated clinically for
imaging applications, including tozuleristide
for fluorescence-guided glioma surgery, while
CTX-directed chimeric antigen receptor (CAR)
T-cell strategies further highlight the potential
of CTX as a targeting domain in glioblastoma.
Nevertheless, residue-level details of CTX-
MMP-2 recognition remain incompletely
defined, and further structural clarification is
still needed to support rational optimization of
CTX-based targeting strategies.®10

In this context, in silico molecular docking
provides a practical and mechanistically
informative framework for evaluating peptide-
protein interactions prior to experimental
validation. An earlier computational study
proposed plausible interaction models between
CTX-related scorpion peptides and MMP-2;
however, the precise binding interface of CTX
with MMP-2 still warrants further structural
investigation.'! Therefore, the present study
aimed to analyze the interaction between
CTX and MMP-2 by molecular docking, with
particular emphasis on predicted binding
affinity, spatial orientation, and residue-level
contacts that may underlie tumor-associated
molecular recognition.

37

MATERIALS AND METHODS

Retrieval and preparation of the MMP-2
structure

The structural data and sequences used
in this study were retrieved from the Protein
Data Bank and UniProt databases in April 04,
1999. The three-dimensional structure of human
MMP-2 was obtained from the Protein Data
Bank (PDB ID: 1CK7). The catalytic domain of
MMP-2 was selected for docking analysis due
to its central role in substrate recognition and
tumor-associated proteolytic activity. Prior to
docking, the receptor structure was prepared by
removing crystallographic water molecules and
heteroatoms not directly involved in catalysis,
while preserving the catalytic zinc-containing
active-site environment. Hydrogen atoms were
added using UCSF Chimera version 1.16
(Resource for Biocomputing, Visualization, and
Informatics at the University of California, San
Francisco). The receptor was then processed in
AutoDockTools (The Scripps Research Institute),
where Gasteiger charges were assigned, and
the final receptor structure was converted to
PDBQT format for docking calculations.

Retrieval and preparation of the
chlorotoxin structure

The three-dimensional structure of CTX
was retrieved from the Protein Data Bank
(PDB ID: 1CHL). The amino acid sequence of
CTX was cross-checked against the UniProt
database (UniProt ID: P45639) to confirm
sequence identity, as shown in Table 1. The
ligand structure was prepared in AutoDockTools
by adding hydrogen atoms, assigning Gasteiger
charges, and defining rotatable bonds where
applicable. The processed ligand was then
saved in PDBQT format for subsequent docking
analysis.

Molecular docking procedure

Molecular docking simulations were
performed with AutoDock Vina version 1.2
(The Scripps Research Institute) to assess the
potential interaction between CTX and MMP-2.
The docking grid was set to encompass the
catalytic region of MMP-2, including residues
surrounding the zinc-binding pocket. The grid
center was set to x = 12.5, y = -6.3, and
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Table 1. Sequence motifs of chlorotoxin peptide and their characteristics

Amino acid position ~Amino acid  Properties

1 M
2 C
4 P
6 F
7 T
intracellular signaling.
9 D
10 H
11 Q
13 A
14 R
15 K

Methionine functions as the starting amino acid and is hydrophobic.

Cysteine stabilizes the three-dimensional morphology of proteins by forming disulfide bridges.
Proline affects the structural integrity of proteins with its cyclic structure.

Phenylalanine has a hydrophobic and aromatic structure.

Threonine is polar and hydrophilic, can be found at phosphorylation sites, and may play a role in

Aspartic acid is a negatively charged (acidic) and polar amino acid.

Histidine is pH-sensitive, has a basic structure, and plays a role in enzyme activation.
Glutamine is a polar amino acid that is important for cell growth and metabolism.
Alanine, a building block of proteins, is a hydrophobic amino acid.

Arginine is an important amino acid in wound healing and immune function.

Lysine, a basic and hydrophilic amino acid, plays an important role in protein-protein interactions.

The data was obtained from the UniProt database. (UniProt ID: P45639).

z = 22.1, with a grid box size of 25 x 25 x 25 A.
Docking was performed with an exhaustiveness
of 8, producing 10 output binding modes and an
energy range of 3 kcal/mol. The docking grid

parameters used in the analysis are summarized
in Table 2.

