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Abstract: Glioblastoma multiforme (GBM) is a tumor of glial origin and is the most malignant,
aggressive and prevalent type, with the highest mortality rate in adult brain cancer. Surgical resection
of the tumor followed by Temozolomide (TMZ) therapy is currently available, but the development of
resistance to TMZ is a common limiting factor in effective treatment. The present study investigated
the potential interactions of TMZ with several secretory proteins involved in various molecular
and cellular processes in GBM. Automated docking studies were performed using AutoDock 4.2,
which showed an encouraging binding affinity of TMZ towards all targeted proteins, with the
strongest interaction and binding affinity with GDF1 and SLIT1, followed by NPTX1, CREG2 and
SERPINI, among the selected proteins. Molecular dynamics (MD) simulations of protein–ligand
complexes were performed via CABS-flex V2.0 and the iMOD server to evaluate the root-mean-square
fluctuations (RMSFs) and measure protein stability, respectively. The results showed that docked
models were more flexible and stable with TMZ, suggesting that it may be able to target putative
proteins implicated in gliomagenesis that may impact radioresistance. However, additional in vitro
and in vivo investigations can ascertain the potential of the selected proteins to serve as novel targets
for TMZ for GBM treatment.

Keywords: glioblastoma multiforme; temozolomide; molecular dynamics simulation; molecular
docking; drug resistance

1. Introduction

Glioblastoma multiforme (GBM) is a primary malignant tumor of the brain and
encompasses 16% of all primary neoplasms of the brain and CNS [1]. It is the most common
among primary malignant brain tumors, with an average age-adjusted incidence rate of
3.2 per 100,000 population [2,3]. Although GBM can present at any age, it is more prevalent
at a median age of 64 years [1]. The incidence is found to be higher in men in comparison
to women (1.6:1) [4]. GBM is classified as primary, which arises spontaneously without
a known precursor, or secondary, which develops gradually from a low-grade tumor.
Primary GBM constitutes the majority of these neoplasms occurring in older patients and
exhibits poorer prognoses as compared to patients with secondary GBM [5]. Therapeutic
interventions consist of Temozolomide (TMZ), which is given as the first line of therapy
following surgery and also as an adjuvant drug in combination with radiation therapy.
It is a DNA-alkylating agent that targets guanine at the O6 and N7 positions (Figure 1)
and exerts its therapeutic effect by inducing cancer cell apoptosis and preventing DNA
replication [6].
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Figure 1. Chemical structure of Temozolomide, acquired from PubChem database. 
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Figure 1. Chemical structure of Temozolomide, acquired from PubChem database.

Currently, GBM is diagnosed through imaging techniques and tissue biopsies [7].
However, there are various constraints associated with these techniques. The drawback
of imaging techniques is that they cannot differentiate lesions induced by actual tumor
progression from those occurring due to treatment-associated pseudo-progression that
resolve naturally with time. Likewise, tissue biopsies present the disadvantage of being
highly invasive and providing a static snapshot of the constantly evolving tumor. In
contrast, liquid biopsies have emerged as being more favorable techniques due to their
ability to detect circulating biomarkers, along with being non-invasive, thus allowing
for serial sampling to screen dynamic modifications in the tumor during the course of
therapy [8–10].

Generally, tumors, including GBM, release tumor-associated contents, such as proteins,
extracellular vehicles (EVs), circulating tumor cells (CTCs) and cell-free nucleic acids
(cfNAs), into the blood [11] and cerebrospinal fluid (CSF) [12]. In GBM, the mechanisms
behind extraneural metastasis are lymphatic spread, direct proliferation through the dura
and bone and via venous invasion [13]. Secreted biomarkers can be detected in liquid
biopsies and serve to complement standard risk-stratification approaches, observing the
response to treatment and the progression of the disease in GBM patients [14]. The nine
proteins selected in this study are brain-enriched secretory proteins that are differentially
regulated in GBM and involved in oncogenic pathways involved in GBM development,
i.e., opioid binding protein/cell adhesion molecule-like (OPCML), neuronal pentraxin
1 (NPTX1), contactin 2 (CNTN2), leucine-rich glioma-inactivated 1 (LGI1), lymphocyte
antigen 6 family member H (LY6H), slit guidance ligand 1 (SLIT1), growth differentiation
factor 1 (GDF1), cellular repressor of E1A-stimulated genes 2 (CREG2) and serine proteinase
inhibitor 1 (SERPINI1).

CNTN2 is a brain-enriched secretory protein detected in circulating exosomes [15].
The protein expression level of CNTN2 is upregulated in human glioma cells as com-
pared to normal human astrocytes [16]. It substantially promotes the proliferation of
U87-GSCs through the activation of APP/AICD, Notch/HES1 and EGFR/PI3K/AKT path-
ways, suggesting that it is an absolute upstream target for the development of glioma
therapeutics [17]. Similarly, NPTX1, another secreted protein [18], promotes tumor devel-
opment and mediates cell proliferation and differentiation through the regulation of the
IRS1/PI3K/AKT pathway; however, it can be inhibited by miR-128-3p [19]. Interestingly,
several long noncoding RNAs, for example, SLC26A4-AS1, upregulate NPTX1 through
the NFKB1 transcription factor to produce antiangiogenic effects in glioma cells [20]. The
downregulation of OPCML, which is secreted in CSF, was also observed in GBM cells
and tissue [21], while CREG2, a secreted glycoprotein explicitly expressed in the brain, is
upregulated in GBM compared to normal brain tissue [22,23].
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GDF1 is a secreted glycoprotein and a member of the transforming growth factor-β
(TGF-β) superfamily [24]. A supervised clustering analysis of 43 genes showed that GDF1
is highly expressed in brain cancers, including GBM [25]. In contrast, LGI1, which is also a
secreted neuronal protein, has markedly negligible expression in GBM compared to normal
brain tissue [26,27]. LGI1 utilizes the phosphatidylinositol 3-kinase/ERK pathway and
suppresses the production of MMP1/3; therefore, the loss of its expression results in the
invasive phenotype in GBM [28]. Likewise, LY6H, another secretory protein, is highly
expressed in GBM tissues compared to the normal brain [29]. We also considered the
SERPINI1 protein, which is principally secreted by neurons. A remarkable reduction in
its expression was observed in the peritumoral tissues of GBM compared to controls [30].
Lastly, SLIT1, which is a secreted axon guidance molecule [31], has substantially down-
regulated protein and mRNA expression in GBM tissues compared to normal tissues. It
is significantly suppressed by miR-640 and consequently stimulates the adhesion and
proliferation of GBM cell lines, suggesting that the miR-640/SLIT1 axis might have the
potential to act as a novel target for the treatment and diagnosis of GBM [32].

The current study evaluated the plausible interactions of these targeted proteins to
provide baseline data highlighting the selected proteins as possible therapeutic targets of
TMZ, which can further lead to the elucidation of molecular and cellular processes involved
in GBM. The selected proteins were initially docked via AutoDock 4.0 to examine their
binding affinity with TMZ, and for the further assessment of the flexibility and stability of
the TMZ–protein complexes, molecular dynamics (MD) simulations utilizing CABS-flex
and iMODS were performed.

