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ical evaluation and in silico
investigations of benzotriazole derivatives as
potential inhibitors of NIMA related kinase†
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In the current study, a novel compound, bis(3-(2H-benzo[d][1,2,3]triazol-2-yl)-2-(prop-2-yn-1-yloxy)-5-(2,4,4-

trimethylpentan-2-yl)phenyl)methane (TAJ1), has been synthesized by the reaction of 6,6′-methylenebis(2-

(2H-benzo[d][1,2,3]triazol-2-yl)-4-(2,4,4-trimethylpentan-2-yl)phenol) (1), propargyl bromide (2) and

potassium carbonate. Spectroscopic (FTIR, 1H-NMR, 13C-NMR) and single-crystal assays proved the structure

of the synthesized sample. XRD analysis confirmed the structure of the synthesized compound, showing that

it possesses two aromatic parts linked via a –CH2 carbon with a bond angle of 108.40°. The cell line activity

reported a percent growth reduction for different cell types (HeLa cells, MCF-7 cells, and Vero cells) under

various treatment conditions (TAJ1, cisplatin, and doxorubicin) after 24 hours and 48 hours. The percent

growth reduction represents a decrease in cell growth compared to a control condition. Furthermore,

density functional theory (DFT) calculations were utilized to examine the frontier molecular orbitals (FMOs)

and overall chemical reactivity descriptors of TAJ1. The molecule's chemical reactivity and stability were

assessed by determining the HOMO–LUMO energy gap. TAJ1 displayed a HOMO energy level of −0.224 eV,

a LUMO energy level of −0.065 eV, and a HOMO–LUMO gap of 0.159 eV. Additionally, molecular docking

analysis was performed to assess the binding affinities of TAJ1 with various proteins. The compound TAJ1

showed potent interactions with NEK2, exhibiting −10.5 kcal mol−1 binding energy. Although TAJ1 has

demonstrated interactions with NEK7, NEK9, TP53, NF-KAPPA-B, and caspase-3 proteins, suggesting its

potential as a therapeutic agent, it is important to evaluate the conformational stability of the protein–ligand

complex. Hence, molecular dynamics simulations were conducted to assess this stability. To analyze the

complex, root mean square deviation (RMSD) and root mean square fluctuation analyses were performed.

The results of these analyses indicate that the top hits obtained from the virtual screening possess the ability

to act as effective NEK2 inhibitors. Therefore, further investigation of the inhibitory potential of these

identified compounds using in vitro and in vivo approaches is recommended.
Introduction

In all ages, cancer remains the major health problem world-
wide, and is characterized by abnormal, uncontrolled and rapid
proliferation of malignant tissues or cells.1 According to Cancer
Research UK, it is estimated that there were 18.1 million new
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cases of cancer all over the world in 2020,2 which imposes the
largest disease burden affecting the quality of life in both men
and women. Among all types of cancer, breast cancer is
a potential type of cancer relating to death in women.3 Normally
the cell cycle is controlled by several endogenous factors,
including different NIMA-related kinases (NEK).4 In previous
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studies, NEK proteins were extensively reviewed in the mainte-
nance of mitotic events, concerned with the discovery of new
anti-neoplastic drugs. Among all the NEK proteins, NEK2, NEK7
and NEK9 regulate the duplication of centrosome, protein
transport, and spindle formation.5–7 NEK2, serine/threonine
protein kinase, consisting of 445 amino acids,8 highly
expressed in S and G2 phases, prevents the premature separa-
tion of the centrosome. Its absence interferes with centrosome
separation in the G2 phase and causes the loss of centrosomal
antigens.9 NEK2 is highly expressed in various types of cancer,
including breast cancer, and is signicantly involved in cancer
progression.10 Inhibition of NEK2 protein causes growth
suppression, leading to cell death, and this can be used to
reduce the progression of tumor cells. So, NEK2 is considered
a novel drug target for the treatment of cancer.11