Visualization and interaction analysis

Docking results were visualized and analyzed
using UCSF Chimera and PyMOL version
2.5 (Schrodinger, LLC). An overall structural
representation of MMP-2 and CTX generated
in UCSF Chimera is shown in Figure 1. The
top-ranked binding pose was evaluated with
particular emphasis on its spatial orientation
relative to the catalytic region of MMP-2.
Putative intermolecular interactions, including
hydrogen bonds, electrostatic contacts, and
hydrophobic interactions, were examined
to identify residues potentially involved in

Table 2. Parameter value and coordinates of
CTX-MMP-2 molecular docking generated using
AutoDock Vina version 1.2

Center X 12.5
Center Y -6.3
Center Z 221
Grid size 25 x 25 x 25 A

CTX, chlorotoxin; MMP-2, matrix metalloproteinase-2.

ligand binding. Special attention was given to
residues near the catalytic zinc-binding pocket
to assess whether CTX preferentially occupied
catalytically relevant regions of the enzyme
surface.

Evaluation of docking output

The docking outcome was interpreted
primarily on the basis of predicted binding
affinity and residue-level interaction patterns.
Binding poses near the catalytic domain that
showed energetically favorable interaction
profiles were considered structurally relevant.
Given that this study relied solely on molecular
docking, the results were regarded as predictive
and hypothesis-generating, providing a structural
framework for future experimental validation.

RESULTS

Molecular docking of chlorotoxin to
MMP-2

The potential interaction between CTX and
MMP-2 was evaluated by molecular docking
using AutoDock Vina. The docking analysis
identified several energetically favorable
binding poses on the surface of the MMP-2
catalytic domain. Among these, the top-ranked
pose showed a predicted binding affinity of
-9.1 kcal/mol, suggesting a stable interaction
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Figure 1. Molecular modeling of MMP-2 and CTX using Chimera. The blue-colored molecule represents
CTX, whereas the yellow-colored molecule represents MMP-2. The model was used to visualize the overall
three-dimensional structures of the molecules and to support subsequent docking interpretation.

MMP-2, matrix metalloproteinase-2; CTX, chlorotoxin.

between CTX and MMP-2 under the selected
docking conditions. Additional poses also
demonstrated favorable predicted affinities,
with values of -8.5, -8.2, and -7.9 kcal/mol,
indicating that CTX may adopt more than one
plausible binding orientation on the MMP-2
surface, as shown in Table 3.

Localization of the predicted binding
region

Examination of the docking poses showed
that the most favorable CTX conformation was
positioned in proximity to the catalytic region
of MMP-2, including residues surrounding the
zinc-binding pocket. Although the docking
model did not indicate direct occupation of
the catalytic zinc center itself, the peptide
was predicted to interact with residues located
adjacent to this functionally important region.
This spatial arrangement suggests that CTX
binds near the catalytic pocket in a surface-
accessible manner rather than deeply occupying
the active-site cleft, as shown in Figure 2.

Residue-level interaction profile

Residue-level analysis of the top-ranked
docking complex revealed several putative
intermolecular contacts between CTX and
MMP-2. Predicted hydrogen bond interactions
were observed with Glu404 and His403,
while Asp410 and Glu4l12 contributed
predominantly to electrostatic contacts. In
addition, Leu399 and Val400 appeared to
participate in hydrophobic interactions that
may further stabilize the ligand-protein
complex. The predicted interaction distances
were within a plausible range for non-covalent
molecular recognition, including approximately
2.8 A for Glu404, 2.9 A for His403, 3.1 A for
Asp410, and 3.3 A for Glu412, as shown in
Table 4.

Distribution of binding poses

Comparison of the docking poses indicated
that the predicted binding modes were not
identical but clustered around regions
corresponding to the catalytic domain and

Table 3. Binding affinity values and interaction residues of chlorotoxin with MMP-2 obtained by AutoDock Vina

Docking pose Binding affinity (kcal/mol)

Hydrogen bond residues

Electrostatic interaction residues Binding region

Pose 1 9.1 Glud04, Asp410
Pose 2 -85 Glu404
Pose 3 -8.2 His403
Pose 4 -79 Asp410

His403, Glu412 Catalytic domain

Asp410 Surface region
Glu412 Catalytic pocket
His403 Surface region

MMP-2, matrix metalloproteinase-2.
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Figure 2. Structural model of the docking complex
between MMP-2 and CTX generated using AutoDock
Vina. Chlorotoxin is shown as a cyan stick model,
whereas MMP-2 is represented as a gray molecular
surface highlighting the binding pocket region. Glu404
and Glu412, two residues implicated in ligand binding, are
labeled. Dashed yellow lines indicate putative hydrogen-
bond interactions between CTX and nearby residues, and
the purple sphere represents the catalytic zinc ion within
the active-site region. This docking model supports a
binding mode in which CTX interacts with residues
located adjacent to the catalytic region of MMP-2.