2. Results
2.1. Potential Binding Affinity of TMZ towards the Nine Proteins

The results of the comparative analysis revealed that SLIT1 and GDF1 had the high-
est binding affinity for TMZ, represented by the lowest binding energies of −9.95 and
−9.87 Kcal/mol, respectively. Nevertheless, GDF1 formed two hydrogen bonds (LEU147
and THR74) along with other interactions, but SLIT1 did not show any hydrogen bonding
while interacting with TMZ. However, SLIT1 has significant binding energy based on
other interactions (Figure 2 and Table 1). The peptide conformation of SLIT1 revealed that
the maximum binding of TMZ occurred with residues ASP742 and VAL745, which were
detected in the coiled region of the protein. A peptide conformation similar to that of SLIT1
was observed in GDF1; the residues interacting with TMZ were detected in the β-sheet
conformation of the protein (Figure 3).

Similarly, NPTX1 and SERPINI1 formed two hydrogen bonds with TMZ, but CREG2
had no hydrogen bonds. However, the binding potential towards TMZ was similar in these
three proteins, as represented by binding energies of −8.92, −8.06 and −8.73 Kcal/mol,
respectively (Figure 2 and Table 1). The peptide conformations of the interacting residues
of NPTX1 and SERPINI1 existed in the β-pleated sheets of both proteins, whereas the
interacting residues of CREG2 were in the coiled (CYS215, VAL216 and ARG214) and
α-helical (LEU120) regions of the protein structure (Figure 3).

OPCML and LGI1 showed comparatively lower binding affinities of −7.81 and
−7.26 Kcal/mol, respectively, for TMZ and formed two hydrogen bonds, along with other
interactions (Figure 2 and Table 1). The peptide conformation of the interacting residues
of both of these proteins existed in their β-pleated regions (Figure 3). CNTN2 and LY6H
showed the lowest binding affinities, with binding energies of −6.92 and −6.55 Kcal/mol,
respectively. However, CNTN2 and LY6H interacted with TMZ through three hydrogen
bonds, which is the highest number of hydrogen bonds in comparison to the other proteins
(Figure 2 and Table 1). The peptide conformation of the interacting residues of LY6H
existed in β-pleated (SER62) and coiled (ASP59 and SER68) regions, while the peptide
conformation of CNTN2 was detected to be both α-helical (ASP359) and coiled (ARG342)
(Figure 3).
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Figure 2. The identification of non-covalent interactions between TMZ and (a) SLIT1; (b) GDF1;
(c) LY6H; (d) CREG2; (e) SERPIN1; (f) LGI1; (g) NPTX1; (h) OPCML; and (i) CNTN2.

2.2. Molecular Dynamics Simulation

For the estimation of protein–ligand complex stability, MD simulations were per-
formed. MD simulations are able to assess ligand-induced alterations in the protein
structure. The RMSF profiles of selected GBM proteins generated using CABS-flex show the
flexibility of the amino acids (Figure 4). The maximum RMSF value reveals more flexibility,
whereas the minimum value suggests the limited motion of the system throughout the
simulation course.
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Table 1. Docking interaction of TMZ with the target proteins.

Protein Ligand
Binding
Energy

(Kcal/mol)

Conventional
H-Bonds

Bond Length
(Å)

Other Interaction Types
and Interacting Residues

Bond Length
(Å)

SLIT1 TMZ −9.95

Pi-Sigma: VAL 745
Alkyl: ALA 739

Pi-Alkyl: VAL 763
VAL 763
VAL 745

Pi-Anion: ASP 742

2.52
4.73
3.56
4.20
4.34
4.50

GDF1 TMZ −9.87 LEU147
THR74

2.72
1.93

Pi-Sigma: VAL 194
Pi-Alkyl: PRO 192

LEU 149
LEU147

3.62
4.50
4.71
5.44

NPTX1 TMZ −8.92 ASN380
LEU394

2.83
3.34

Alkyl: ALA 427
CYS 397

Pi-Alkyl: ALA 401
LEU 394
ALA 427

Pi-Sulfur: CYS 397
Pi-Pi Stacked: HIS 378

3.90
3.25
4.83
4.98
5.19
5.19
4.26

CREG2 TMZ −8.73

Alkyl: LEU 130
LEU 195
CYS 215
VAL 216

Pi-Alkyl: LEU 130
CYS 215
VAL 216

Pi-Sigma: CYS 215
LEU 130

Pi-Lone Pair: ARG 214

4.05
4.83
4.18
5.08
4.86
3.88
5.04
3.82
3.44
2.86

SERPINI 1 TMZ −8.06 LEU257
ILE238

2.14
2.07 Pi-Alkyl: ARG259 4.86

OPCML TMZ −7.81 ASP61
PRO95

1.93
2.12

C-H Bonds: GLN 97
ASN 93

Alkyl: ILE 59
VAL 66

Pi-Alkyl: PRO 95
VAL 63
VAL 66
TYR 98

3.54
2.95
5.40
3.83
4.89
4.98
4.88
4.37

LGI 1 TMZ −7.26 SER463
SER463

2.22
2.33

Alkyl: PRO 427
Pi-Alkyl: ILE 426

PRO 427
Pi-Sigma: SER 464
Pi-Sulfur: MET 458

4.39
5.47
3.50
3.67
5.97

CNTN2 TMZ −6.92
TYR 363
ARG 332
ASP 359

2.20
2.84
1.98

Pi sigma: ARG 342
Alkyl: ARG 342

3.54
4.42

LY6H TMZ −6.55
ASN36
SER62
SER68

2.09
1.95
2.67

C-H Bonds: SER 61
ASN 36

Pi-Sulfur: ASP 59

2.77
3.72
3.74
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Figure 3. The identification of the peptide conformations of interacting residues of the selected
proteins: (a) SLIT1; (b) GDF1; (c) LY6H; (d) CREG2; (e) SERPIN1; (f) LGI1; (g) NPTX1; (h) OPCML;
and (i) CNTN2.