NEK7 is a serine/threonine kinase composed of approxi-
mately 302 amino acids.12 It is greatly expressed in S and G1
phases in various human body organs, including the lungs and
liver. NEK7 is specically linked with the duplication of the
centrosome, encouraging cell division in the S0 phase which
can produce cancer, and it is also involved in the occurrence
and progression of various inammatory diseases, including
auto-immune disorders, Alzheimer's disease, inammatory
bowel diseases and gout.1,13 NEK7 is a potential target for novel
drugs, especially in cancer therapy. NEK9 is another NIMA-
related kinase protein, considered to be the rst NEK which is
overexpressed in breast cancer, which interferes with the action
of other NEK proteins, including NEK6 and NEK7. NEK9 cata-
lyzes the phosphorylation and activation of NEK6 and NEK7.
Moreover, NEK9 is also involved in normal centrosome segre-
gation during cell division.14 Inhibition of NEK9 causes
abnormal mitosis and may induce the early apoptosis of cancer
cells.15 So, NEK9 is also considered a potential drug target for
the development of novel anti-cancer drugs.

Several attempts have been made to identify the novel
inhibitors of NIMA-related kinases. In particular, Aziz et al.
identied selective and potential inhibitors of NEK7 kinase.
However, these inhibitors were selective against a single
member of the NIMA family, but the current study targets
multiple NIMA kinases and cancer proteins via novel synthetic
compounds. Previously reported 1,2,4 triazole derivatives pos-
sessing anti-cancer potential are given in Fig. 1.16
Fig. 1 Previously reported 1,2,4 triazole derivatives as a potential inhibit

© 2023 The Author(s). Published by the Royal Society of Chemistry
In the United States, there are currently 53 FDA-approved
medications that exhibit anti-cancer properties, and ongoing
research has identied over 200 potential candidates for the
development of new anti-cancer agents. However, none of the
FDA-approved inhibitors have been found to possess inhibi-
tory effects against the NEK7 protein. This suggests a lack of
currently available effective NEK7 inhibitors. The utilization of
compounds with heterocyclic nuclei has garnered signicant
attention in the development of novel antimicrobial agents
due to their therapeutic importance. Benzotriazole and its
derivatives, in particular, have attracted considerable interest
due to their wide range of applications, including pharma-
ceutical therapeutics,17,18 corrosion-resistant materials,19

intermediates for other synthetic materials,20 and supramo-
lecular ligands.21 Benzotriazole-based compounds are
a distinctive group of nitrogen-containing heterocycles that
have garnered considerable interest among medicinal chem-
ists. They are recognized as a promising class of bioactive
heterocyclic product with diverse biological properties,22 such
as anti-inammatory,23 antiprotozoal,24 antiproliferative,25

anticancer,26 antiviral,27 plant growth regulatory28 and anti-
bacterial activities,29 as shown in Fig. 2. The chemical struc-
ture of benzotriazole has been demonstrated to possess
remarkable versatility in its properties. It has recently been
utilized as an effective leaving group following reactions with
various carbonyl groups. Additionally, it can be readily incor-
porated into other chemical structures through a series of
reactions, including condensation and addition reactions.30

The use of benzotriazole as a synthetic auxiliary in the ben-
zotriazole methodology developed by Katrizsky and co-
workers31 is interesting. In one study, it was observed that
benzotriazoles have the ability to form complexes with various
transition metals.32 Another study indicated that benzo-
triazole derivatives, when engaged in coordination complexes
with transition metals, exhibit promising anticancer capabil-
ities.33 Benzotriazole can function as a precursor of radicals,34

while some authors have also reported the synthesis of stable
nitrenium ions using benzotriazole as a synthon.35 The utili-
zation of polymer-supported benzotriazoles as catalysts for the
synthesis of tetrahydroquinoline through condensation reac-
tions highlights their signicant role in the realm of
catalysis.36
or of NEK7 via in silico studies.