MMP-2, matrix metalloproteinase-2; CTX, chlorotoxin.

nearby surface-exposed areas of MMP-2. The
highest-affinity pose was associated with the
catalytic domain, whereas lower-ranked poses
were distributed between the catalytic pocket
and adjacent surface regions. This distribution
suggests that CTX may interact with MMP-2
through a set of related but not fully identical
conformations, with the most favorable pose
exhibiting the strongest predicted structural
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complementarity to catalytically relevant residues
(Table 3).

Structural interpretation of the
top-ranked complex

Visualization of the best-scoring docking
model showed that CTX aligned along the
outer surface of MMP-2 in a manner compatible
with surface recognition near the enzyme’s
catalytically relevant region. The docking model
suggested that negatively charged residues on
the MMP-2 surface, particularly Glu404 and
Asp410, may contribute to peptide recognition
through electrostatic attraction and hydrogen
bonding. In parallel, hydrophobic contacts
involving Leu399 and Val400 appeared to
support local stabilization of the complex.
Taken together, these findings indicate that
CTX has the potential to form a stable docking
conformation near the catalytic region of
MMP-2, with multiple non-covalent interactions
contributing to the predicted binding pattern
(Figure 2, Table 4).

DISCUSSION

The present study explored the potential
interaction between CTX and MMP-2 by
molecular docking and showed that CTX can
adopt energetically favorable conformations in
proximity to the catalytic region of MMP-2. The
top-ranked pose displayed a predicted binding
affinity of —9.1 kcal/mol, while additional lower-
ranked poses also showed favorable interaction
energies. Taken together, these findings suggest
that CTX may associate with the MMP-2 surface
through more than one plausible orientation
rather than through a single rigid binding mode.

Table 4. Summary of the ligand-protein interactions identified between MMP-2

and chlorotoxin

MMP-2 residue Interaction type Distance (A) Interaction role
Glu404 Hydrogen bond 2.8 Binding stabilization
Asp410 Hydrogen 3.1 Catalytic region interaction
bond/electrostatic
His403 Hydrogen bond 29 Zinc-binding region interaction
Glu412 Electrostatic 3.3 Surface interaction
Leu399 Hydrophobic Binding pocket stabilization
Val400 Hydrophobic Surface contact

MMP-2, matrix metalloproteinase-2.
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In this respect, our data support the structural
feasibility of CTX-MMP-2 association under the
selected in silico conditions and are consistent
with the broader view that CTX functions as
a surface-recognizing tumor-targeting peptide
rather than a simple small-molecule active-site
ligand.1112!

One of the most relevant observations in
the present study was that the best-scoring
docking pose localized near the catalytic region
of MMP-2, including residues adjacent to the
zinc-binding area, without clearly occupying the
catalytic center itself. This point is important
since the relationship between CTX and MMP-2
has remained controversial. Early work by
Deshane et al.l®' proposed that CTX inhibits
glioma invasion through MMP-2 and reported
both reduced surface expression and inhibition
of MMP-2 activity. In contrast, a recent study
by Blaney et al.!'¥ showed that, although CTX
and its fragments can bind MMP-2, they do not
measurably inhibit MMP-2 enzymatic activity,
supporting a non-catalytic or allosteric interaction
model. Our docking results appear to align more
closely with this latter interpretation, as the
predicted CTX pose was positioned adjacent
to, rather than deeply within, the catalytic zinc-
containing pocket. Accordingly, the present
findings support the possibility that CTX may
modulate MMP-2-associated biology through
surface recognition or conformational influence
rather than through direct catalytic blockade.®®1!

At the residue level, the predicted CTX-
MMP-2 complex was stabilized by a combination
of hydrogen bonding, electrostatic interactions,
and hydrophobic contacts. In particular,
Glu404, Asp410, His403, and Glu412 emerged
as putative contact residues, while Leu399
and Val400 appeared to contribute to local
hydrophobic stabilization. This interaction
profile is structurally plausible given the basic
character of CTX and the presence of positively
charged residues that can interact favorably
with acidic patches on the MMP-2 surface.
Interestingly, Dastpeyman et al.'¥ showed that
a short C-terminal fragment of CTX retained
anti-migratory bioactivity even in the absence
of the full native fold, suggesting that discrete
structural motifs may be sufficient for at least
part of CTX function. This observation is
compatible with our docking model, in which
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localized residue-level complementarity may be
more important than complete insertion into
the catalytic pocket.