After submitting the protein structure (in PDB format with the default parameters) to
CABS-flex, the server generates an output file including 10 modeled structures and the root-
mean-square fluctuation (RMSF) profile in a graph to calculate, per residue, fluctuations
in the protein/peptide complex (Figure 4). CNTN2 showed the maximum fluctuation
(3.365 Å) at residue no. 4 and the minimum fluctuation (0.081) at residue no. 138 of chain
A. For SERPINI1, the maximum fluctuation (8.807 Å) was observed at residue no. 353,
whereas the minimum fluctuation (0.059 Å) was observed at residue no. 342 of chain A.
OPCML showed the maximum fluctuation (4.058 Å) at residue no. 108 and the minimum
fluctuation (1.158 Å) at residue no. 181 of chain A. LGI1 displayed the maximum fluctuation
(Max: 4.614 Å) at residue no. 391 and the minimum fluctuation (0.052 Å) at residue no.
525 of chain A. For NPTX1, the maximum fluctuation (Max: 3.185 Å) was observed at
residue no. 225, and the minimum fluctuation (0.087 Å) was observed at residue no. 272
of chain A. CREG2 demonstrated the maximum fluctuation (6.242 Å) at residue no. 77,
while the minimum fluctuation (0.107 Å) was observed at residue no. 220. GDF1 exhibited
the maximum fluctuation (6.242 Å) at residue no. 77, whereas the minimum fluctuation
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(0.107 Å) occurred at residue no. 150. LY6H presented the maximum fluctuation (6.196 Å)
at residue no. 53, whereas the minimum fluctuation (0.2 Å) occurred at residue no. 94.
SLIT1 showed the maximum fluctuation (8.078 Å) at residue no. 917, whereas the minimum
fluctuation (0.044 Å) was observed at residue no. 577.
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Figure 4. Multimodel superimposed simulated structure and MD simulation showing the RMSF
profiles of (A) SLIT1; (B) CNTN2; (C) OPCML; (D) LGI1; (E) NPTX1; (F) CREG2; (G) GDF1; (H) SLIT1;
and (I) LY6H.
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The complete residue fluctuation profiles for the nine proteins, i.e., CNTN2, SERPINI1,
OPCML, LGI1, NPTX1, CREG2, GDF1, LY6H and SLIT1, are given in Supplementary
Materials Tables S1–S9, representing the relative propensities of protein residues to diverge
from the average dynamic structure.

To evaluate the stability and physical movements of the docked complexes, we per-
formed MD simulations using the iMOD server. Normal mode analysis (NMA) was
implemented to investigate the slow dynamics of the docked complexes and to demon-
strate their large-amplitude conformational fluctuations. NMA of the docked complexes,
i.e., CNTN2-TMZ, SERPINI1-TMZ, OPCML-TMZ, LGI1-TMZ, NPTX1-TMZ, CREG2-TMZ,
GDF1-TMZ, LY6H-TMZ and SLIT1-TMZ, is illustrated in Figure 5.
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Figure 5. Molecular mobility evaluated by NMA of the docked complexes: (A) CNTN2-TMZ;
(B) SERPINI1-TMZ; (C) OPCML-TMZ; (D) LGI1-TMZ; (E) NPTX1-TMZ; (F) CREG2-TMZ; (G) GDF1-
TMZ; (H) LY6H-TMZ; and (I) SLIT1-TMZ. The two colored affine arrows display the mobility or the
direction of motion, where the longer arrows indicate greater motion.
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The deformability and B-factor give the mobility profiles of the docked proteins. The
deformability and B-factors of the SLIT1-TMZ and GDF1-TMZ complexes illustrate the
peaks corresponding to the regions in the proteins with deformability, where the highest
peaks represent the regions of high deformability. The B-factor graphs provide a comparison
between the NMA and the PDB field of the complexes (Figures 5 and 6). The deformability
and B-factor of NPTX1-TMZ, CREG2-TMZ, SERPINI1-TMZ, OPCML-TMZ, LGI1-TMZ,
CNTN2-TMZ and LY6H-TMZ are illustrated in Supplementary Materials Figures S1–S7,
respectively.
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Figure 6. Outputs of molecular dynamics simulations in iMODS for SLIT1-TMZ: (A) deformability
and B-factor plot; (B) eigenvalue and variance plot; (C) elastic network model; and (D) covari-
ance map.

The eigenvalue and the variance are inversely linked to each normal mode. The
eigenvalue and variance graphs of the SLIT1-TMZ and GDF1-TMZ complexes are depicted
in Figures 5 and 6, respectively. The variance graph of TMZ with the target proteins
indicates the individual variance with purple-shaded bars, whereas cumulative variance is
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represented by green-shaded bars. The eigenvalue for each complex is provided in Table 2,
whereas the eigenvalue and variance graphs of NPTX1-TMZ, CREG2-TMZ, SERPINI1-TMZ,
OPCML-TMZ, LGI1-TMZ, CNTN2-TMZ and LY6H-TMZ are provided in Supplementary
Materials Figures S1–S7, respectively.

Table 2. Eigenvalues of the Docked Proteins Calculated by iMODS.

Protein–Ligand Complex Eigenvalue

SLIT1-TMZ 5.17 × 10−5

GDF1-TMZ 2.17 × 10−5

NPTX1-TMZ 1.86 × 10−3

CREG2-TMZ 5.36 × 10−4

SERPIN1-TMZ 2.64 × 10−4

OPCML-TMZ 7.28 × 10−6

LGI1-TMZ 2.94 × 10−4

CNTN2-TMZ 4.20 × 10−5

LY6H-TMZ 1.93 × 10−4

The covariance matrix of the SLIT1-TMZ and GDF1-TMZ complexes displays the cor-
relations among residues in a complex. The red color in the matrix illustrates a decent corre-
lation between residues, whereas the white color indicates uncorrelated motion. Moreover,
the blue color shows anticorrelations. The greater the correlation, the better the complex.
The elastic maps of the docked proteins display the associations among the atoms, where
the darker-gray portions specify stiffer portions (Figures 6 and 7). The covariance matrices
and elastic maps of NPTX1-TMZ, CREG2-TMZ, SERPINI1-TMZ, OPCML-TMZ, LGI1-TMZ,
CNTN2-TMZ and LY6H-TMZ are given in Supplementary Materials Figures S1–S7. The
elastic maps of all nine proteins produced reasonable results.
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3. Discussion

Molecular docking is a powerful in silico structure-based method that enables the
prediction of ligand–target interactions at a molecular level. The present study highlights
the potential of TMZ to interact with the secretory proteins involved in the pathological
processes of GBM through molecular docking and interaction studies. To probe for alternate
diagnostic, tumor-monitoring and less invasive strategies, as well as identify novel target
molecules of TMZ, we chose these nine proteins based on the available literature about
their function and potential association with tumors.

Among the nine proteins, SLIT1 showed the highest binding affinity with TMZ. Al-
though SLIT1 displayed no hydrogen bonds with TMZ, it nonetheless presented other
interactions with TMZ that play a vital role in increasing the overall binding energy. The
peptide conformation of SLIT1 revealed the maximum binding of TMZ with residues
ASP742 and VAL745, which were detected in the coiled region of the protein. GDF1 also
presented top-notch binding energy, but it was slightly less than that of SLIT1. Unlike
SLIT1, GDF1 exhibited two hydrogen bonds with TMZ (LEU147 and THR74), among other
bonding interactions. A peptide conformation similar to that of SLIT1 was observed in
GDF1; the residues interacting with TMZ were detected in the β-sheet conformation of
the protein. The present study focused on GDF1 because it is closely linked to poor tumor
differentiation [33], while SLIT1 possesses significant oncogenic potential and is respon-
sible for the development and metastasis of various types of cancers [34]. Therefore, the
strongest binding affinity of GDF1 and SLIT1 towards TMZ in the current study highlights
these proteins as promising novel targets of TMZ.