RSC Adv., 2023, 13, 33826–33843 | 33827



Fig. 2 Previously reported heterocyclic products that exhibit various biological properties.
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Based on the properties and importance of heterocyclic
compounds, there is a need to exploreNEK 7 inhibitors and for this
purpose, the current study is focused on a combination of experi-
mental and computational approaches to explore bis(3-(2H-benzo
[d][1,2,3]triazol-2-yl)-2-(prop-2-yn-1-yloxy)-5-(2,4,4-trimethylpentan-
2-yl)phenyl)methane as a potential NEK7 inhibitor with the goal of
disrupting anticancer pathways and treating breast cancer and
associated malignancies.14,16 The synthesized compound was
tested against three cancer cell lines; two human breast cancer cell
lines (theMDA-MB231 cell line (HTB-26™) and theMCF-7 cell line
(HTB-22™)), and one human cervical cancer cell line (theHeLa cell
line and CRM-CCL-2™). For in silico investigations, molecular
docking studies (using p53, caspase, and NF-KB) and molecular
dynamic simulation studies were performed followed by the
density functional theory (DFT) calculations.

Experimental
Synthesis of bis(3-(2H-benzo[d][1,2,3]triazol-2-yl)-2-(prop-2-yn-
1-yloxy)-5-(2,4,4-trimethyl pentan-2-yl)phenyl)methane (TAJ1)

A solution of 6,6′-methylenebis(2-(2H-benzo[d][1,2,3]triazol-2-yl)-4-
(2,4,4-trimethylpentan-2-yl)phenol) (1) (100 mg, 0.152 mmol) was
stirred in acetone (15ml) with the addition of K2CO3 (51mg, 0.0364
mmol) and 3-bromoprop-1-yne (0.035 ml, 0.395 mmol) in a drop-
wise manner. The reaction mixture was reuxed in acetone for 14
hours. The progress of the reaction was monitored by TLC until
complete consumption of 6,6′-methylenebis(2-(2H-benzo[d][1,2,3]
33828 | RSC Adv., 2023, 13, 33826–33843
triazol-2-yl)-4-(2,4,4-trimethylpentan-2-yl)phenol) was observed.
Once completed, the reactionmixture was treated three times with
a mixture of dichloromethane (DCM) and water (H2O), followed by
drying with MgSO4. The solvents were evaporated using a rotary
evaporator, and the crude product was puried by silica gel column
chromatography using a mixture of hexane and dichloromethane
in an 8 : 2 ratio (v/v). This process yielded puried bis(3-(2H-benzo
[d][1,2,3]triazol-2-yl)-2-(prop-2-yn-1-yloxy)-5-(2,4,4-trimethylpentan-
2-yl)phenyl)methane (3) in excellent yield. The spectra (13CNMR
and 1HNMR) of TAJ1 are given in the ESI (Fig. S5–S7).†

Characterization data of benzotriazole (TAJ1)
© 2023 The Author(s). Published by the Royal Society of Chemis
try
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Yield; 79%, Rf: 0.41 (EtOAc : Petroleum ether 1 : 9); M. P: 250 °C;
FT-IR (KBr, cm−1): 3446.6 (O–H), 3300.0 (Sp-stretch), 2956.7,
2923.9 (Sp3-CH stretch), 2854.5, 1488.9 (C]C), 997.1 1HNMR:
(300 MHz, CDCl3): d 7.98 (dd, 4H, J= 6.6 Hz, 3 Hz), 7.66 (d, 2H, J
= 2.4 Hz), 7.44 (dd, 4H, J = 6.6 Hz, 3.3 Hz), 7.28 (d, 2H, J = 2.1
Hz), 4.42 (s, 2H), 4.26 (d, 4H, J = 2.4 Hz), 2.26 (t, 2H, J = 2.4 Hz),
1.70 (s, 4H), 1.32 (s, 12H), 0.74 (s, 18H). EI, m/z [% rel. int.]:
734.1 [M+, 38.6], 679.1 [84.0], 663.1 [100], 302.0 [43], 264.0 [86.3],
57.1 [16.5] Anal. Calcd. For C47H54N6O2: C, 76.81; H, 7.41; N,
11.43 found: C, 76.84; H, 7.42; N, 11.45 HRMS: C47H54N6O2+H
734.4308 Found 734.4306.
Biological activities