The biological interpretation of the CTX-
MMP-2 interaction should also be considered
within the broader context of CTX target
selectivity. Although MMP-2 has long been
regarded as one of the principal CTX-associated
molecules in glioma, later work demonstrated that
CTX tumor recognition is likely multifactorial.
Lyons et al.'? showed that CTX selectively binds
gliomas and other tumors of neuroectodermal
origin, thereby establishing the tumor-targeting
phenotype experimentally. More recently,
McGonigle et al.'¥ identified NRP1 as a driver of
tumor-specific CTX uptake, while Farkas et al.®®
demonstrated that CTX can bind both MMP-2
and NRP1. Together, these findings suggest that
CTX tumor tropism is unlikely to depend on a
single receptor alone. In this framework, our
results do not imply that MMP-2 is the exclusive
target of CTX; rather, they support the idea that
MMP-2 remains one structurally and biologically
relevant component of a broader recognition
network.

From a translational standpoint, the
present findings are of interest, as CTX has
already advanced beyond basic biochemical
characterization into diagnostic and therapeutic
development. Mamelak et al.l'®! reported the
safety and biodistribution of intracavitary
TM-601 in adults with recurrent high-grade
glioma, providing early clinical evidence for
CTX-based targeting. Subsequently, Butte et
al.'”’ demonstrated that BLZ-100 showed high
affinity for glioma tissue in near-infrared imaging
studies, supporting the utility of CTX-derived
fluorescent guidance during tumor resection.
More recently, Barish et al.'® reported interim
clinical experience with CTX-directed CAR T-cell
therapy in recurrent glioblastoma, highlighting
the continued translational relevance of
CTX-based targeting strategies. These studies
collectively indicate that CTX retains practical
interest as a targeting scaffold even though its
exact molecular binding mechanisms remain
incompletely resolved.

The translational literature also suggests
that CTX may be particularly valuable as a
delivery ligand rather than solely as a direct
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therapeutic effector. Costa et al.'”! developed
CTX-coupled nanoparticles for nucleic acid
delivery to glioblastoma cells and showed
their promise as targeted nanocarriers. Wang
and GuoP” reported that a CTX-conjugated
onconase construct had anti-glioma potential,
supporting the use of CTX in conjugate-based
therapeutic strategies. More recently, Mundzi¢ et
al.”V described CTX-functionalized mesoporous
silica nanoparticles for pH-responsive paclitaxel
delivery to glioblastoma multiforme, further
illustrating the continuing development of
CTX-guided nanoplatforms. In light of these
studies, our docking data may be particularly
relevant for understanding how CTX-based
systems achieve tumor-associated recognition,
even if direct inhibition of MMP-2 catalytic
activity is not the principal biological outcome.

Several limitations should nevertheless be
acknowledged. First, molecular docking provides
a static approximation of peptide-protein
recognition and does not fully account for
receptor flexibility, solvent effects, ionic
strength, or time-dependent conformational
rearrangements. Second, docking-derived
affinity values do not directly establish
biochemical inhibition or cell-based functional
activity. Third, as CTX may interact with
multiple binding partners, including MMP-2
and NRP1, MMP-2-centered docking cannot
fully explain the entirety of CTX biology in
glioma.®1315 Therefore, the present findings
should be regarded as hypothesis-generating and
should be complemented by molecular dynamics
simulations, mutational analyses, enzymatic
assays, biophysical binding experiments, and
cellular migration or invasion studies.

In conclusion, the present docking analysis
suggests that CTX can form a structurally
favorable complex near the catalytic region
of MMP-2 through multiple non-covalent
contacts involving residues surrounding the
zinc-binding area. Rather than supporting a
simple active-site inhibition model, our findings
are more consistent with a surface-associated
binding pattern that may contribute to
tumor-related molecular recognition. When
interpreted together with recent experimental
and translational studies, these results support
the view that the CTX-MMP-2 interaction
remains biologically relevant but is likely to

D J Med Sci

represent only one component of the broader
and more complex targeting behavior of CTX in
glioma-associated systems.
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