Similarly, NPTX1 and SERPINI1 showed significant binding potential with TMZ, but
it was lower than that of GDF1 and SLIT1. Both proteins showed two hydrogen bonds
with TMZ, but NPTX1 displayed a greater number of other bond interactions compared to
SERPINI1, which leads to the relatively higher binding potential of NPTX1 with TMZ than
SERPINI1. The increased expression of NPTX1 is reported to suppress the pro-angiogenic
ability of glioma cells [35]. Interestingly, an in silico analysis approach revealed NPTX1
to be an upregulated gene in GBM tissues in comparison to normal brain tissues [23].
Likewise, SERPINI1 is the most commonly mutated gene and critical for brain metastases,
so it is important to mitigate its expression alterations, which have been observed in
various studies [36]. The current findings reveal the strong binding affinity of NPTXI1 and
SERPINI1 with TMZ, indicating the promising potential of these proteins as candidate
drug targets for GBM.
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CREG2, a secreted glycoprotein, did not show any hydrogen bonding but displayed
different types of other interactions with TMZ. The peptide conformation also revealed
strong interactions of CREG2 residues, predominantly in the coiled and α-helical regions
of the protein structure. CREG2 showed significant binding with TMZ, and considering its
involvement in various cancers [37,38], it can serve as a target protein for TMZ.

OPCML and LGI1 showed comparatively lower binding potential with TMZ; however,
both of these proteins showed two hydrogen bonds along with other interactions with
TMZ. Interestingly, the peptide conformation of the interacting residues of both of these
proteins existed in their β-pleated regions. As strong tumor suppressors and brain-specific
secretory proteins [39,40], both OPCML and LGI1 are worth further investigation in GBM,
and the strong binding affinity with TMZ observed in the present work indicates their
potential as novel targets for TMZ.

The increased expression of CNTN2 and its role in proliferation makes it a novel
target of GBM therapy [41]. In addition, the upregulation of LY6H is associated with poor
outcomes in terms of the patient survival rate, which makes it a novel biomarker of poor
cancer prognosis and a therapeutic target for multiple cancers [29]. We observed the highest
binding energies for CNTN2 and LY6H, which demonstrate their lowest affinity for TMZ;
however, they stabilize their interaction with TMZ with the highest number of hydrogen
bonds, along with other interactions.

Through the MD simulation assessment of these nine proteins via CABS-flex, we
observed that the RMSF peaks for all of these proteins showed several regions with high
flexibility. The highest RMSFs were observed for SERPINI1, SLIT1, GDF1 and LY6H. A
higher value of RMSF demonstrates more flexible movements, whereas a low value of RMSF
specifies restricted movements throughout the simulation from its average position [42].
CABS-flex obtains RMSF from 10 ns simulations of all proteins/peptides. Consequently,
the default set of parameters and restraints is devoted to the small-timescale dynamics
of proteins. Moreover, the CABS-flex study resulted in RMSFs equivalent to the NMR
Ensemble RMSFs [43]. Thus, the binding of TMZ with these proteins could influence the
mechanisms involved in gliomagenesis.

For the interaction of biological macromolecules with substrates or protein–protein
interactions, flexibility is a critical factor [44]. iMODS is a swift and simple server for defin-
ing and calculating the flexibility of a protein. It analyses the molecular motion in addition
to the structural flexibility via NMA, which is incorporated with the coordinates of the
docked complex [45]. The NMA of proteins is based on the assumption that the vibrational
normal modes displaying the minimum frequencies designate the maximum movements in
a protein, which are functionally significant [46]. The NMA study of the docked complexes
demonstrated considerable mobility, hence proving the structural flexibility of the nine
proteins. Moreover, our findings show significant deformability in all of the proteins; most
of the proteins were observed to have various peaks with a deformability index of approxi-
mately 1.0. As mentioned earlier, deformability is a measure of the flexibility of a given
protein, whereas the B-factor is associated with the protein’s mobility [47]. The B-factor
analysis of CNTN2-TMZ, SERPINI1-TMZ, OPCML-TMZ, LGI1-TMZ and NPTX1-TMZ
generated significant hinges and an approximately average RMS, whereas CREG2-TMZ,
GDF1-TMZ, LY6H-TMZ and SLIT1-TMZ produced an insignificant hinge and an average
RMS in the B-factor.

The eigenvalues generated for the docked proteins are closely linked to the energy
necessary to deform the structure. It signifies the motion stiffness of the protein–ligand
complex. The lower the eigenvalue, the easier the deformability of the complex [44].
From the MD study of the docked proteins, we observed that all of the complexes had a
considerable amount of deformability. In addition, all of the complexes had low eigenvalues,
indicating the good stability and flexibility of the molecular motion of the docked protein
complexes. The lowest eigen scores were observed for OPCML, GDF1, CNTN2 and SLIT1
among the nine docked complexes, representing easier deformability and motion stiffness
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of the protein complexes. The variance maps of all nine complexes yielded reasonable
results.

The covariance matrices for CNTN2-TMZ, OPCML-TMZ, GDFI1-TMZ, LY6H-TMZ
and SLIT1-TMZ complexes showed good correlations with few anticorrelations, while
SERPINI1-TMZ showed considerable correlations with some anticorrelations. LGI1-TMZ,
NPTX1-TMZ and CREG2-TMZ indicated equal correlations and anticorrelations. The
elastic maps of all nine complexes yielded reasonable results.

Based on the plausible interactions of the selected proteins with TMZ, we speculate
that they can serve as potential drug candidates and targets for TMZ to mitigate the
pathological consequences associated with GBM pathology.

4. Materials and Methods
4.1. Retrieval of Ligands and Protein Structures

The 3D structure of Temozolomide (CID:5394) was downloaded in SDF format from
a compound database, PubChem (https://pubchem.ncbi.nlm.nih.gov/compound/5394)
(accessed on 17 May 2022) [48], and converted into MOL2 format using Open Babel [49].
The selection criteria for protein structures were based on retrieving the FASTA sequence
of each protein from UniProt (https://www.uniprot.org/) (accessed on 17 May 2022 [50],
followed by PDB advanced BLAST analysis. Structures showing the maximum score and
maximum percent identity in BLAST were selected for each protein. The 3D structures of
the proteins with more than 97% identity for contactin 2 (PDB ID: 2OM5), SERPINI 1(PDB
ID: 3F5N), OPCML (PDB ID: 5UV6), LGI1 (PDB ID: 5Y2Z) and NPTX1 (PDB ID: 6YPE) were
directly downloaded from the RCSB Protein Data Bank (PDB) (https://www.rcsb.org/)
(accessed on 17 May 2022 [51]. Proteins downloaded from the PDB were then cleaned by
deleting duplicated structures and nonstandard residues using BIOVIA Discovery Studio
Visualizer [52].