MTT assay (cell viability assay). To conduct anti-cancer tests,
the current study evaluated the derivatives against two types of
cancer cell line: HeLa (human cervical cancer) and MCF-7
(human breast cancer). The testing method used was previously
described byMosmann (1983) and Nik and Otto (1990),37,38 which
we also referenced in our previously published article.39 The
experimental procedure was conducted using 96-well at-bottom
plates. Each well was lled with 90 mL of medium and seeded
with 10 × 104 cells. A test chemical solution of 100 mL was then
added to each well, followed by an incubation period of 24 hours
at 37 °C and 5% CO2. Positive and negative control wells were
prepared with 10 mL of a standard drug (cisplatin) and 100 mL of
cell medium (without the test chemical), respectively. Subse-
quently, 10 mL of theMTT reagent was added to eachwell, and the
plate was incubated for 4 hours at 37 °C. Next, 100 mL of a 10%
sodium dodecyl sulfate solution was introduced, and the mixture
was kept at room temperature for 30 minutes with intermittent
shaking. Finally, the optical density wasmeasured as an indicator
of the results. All experiments were performed in triplicate, and
the outcomes were expressed as percent growth inhibition values,
as previously explained.39

X-ray crystal structure and renement. The crystallographic
data of the drug mentioned in the study were obtained using
a Rigaku Oxford Diffraction Eos, Gemini diffractometer. Cu K
radiation with a wavelength of 1.5418 Å was employed. The
structures were solved and rened using the SHELX program
packages40 and the multi-scan absorption correction was
applied to the collected data41 In addition, the ORTEP-3
program was used to generate the structural drawings.42 The
positions of the hydrogen atoms in the structure were initially
determined geometrically, with NH hydrogen at a distance of
0.88 Å, CH hydrogen at a distance of 0.95 Å, and CH3 hydrogen
at a distance of 0.98 Å. Subsequently, a riding model was
applied to rene the positions of these hydrogen atoms, incor-
porating the constraints of Uiso(H) = k × Ueq (C, N), where k =

1.2 for NH and CH hydrogens, and k = 1.5 for CH3 hydrogens.
The crystallographic data for the structure discussed in this
study has been deposited with the Cambridge Crystallographic
Data Centre as ESI,† with the assigned CCDC no. 2149670.
Interested parties can obtain copies of the data by contacting
the CCDC at 12 Union Road, Cambridge CB2 1EZ, UK (fax: +44
1223 336033 or email: deposit@ccdc.cam.ac.uk), or by visiting
their website at http://www.ccdc.cam.ac.uk.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Hirshfeld surface (HS) studies

Hirshfeld surface (HS) analysis is widely regarded as a highly
reliable method for studying interactions within crystal struc-
tures.43,44 In this study, Crystal Explorer 17.5.45 was employed to
identify the intermolecular interactions present in the crystal
structure of the molecule under investigation. The distances
from the nearest nucleus on the inside and outside of the
Hirshfeld surface were measured and denoted as di and de,
respectively. Additionally, a normal contact distance, repre-
sented by Dnorm, was used to characterize the interactions. The
colors white, blue, and red were employed to represent different
values of Dnorm. The input le for this analysis was provided in
CIF format, and for a more comprehensive understanding of
Hirshfeld analysis, a detailed discussion can be found in the ESI
(Tables S1–S2 and Fig. S1–S4†).45
Computational investigations

Density function theory (DFT) studies. To determine the
ground-state geometries of the selected compounds, density
functional theory (DFT) calculations were performed in a gas
environment. DFT is a well-established and reliable computa-
tional approach for such optimization. The B3LYP functional
correlation, along with a 6-31G* basis set, was utilized for
optimizing the ground-state geometries. Additionally, the
B3LYP/631-G*+(d,p) basis set was employed. This combination
of methods and basis sets ensures accurate and reliable
results.46,47 The functional correlation quanties the connection
between two variables, indicating how changes in one variable
are linked to changes in the other. The B3LYP technique was
chosen for its ability to incorporate electron correlation effects
effectively. Additionally, it accurately calculates various param-
eters, including bond angles, bond length, and infrared spectra.
The B3LYP method combines the strengths of both density
functional theory (DFT) and the Hartree–Fock method, result-
ing in a signicantly enhanced representation of a molecule's
electronic conguration and surpassing the precision of each
approach individually.48 In addition, selection of the basis set
was based on its computational efficiency and accuracy as the 6-
31G* basis set is a computationally efficient and versatile option
for density functional theory (DFT) calculations. It strikes
a balance between accuracy and computational cost, making it
suitable for studying moderate-sized systems or when a large
number of calculations are required. Despite its compact size, it
includes polarization functions that effectively account for
electron correlation effects, improving the precision of calcu-
lated properties. The 6-31G* basis set is widely applicable to
a range of chemical systems, making it a popular choice in
elds like drug discovery and materials science. It offers
a practical compromise between accuracy and computational
efficiency, allowing for efficient calculations without sacricing
too much accuracy. Overall, the 6-31G* basis set is a valuable
tool in DFT calculations, providing a compact and versatile
representation that can handle a variety of chemical systems.48