However, proteins having no PDB structures and proteins with less than 97% identity
in the PDB database were modeled using Phyre2, an online modeling server (http://
www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) (accessed on 20 May 2022) [53].
The FASTA sequences of these proteins were submitted to the Phyre2 server, and the top
structure with maximum confidence was selected and downloaded for each protein. The
modeled protein structures are based on templates for CREG2 (d1xhna1), GDF1 (c3ejrD),
LY6H (c2mupA) and SLIT1 (c7cynB).

4.2. Pocket Identification

To identify the potential pockets within the structure of each protein, the PDB struc-
tures of target proteins were submitted to the DoGSiteScorer server (https://proteins.plus/)
(accessed on 20 May 2022) [54]. The selection of the pocket was based on the best drug
score. The grid coordinates of the best binding pocket were noted for each protein.

4.3. Molecular Docking Analysis

The docking analysis of TMZ with the target proteins was performed using AutoDock
4.2 (https://autodock.scripps.edu/) (accessed on 15 June 2022) [55]. Polar hydrogen and
Kollman charges were added to proteins and ligands. Ligand–protein binding energies
were measured by setting the grid box based on the predicted coordinates of the best drug
score. For each ligand and protein interaction, 20 runs were generated. A complex of all
20 possible ligand–protein poses was established by running Cygwin commands. The best
pose based on the lowest binding energy was selected and exported from the complex
using PyMol (https://pymol.org/2/) (accessed on 16 June 2022) [56]. Finally, the bonds
and interactions between the ligands and the proteins were identified and visualized by
BIOVIA Discovery Studio Visualizer.

https://pubchem.ncbi.nlm.nih.gov/compound/5394
https://www.uniprot.org/
https://www.rcsb.org/
http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index
http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index
https://proteins.plus/
https://autodock.scripps.edu/
https://pymol.org/2/
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4.4. Molecular Dynamics Simulation Analysis

Molecular dynamics (MD) simulations of protein–ligand complexes were carried
out by utilizing CABS-flex V 2.0 (http://biocomp.chem.uw.edu.pl/CABSflex2) (accessed
on 20 July 2022) [57] and the iMOD server (iMODS) (http://imods.chaco nlab.org) [46].
CABS-flex was utilized for the assessment of the structural flexibility (RMSF) of all proteins.
The simulation time was adjusted to 10 ns, whereas the rest of the parameters were set to
default values. The root-mean-square fluctuations (RMSFs) were acquired on the basis of
the MD trajectory or NMR ensemble with the default options. To calculate the stability and
molecular motion of the docked protein–TMZ complexes, molecular dynamics simulations
were performed using the iMOD server. iMODS was utilized for the analysis of the struc-
tural dynamics of the docking complexes, along with the determination of the molecular
motion. The stability of the protein–TMZ complexes was depicted with reference to its
deformability, B-factor, eigenvalues, variance, covariance map and elastic network. The
input files were docked PDB files, which were uploaded to the iMODS server, with all
parameters set to default.

5. Conclusions

Molecular docking and dynamics simulation studies provide a better understanding
of the intermolecular-level interactions of TMZ with the circulating/secretory proteins in-
volved in GBM pathogenesis. The present findings provide substantial evidence that these
proteins are potential targets of TMZ, highlighting a novel aspect of TMZ’s therapeutic po-
tential. However, extensive in vivo and in vitro studies are warranted to decipher the exact
molecular mechanism and mode of action of TMZ by targeting these potential secretory
proteins involved in various cellular and molecular pathways associated with GBM.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27217198/s1. Figures S1–S7: The deformability and
B-factor of NPTX1-TMZ, CREG2-TMZ, SERPINI1-TMZ, OPCML-TMZ, LGI1-TMZ, CNTN2-TMZ
and LY6H-TMZ; covariance matrices and elastic maps of NPTX1-TMZ, CREG2-TMZ, SERPINI1-TMZ,
OPCML-TMZ, LGI1-TMZ, CNTN2-TMZ and LY6H-TMZ. Tables S1–S9, representing the relative
propensities of protein residues to diverge from the average dynamic structure.

Author Contributions: Conceptualization, S.Z.; data curation, S.; formal analysis, S., F.A., M.W.,
A.F., N.M. and S.Z.; investigation, S., F.A., M.W., A.F., N.M., A.A. and S.Z.; methodology, S. and
S.Z.; project administration, S.Z.; resources, A.A. and S.Z.; software, S., F.A., M.W., A.F. and N.M.;
supervision, S.Z.; validation, F.A., M.W., A.A. and S.Z.; writing—original draft, S., F.A., A.F. and N.M.,
S.Z.; writing—review and editing, A.A. and S.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Thakkar, J.P.; Dolecek, T.A.; Horbinski, C.; Ostrom, Q.T.; Lightner, D.D.; Barnholtz-Sloan, J.S.; Villano, J.L. Epidemiologic and

molecular prognostic review of glioblastoma. Cancer Epidemiol. Biomark. Prev. 2014, 23, 985–996. [CrossRef] [PubMed]
2. Ostrom, Q.T.; Bauchet, L.; Davis, F.G.; Deltour, I.; Fisher, J.L.; Langer, C.E.; Pekmezci, M.; Schwartzbaum, J.A.; Turner, M.C.; Walsh,

K.M.; et al. The epidemiology of glioma in adults: A “state of the science” review. Neuro Oncol. 2014, 16, 896–913. [CrossRef]
[PubMed]

3. Ostrom, Q.T.; Gittleman, H.; Fulop, J.; Liu, M.; Blanda, R.; Kromer, C.; Wolinsky, Y.; Kruchko, C.; Barnholtz-Sloan, J.S. CBTRUS
Statistical Report: Primary Brain and Central Nervous System Tumors Diagnosed in the United States in 2008–2012. Neuro Oncol.
2015, 17, iv1–iv62. [CrossRef] [PubMed]

http://biocomp.chem.uw.edu.pl/CABSflex2
http://imods.chaco
https://www.mdpi.com/article/10.3390/molecules27217198/s1
https://www.mdpi.com/article/10.3390/molecules27217198/s1
http://doi.org/10.1158/1055-9965.EPI-14-0275
http://www.ncbi.nlm.nih.gov/pubmed/25053711
http://doi.org/10.1093/neuonc/nou087
http://www.ncbi.nlm.nih.gov/pubmed/24842956
http://doi.org/10.1093/neuonc/nov189
http://www.ncbi.nlm.nih.gov/pubmed/26511214


Molecules 2022, 27, 7198 15 of 16

4. Ellor, S.V.; Pagano-Young, T.A.; Avgeropoulos, N.G. Glioblastoma: Background, standard treatment paradigms, and supportive
care considerations. J. Law Med. Ethics. 2014, 42, 171–182. [CrossRef] [PubMed]

5. Wilson, T.A.; Karajannis, M.A.; Harter, D.H. Glioblastoma multiforme: State of the art and future therapeutics. Surg. Neurol. Int.
2014, 5, 64. [PubMed]

6. Singh, N.; Miner, A.; Hennis, L.; Mittal, S. Mechanisms of temozolomide resistance in glioblastoma—A comprehensive review.
Cancer Drug Resist. 2021, 4, 17–43. [CrossRef]

7. Stupp, R.; Brada, M.; van den Bent, M.J.; Tonn, J.C.; Pentheroudakis, G. High-grade glioma: ESMO Clinical Practice Guidelines
for diagnosis, treatment and follow-up. Ann. Oncol. 2014, 25, iii93–iii101. [CrossRef]

8. Wang, J.; Bettegowda, C. Applications of DNA-Based Liquid Biopsy for Central Nervous System Neoplasms. J. Mol. Diagn. 2017,
19, 24–34. [CrossRef]

9. Best, M.G.; Sol, N.; Zijl, S.; Reijneveld, J.C.; Wesseling, P.; Wurdinger, T. Liquid biopsies in patients with diffuse glioma. Acta
Neuropathol. 2015, 129, 849–865. [CrossRef]

10. Jones, J.; Nguyen, H.; Drummond, K.; Morokoff, A. Circulating Biomarkers for Glioma: A Review. Neurosurgery. 2021, 88,
E221–E230. [CrossRef]

11. Müller, C.; Holtschmidt, J.; Auer, M.; Heitzer, E.; Lamszus, K.; Schulte, A.; Matschke, J.; Langer-Freitag, S.; Gasch, C.; Stoupiec, M.;
et al. Hematogenous dissemination of glioblastoma multiforme. Sci. Transl. Med. 2014, 6, 247ra101. [CrossRef] [PubMed]

12. Miller, A.M.; Shah, R.H.; Pentsova, E.I.; Pourmaleki, M.; Briggs, S.; Distefano, N.; Zheng, Y.; Skakodub, A.; Mehta, S.A.; Campos,
C.; et al. Tracking tumour evolution in glioma through liquid biopsies of cerebrospinal fluid. Nature 2019, 565, 654–658. [CrossRef]
[PubMed]

13. Seo, Y.J.; Cho, W.H.; Kang, D.W.; Cha, S.H. Extraneural metastasis of glioblastoma multiforme presenting as an unusual neck
mass. Neurosurg. Soc. 2012, 51, 147–150. [CrossRef]

14. Müller Bark, J.; Kulasinghe, A.; Chua, B.; Day, B.W.; Punyadeera, C. Circulating biomarkers in patients with glioblastoma. Br. J.
Cancer 2020, 122, 295–305. [CrossRef]

15. Goetzl, L.; Darbinian, N.; Goetzl, E.J. Novel window on early human neurodevelopment via fetal exosomes in maternal blood.
Ann. Clin. Transl. Neurol. 2016, 3, 381–385. [CrossRef]

16. Yan, Y.; Jiang, Y. RACK1 affects glioma cell growth and differentiation through the CNTN2-mediated RTK/Ras/MAPK pathway.
Int. J. Mol. Med. 2016, 37, 251–257. [CrossRef]

17. Guo, Y.; Zhang, P.; Zhang, H.; Zhang, P.; Xu, R. RNAi for contactin 2 inhibits proliferation of U87-glioma stem cells by
downregulating AICD, EGFR, and HES1. Onco Targets Ther. 2017, 10, 791–801. [CrossRef]

18. Boles, N.C.; Hirsch, S.E.; Le, S.; Corneo, B.; Najm, F.; Minotti, A.P.; Wang, Q.; Lotz, S.; Tesar, P.J.; Fasano, C.A. NPTX1 regulates
neural lineage specification from human pluripotent stem cells. Cell Rep. 2014, 6, 724–736. [CrossRef]

19. Huo, L.; Wang, B.; Zheng, M.; Zhang, Y.; Xu, J.; Yang, G.; Guan, Q. miR-128-3p inhibits glioma cell proliferation and differentiation
by targeting NPTX1 through IRS-1/PI3K/AKT signaling pathway. Exp. Ther. Med. 2019, 17, 2921–2930. [CrossRef] [PubMed]

20. Li, H.; Yan, R.; Chen, W.; Ding, X.; Liu, J.; Chen, G.; Zhao, Q.; Tang, Y.; Lv, S.; Liu, S.; et al. Long non coding RNA SLC26A4-AS1
exerts antiangiogenic effects in human glioma by upregulating NPTX1 via NFKB1 transcriptional factor. FEBS J. 2021, 288,
212–228. [CrossRef]

21. Reed, J.E.; Dunn, J.R.; du Plessis, D.G.; Shaw, E.J.; Reeves, P.; Gee, A.L.; Warnke, P.C.; Sellar, G.C.; Moss, D.J.; Walker, C. Expression
of cellular adhesion molecule ‘OPCML’ is down-regulated in gliomas and other brain tumours. Neuropathol. Appl. Neurobiol. 2007,
33, 77–85. [CrossRef] [PubMed]

22. Kunita, R.; Otomo, A.; Ikeda, J.E. Identification and characterization of novel members of the CREG family, putative secreted
glycoproteins expressed specifically in brain. Genomics 2002, 80, 456–460. [CrossRef] [PubMed]

23. Li, L.; Liu, X.; Ma, X.; Deng, X.; Ji, T.; Hu, P.; Wan, R.; Qiu, H.; Cui, D.; Gao, L. Identification of key candidate genes and pathways
in glioblastoma by integrated bioinformatical analysis. Exp. Ther. Med. 2019, 18, 3439–3449. [CrossRef] [PubMed]

24. Bao, M.W.; Zhang, X.J.; Li, L.; Cai, Z.; Liu, X.; Wan, N.; Hu, G.; Wan, F.; Zhang, R.; Zhu, X.; et al. Cardioprotective role of
growth/differentiation factor 1 in post-infarction left ventricular remodelling and dysfunction. J. Pathol. 2015, 236, 360–372.
[CrossRef] [PubMed]

25. Feng, Y.; Hurst, J.; Almeida-De-Macedo, M.; Chen, X.; Li, L.; Ransom, N.; Wurtele, E.S. Massive human co-expression network
and its medical applications. Chem. Biodivers. 2012, 9, 868–887. [CrossRef]

26. Fels, E.; Muñiz-Castrillo, S.; Vogrig, A.; Joubert, B.; Honnorat, J.; Pascual, O. Role of LGI1 protein in synaptic transmission: From
physiology to pathology. Neurobiol. Dis. 2021, 160, 105537. [CrossRef]

27. Besleaga, R.; Montesinos-Rongen, M.; Perez-Tur, J.; Siebert, R.; Deckert, M. Expression of the LGI1 gene product in astrocytic
gliomas: Downregulation with malignant progression. Virchows Arch. 2003, 443, 561–564. [CrossRef] [PubMed]