The initial structures of the compounds were optimized using
Gaussian 09w soware.49 To achieve energy minimization, the
harmonic vibrational analysis was performed by excluding the
RSC Adv., 2023, 13, 33826–33843 | 33829
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imaginary frequencies.50 For visualization purposes, Gaussian
View 6.0 was utilized.51

Molecular docking analysis. To analyze the interactions
between the newly synthesized compounds and specic proteins,
molecular docking was conducted. The 3D crystal structures of
the targeted proteins, namely NEK2, NEK7, NEK9, TP53, NF-
KAPPA-B P65, and caspase-3, were obtained from the Protein
Data Bank (PDB) [www.rcsb.org]. The corresponding PDB IDs for
the structures are 2W5A, 2WQN, 3ZKE, 3DCY, 1NFI, and 3DEI,
respectively.52 Prior to docking analysis, the proteins were
prepared using MGL tools, by removing heteroatoms and water
molecules followed by the addition of polar hydrogen atoms
and Kollman charges. Aer that protein structures were
rendered and corrected for missing residues.53 The 3D structure
of the synthesized compound was drawn using ChemDraw
3D.54 To obtain the most stable arrangement of atoms energy
minimization was undertaken. Docking analysis was performed
with the target protein using AutoDock's default genetic
algorithm as the scoring function. The use of genetic
algorithms (GAs) in molecular docking studies offers several
advantages, including the ability to explore a wide
conformational space and handle exible ligands and
receptors. GAs are widely used and can be done in parallel for
faster exploration. However, their performance is dependent on
the scoring function used, and they can be computationally
intensive and susceptible to local minima. Parameter tuning is
also necessary for optimal results. However, genetic algorithms
can provide consistent and reliable results.

The grid box dimensions for docking were set as follows:
(−15.405234, 12.629904, 16.900952) for 2W5A, (−6.156441,
−22.219984, −44.192549) for 2WQN, (−24.379561, −36.732107,
16.920308) for 3ZKE, (30.483200, 32.901400, −2.936000) for
3DCY, (−8.458537, 55.130635, −29.220624) for 1NFI, and
(−47.297718, 9.871887, −24.212191) for 3DEI. Subsequently,
the newly synthesized compound was docked into the active
pocket of the target proteins, generating 100 different congu-
rations for each protein. The conguration with the most stable
structure and the lowest binding energy was selected for further
analysis. The interactions formed between the synthesized
compound and the targeted proteins were then explored in both
2D and 3D positions. The outcomes of this study aim to facili-
tate the design of novel compounds with improved binding
affinities to the target proteins.
Scheme 1 Synthesis of bis(3-(2H-benzo[d][1,2,3]triazol-2-yl)-2-(prop-2

33830 | RSC Adv., 2023, 13, 33826–33843
Molecular dynamic simulations. Molecular dynamic (MD)
simulation is a computational tool for the analysis of molecular
interactions of docked complexes as a function of time.55 In the
current study, Nanoscale Molecular Dynamics (NAMD) soware
1.9.3 was employed for the prediction of the dynamic nature of
the protein–ligand complex. The complex possessing the best
binding energy from molecular docking results was selected for
MD simulation. The topology les for simulations were gener-
ated by CHARM-GUI.56 All molecules including ligand and
proteins were described using CHARMM36 force eld parame-
ters under periodic boundary conditions. Normal physiological
conditions were selected by solvating the molecules with water
(TIP3P), and counter ions including NaCl (0.15 M) were added
to neutralize the simulation box. Prior to simulation, the system
was equilibrated in NVT and NPT ensembles with a Berenson
thermostat and barostat for 2 fs at 300 K. The RMSD and RMSF
were calculated using VMD 1.9.3 by the Ewald summation
method.57 Finally, MD simulations were tracked for 50 ns.
Results and discussion
Chemistry