28. Kunapuli, P.; Kasyapa, C.S.; Hawthorn, L.; Cowell, J.K. LGI1, a putative tumor metastasis suppressor gene, controls in vitro
invasiveness and expression of matrix metalloproteinases in glioma cells through the ERK1/2 pathway. J. Biol. Chem. 2004, 279,
23151–23157. [CrossRef] [PubMed]

29. Luo, L.; McGarvey, P.; Madhavan, S.; Kumar, R.; Gusev, Y.; Upadhyay, G. Distinct lymphocyte antigens 6 (Ly6) family members
Ly6D, Ly6E, Ly6K and Ly6H drive tumorigenesis and clinical outcome. Oncotarget 2016, 7, 11165–11193. [CrossRef]

30. Mangiola, A.; Saulnier, N.; De Bonis, P.; Orteschi, D.; Sica, G.; Lama, G.; Pettorini, B.L.; Sabatino, G.; Zollino, M.; Lauriola, L.; et al.
Gene expression profile of glioblastoma peritumoral tissue: An ex vivo study. PLoS ONE 2013, 8, e57145. [CrossRef]

http://doi.org/10.1111/jlme.12133
http://www.ncbi.nlm.nih.gov/pubmed/25040381
http://www.ncbi.nlm.nih.gov/pubmed/24991467
http://doi.org/10.20517/cdr.2020.79
http://doi.org/10.1093/annonc/mdu050
http://doi.org/10.1016/j.jmoldx.2016.08.007
http://doi.org/10.1007/s00401-015-1399-y
http://doi.org/10.1093/neuros/nyaa540
http://doi.org/10.1126/scitranslmed.3009095
http://www.ncbi.nlm.nih.gov/pubmed/25080476
http://doi.org/10.1038/s41586-019-0882-3
http://www.ncbi.nlm.nih.gov/pubmed/30675060
http://doi.org/10.3340/jkns.2012.51.3.147
http://doi.org/10.1038/s41416-019-0603-6
http://doi.org/10.1002/acn3.296
http://doi.org/10.3892/ijmm.2015.2421
http://doi.org/10.2147/OTT.S113390
http://doi.org/10.1016/j.celrep.2014.01.026
http://doi.org/10.3892/etm.2019.7284
http://www.ncbi.nlm.nih.gov/pubmed/30906475
http://doi.org/10.1111/febs.15325
http://doi.org/10.1111/j.1365-2990.2006.00786.x
http://www.ncbi.nlm.nih.gov/pubmed/17239010
http://doi.org/10.1006/geno.2002.6857
http://www.ncbi.nlm.nih.gov/pubmed/12408961
http://doi.org/10.3892/etm.2019.7975
http://www.ncbi.nlm.nih.gov/pubmed/31602219
http://doi.org/10.1002/path.4523
http://www.ncbi.nlm.nih.gov/pubmed/25726944
http://doi.org/10.1002/cbdv.201100355
http://doi.org/10.1016/j.nbd.2021.105537
http://doi.org/10.1007/s00428-003-0874-3
http://www.ncbi.nlm.nih.gov/pubmed/12942323
http://doi.org/10.1074/jbc.M314192200
http://www.ncbi.nlm.nih.gov/pubmed/15047712
http://doi.org/10.18632/oncotarget.7163
http://doi.org/10.1371/journal.pone.0057145


Molecules 2022, 27, 7198 16 of 16

31. Deboux, C.; Spigoni, G.; Caillava, C.; Garcia-Diaz, B.; Ypsilanti, A.; Sarrazin, N.; Bachelin, C.; Chédotal, A.; Evercooren, A.B.-V.
Slit1 Protein Regulates SVZ-Derived Precursor Mobilization in the Adult Demyelinated CNS. Front. Cell Neurosci. 2020, 14, 168.
[CrossRef] [PubMed]

32. Luo, C.; Lu, Z.; Chen, Y.; Chen, X.; Liu, N.; Chen, J.; Dong, S. MicroRNA-640 promotes cell proliferation and adhesion in
glioblastoma by targeting Slit guidance ligand 1. Oncol. Lett. 2021, 21, 161. [CrossRef] [PubMed]

33. Cheng, W.; Li, H.L.; Xi, S.Y.; Zhang, X.F.; Zhu, Y.; Le, X.; Mo, Y.X.; Li, M.M.; Kong, F.E.; Zhu, W.J.; et al. Growth differentiation
factor 1-induced tumour plasticity provides a therapeutic window for immunotherapy in hepatocellular carcinoma. Nature
Commun. 2021, 12, 7142. [CrossRef] [PubMed]

34. Gara, R.K.; Kumari, S.; Ganju, A.; Yallapu, M.M.; Jaggi, M.; Chauhan, S.C. Slit/Robo pathway: A promising therapeutic target for
cancer. Drug Discov. Today 2015, 20, 156–164. [CrossRef]

35. Peng, X.; Pan, K.; Zhao, W.; Zhang, J.; Yuan, S.; Wen, X.; Zhou, W.; Yu, Z. NPTX1 inhibits colon cancer cell proliferation through
down-regulating cyclin A2 and CDK2 expression. Cell Biol. Int. 2018, 42, 589–597. [CrossRef]

36. Richichi, C.; Fornasari, L.; Melloni, G.E.M.; Brescia, P.; Patanè, M.; Del Bene, M.; Mustafa, D.A.M.; Kros, J.M.; Pollo, B.; Pruneri, G.;
et al. Mutations targeting the coagulation pathway are enriched in brain metastases. Sci. Rep. 2017, 7, 6573. [CrossRef]

37. Veal, E.; Groisman, R.; Eisenstein, M.; Gill, G. The secreted glycoprotein CREG enhances differentiation of NTERA-2 human
embryonal carcinoma cells. Oncogene 2000, 19, 2120–2128. [CrossRef]

38. Xu, L.; Wang, F.; Liu, H.; Xu, X.F.; Mo, W.H.; Xia, Y.J.; Wan, R.; Wang, X.P.; Guo, C.Y. Increased expression of cellular repressor of
E1A-stimulated gene (CREG) in gastric cancer patients: A mechanism of proliferation and metastasis in cancer. Dig. Dis. Sci.
2011, 56, 1645–1655. [CrossRef]

39. Antony, J.; Zanini, E.; Birtley, J.R.; Gabra, H.; Recchi, C. Emerging roles for the GPI-anchored tumor suppressor OPCML in cancers.
Cancer Gene Ther. 2021, 28, 18–26. [CrossRef]

40. Dazzo, E.; Pasini, E.; Furlan, S.; de Biase, D.; Martinoni, M.; Michelucci, R.; Nobile, C. LGI1 tumor tissue expression and serum
autoantibodies in patients with primary malignant glioma. Clin. Neurol. Neurosurg. 2018, 170, 27–33. [CrossRef]

41. Eckerich, C.; Zapf, S.; Ulbricht, U.; Müller, S.; Fillbrandt, R.; Westphal, M.; Lamszus, K. Contactin is expressed in human astrocytic
gliomas and mediates repulsive effects. Glia 2006, 53, 1–12. [CrossRef] [PubMed]