Synthesis of bis(3-(2H-benzo[d][1,2,3]triazol-2-yl)-2-(prop-2-
yn-1-yloxy)-5-(2,4,4-trimethylpentan-2-yl)phenyl)methane
(TAJ1). TAJ1 was prepared by reacting 6,6′-methylenebis(2-(2H-
benzo[d][1,2,3]triazol-2-yl)-4-(2,4,4-trimethylpentan-2-yl)
phenol) (1) with propargyl bromide (2) along with K2CO3 that
was used as base for deprotonation. The reaction was kept
under stirring at 70 °C for 18 hours. Aer cooling the reaction
mixture (a well-known procedure), as shown in Scheme 1, the
synthesized analogue (3) was characterized by various tech-
niques, such as IR, NMR and HPLC-MS, 1H NMR and 13C NMR.
The 1HNMR spectrum revealed all the expected signals, as two
singlets were seen at d 0.74 ppm and d 1.32 ppm with the
integration of eighteen and twelve methyl protons. Methylene
protons of the alkyl group region were exposed as a singlet at
d 1.70 ppm. Propargyl protons emerged at d 2.26 ppm as a triplet
with J= 2.4 Hz while the methylene protons attached next to the
propargyl group were observed as a doublet at d 4.26 ppm with
the integration of 4H and a J value equal to 2.4 Hz. Methylene
protons present at the symmetry point and joining the two parts
of this molecule were exposed as a singlet at d 4.42 ppm. The
aromatic region was also fruitful as per the requirement, which
-yn-1-yloxy)-5-(2,4,4-trimethyl pentan-2-yl)phenyl)methane (TAJ1).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Values for the GI50 for HeLa and MCF-7 cells

Code

GI50 � SEM

HeLa MCF-7

TAJ1 6.08 � 0.16 4.04 � 0.17
Cisplatin 2.64 � 0.13 4.63 � 0.21
Doxorubicin 4.21 � 0.22 7.32 � 0.81

Paper RSC Advances
was exposed a doublet at d 7.28 ppm with the coupling constant
J = 2.1 Hz for 2H. A signal d 7.44 ppm was revealed as a doublet
of doublets with J values 6.6 and 3.3 Hz which was integrated as
4H. Another doublet was observed at d 7.66 ppm with the
coupling constant J = 2.4 Hz for 2H. Lastly, we observed
a doublet of doublet at d 7.98 ppm with J values 6.6 and 3 Hz for
four protons. The mass spectrum was found to be same as that
calculated from the chemical formula, since it showedM+ atm/z
734.1 while fragmentation produced the following ions. A
fragment observed at m/z 679.1 was formed by the removal of
the tertiary butyl group from themolecule. A base peak was seen
at m/z 663.1 which came into existence because of the elimi-
nation of a methyl group and the production of a tertiary car-
bocation. A fragment also emerged at m/z 264.0 due to the
exclusion of an alkyl group from compound (3). A peak at
3300 cm−1 was observed in the infrared spectrum of the C–H
stretch of terminal alkynes. The aromatic C–H stretch appeared
at 2923.9 cm−1, while the C–H stretch for alkane emerged at
2854.5 cm−1. C–C stretches (in the ring) were exposed at
1488.9 cm−1 as well as 1460 cm−1, whereas the C–N stretch was
captured at 1267.1 cm−1. In aromatic C–H the “loop” was
exposed at 744.5 cm−1. The XRD technique also conrmed the
structure. Propargyl-substituted bisphenol 3, possess two
aromatic parts linked via a –CH2-carbon along with bond angle
108.40(13)°. The results show that the molecules interact
through hydrogen bonds as C–H/N, and are responsible for
the building of an extended chain parallel to the axis.58 Hence
all the afforded results conrm the synthesis of compound (3).