42. Kumar, C.V.; Swetha, R.G.; Anbarasu, A.; Ramaiah, S. Computational Analysis Reveals the Association of Threonine 118
Methionine Mutation in PMP22 Resulting in CMT-1A. Adv. Bioinform. 2014, 2014, 502618. [CrossRef] [PubMed]

43. Jamroz, M.; Kolinski, A.; Kmiecik, S. CABS-flex predictions of protein flexibility compared with NMR ensembles. Bioinformatics
2014, 30, 2150–2154. [CrossRef] [PubMed]

44. Ghosh, P.; Bhakta, S.; Bhattacharya, M.; Sharma, A.R.; Sharma, G.; Lee, S.S.; Chakraborty, C. A Novel Multi-Epitopic Peptide
Vaccine Candidate Against Helicobacter pylori: In-Silico Identification, Design, Cloning and Validation Through Molecular
Dynamics. Int. J. Pept. Res. Ther. 2021, 27, 1149–1166. [CrossRef] [PubMed]

45. López-Blanco, J.R.; Aliaga, J.I.; Quintana-Ortí, E.S.; Chacón, P. iMODS: Internal coordinates normal mode analysis server. Nucleic
Acids Res. 2014, 42, W271–W276. [CrossRef] [PubMed]

46. Yao, X.Q.; Skjærven, L.; Grant, B.J. Rapid Characterization of Allosteric Networks with Ensemble Normal Mode Analysis. J. Phys.
Chem. B. 2016, 120, 8276–8288. [CrossRef] [PubMed]

47. Kovacs, J.A.; Chacón, P.; Abagyan, R. Predictions of protein flexibility: First-order measures. Proteins 2004, 56, 661–668. [CrossRef]
48. Kim, S.; Chen, J.; Cheng, T.; Gindulyte, A.; He, J.; He, S.; Li, Q.; Shoemaker, B.A.; Thiessen, P.A.; Yu, B.; et al. PubChem 2019

update: Improved access to chemical data. Nucleic Acids Res. 2019, 47, D1102–D1109. [CrossRef]
49. O’Boyle, N.M.; Banck, M.; James, C.A.; Morley, C.; Vandermeersch, T.; Hutchison, G.R. Open Babel: An open chemical toolbox. J.

Cheminform. 2011, 3, 33. [CrossRef]
50. The UniProt Consortium. UniProt: The universal protein knowledgebase. Nucleic Acids Res. 2017, 45, D158–D169. [CrossRef]
51. Burley, S.K.; Berman, H.M.; Bhikadiya, C.; Bi, C.; Chen, L.; Costanzo, L.D.; Christie, C.; Dalenberg, K.; Duarte, J.M.; Dutta, S.;

et al. RCSB Protein Data Bank: Biological macromolecular structures enabling research and education in fundamental biology,
biomedicine, biotechnology and energy. Nucleic Acids Res. 2019, 47, D464–D474. [CrossRef] [PubMed]

52. Biovia, D.S.; Systèmes, D. Biovia, Discovery Studio Modeling Environment; Dassault Systèmes: San Diego, CA, USA, 2016.
53. Kelley, L.A.; Mezulis, S.; Yates, C.M.; Wass, M.N.; Sternberg, M.J. The Phyre2 web portal for protein modeling, prediction and

analysis. Nature Protoc. 2015, 10, 845–858. [CrossRef] [PubMed]
54. Volkamer, A.; Kuhn, D.; Rippmann, F.; Rarey, M. DoGSiteScorer: A web server for automatic binding site prediction, analysis and

druggability assessment. Bioinformatics 2012, 28, 2074–2075. [CrossRef] [PubMed]
55. Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F.; Belew, R.K.; Goodsell, D.S.; Olson, A.J. AutoDock4 and AutoDockTools4:

Automated docking with selective receptor flexibility. J. Comput. Chem. 2009, 30, 2785–2791. [CrossRef]
56. Schrödinger, L.; DeLano, W. PyMOL. The PyMOL Molecular Graphics System, Version 2; Schrödinger, LLC: New York, NY, USA, 2020.
57. Kurcinski, M.; Oleniecki, T.; Ciemny, M.P.; Kuriata, A.; Kolinski, A.; Kmiecik, S. CABS-flex standalone: A simulation environment

for fast modeling of protein flexibility. Bioinformatics 2019, 35, 694–695. [CrossRef]

http://doi.org/10.3389/fncel.2020.00168
http://www.ncbi.nlm.nih.gov/pubmed/32670024
http://doi.org/10.3892/ol.2020.12422
http://www.ncbi.nlm.nih.gov/pubmed/33552279
http://doi.org/10.1038/s41467-021-27525-9
http://www.ncbi.nlm.nih.gov/pubmed/34880251
http://doi.org/10.1016/j.drudis.2014.09.008
http://doi.org/10.1002/cbin.10935
http://doi.org/10.1038/s41598-017-06811-x
http://doi.org/10.1038/sj.onc.1203529
http://doi.org/10.1007/s10620-010-1510-0
http://doi.org/10.1038/s41417-020-0187-6
http://doi.org/10.1016/j.clineuro.2018.04.010
http://doi.org/10.1002/glia.20254
http://www.ncbi.nlm.nih.gov/pubmed/16078236
http://doi.org/10.1155/2014/502618
http://www.ncbi.nlm.nih.gov/pubmed/25400662
http://doi.org/10.1093/bioinformatics/btu184
http://www.ncbi.nlm.nih.gov/pubmed/24735558
http://doi.org/10.1007/s10989-020-10157-w
http://www.ncbi.nlm.nih.gov/pubmed/33495694
http://doi.org/10.1093/nar/gku339
http://www.ncbi.nlm.nih.gov/pubmed/24771341
http://doi.org/10.1021/acs.jpcb.6b01991
http://www.ncbi.nlm.nih.gov/pubmed/27056373
http://doi.org/10.1002/prot.20151
http://doi.org/10.1093/nar/gky1033
http://doi.org/10.1186/1758-2946-3-33
http://doi.org/10.1093/nar/gkw1099
http://doi.org/10.1093/nar/gky1004
http://www.ncbi.nlm.nih.gov/pubmed/30357411
http://doi.org/10.1038/nprot.2015.053
http://www.ncbi.nlm.nih.gov/pubmed/25950237
http://doi.org/10.1093/bioinformatics/bts310
http://www.ncbi.nlm.nih.gov/pubmed/22628523
http://doi.org/10.1002/jcc.21256
http://doi.org/10.1093/bioinformatics/bty685

	Introduction 
	Results 
	Potential Binding Affinity of TMZ towards the Nine Proteins 
	Molecular Dynamics Simulation 

	Discussion 
	Materials and Methods 
	Retrieval of Ligands and Protein Structures 
	Pocket Identification 
	Molecular Docking Analysis 
	Molecular Dynamics Simulation Analysis 

	Conclusions 
	References