Cell viability assay. An MTT assay was performed to assess
the effect of TAJ1 on cell viability in human breast cancer cells.
As shown in Table 1, compound TAJ1 was treated with different
cell lines, including HeLa cells, MCF cells and normal Vero
cells. The percentage of growth reduction was analyzed. Aer
24 h 29% and aer 48 h 14.4% HeLa cells were found to be
viable. The results were very convincing in the case of MCF cells,
as only 6.67% cells remain viable aer 48 h. Moreover, 91.9% of
normal Vero cells remain viable aer 48 h. These ndings
suggested that TAJ1 exhibits cytotoxic effects on HeLa cells and
MCF-7 cells, while it exhibits the least effect on normal Vero
cells compared to previously reported anticancer cisplatin and
doxorubicin drugs, as shown in Table 1. The decrease in cell
viability observed with TAJ1 treatment supports its potential as
an anti-cancer agent. Further studies are necessary to elucidate
the underlying mechanism of action and evaluate its efficacy in
vivo.
Table 1 Values for the % growth reduction after 24 and 48 hours for He

Code

% Growth reduction

HeLa Cells MCF-7

Aer 24 h Aer 48 h Aer 2

TAJ1 70.1 � 1.23 85.6 � 2.81 68.3 �
Cisplatin 79.2 � 1.44 89.1 � 2.44 85.2 �
Doxorubicin 69.2 � 1.98 82.2 � 2.08 8.2 �

© 2023 The Author(s). Published by the Royal Society of Chemistry
The results in Table 2 reveal a distinct difference in the
sensitivity of MCF-cells and HeLa-cells to TAJ1. These ndings
suggested that TAJ1 exhibits greater efficacy in inhibiting the
growth of MCF cells compared to HeLa cells. The discrepancy in
sensitivity can be attributed to innate biological differences
between the cell lines, with HeLa cells originating from cervical
cancer and MCF cells from breast cancer. Different cancer types
have unique genetic and biochemical characteristics, resulting
in variations in drug response. In the case of MCF-7 cells and
HeLa cells, the 4.04 ± 0.17 and 6.08 ± 0.16 experimental values
for GI50 might reect variations in signaling pathways between
MCF and HeLa cells, respectively. However, the lower GI50 value
for MCF-7 cells suggests that synthesized compound TAJ1
exhibits a strong potential for tumor suppression and breast
cancer treatment. These results were further validated by in
silico studies.

In silico investigations

Density functional theory (DFT). The electronic properties
were calculated and geometries of TAJ1 and previously reported
inhibitors were optimized using DFT studies. In addition, the
current study reports the HOMO–LUMO analysis using a DFT/
631-G* and B3LYP/631-G*+(d,p) calculation setup, as shown in
Table 3. The synthesized derivatives reached stability aer
steepest energy descents of −2604.954 hartree and −2302.373
hartree, respectively.

The HOMO and LUMO highest occupied and lowest unoc-
cupied molecular orbitals are very decisive in a molecule. The
HOMO/LUMO energy gap is the energy difference between the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of a molecule. A low
HOMO/LUMO energy gap indicates less energy required to
promote an electron from the HOMO to the LUMO, resulting in
higher reactivity, visible light absorption in conjugated systems,
and a harder molecule. On the other hand, a high HOMO/
LUMO energy gap indicates greater energy required for
La and MCF-7 cells

Cells Vero cells

4 h Aer 48 h Aer 24 h Aer 48 h

0.88 93.3 � 1.66 5.03 � 0.22 8.13 � 0.67
2.11 98.2 � 1.34 7.13 � 0.54 12.1 � 1.04
0.69 8.6 � 1.06 10.3 � 0.89 15.4 � 1.91
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Table 3 Optimization energies, HOMO and LUMO energies and their gap calculated in the gas phase

Code
Optimization energy
(hartree)

Dipole moment
(debye)

Polarizability
(a) HOMO (eV) LUMO (eV)

HOMO–LUMO
(DeV) Calculation method

TAJ1 −2604.954 2.419 573.234 −0.224 −0.065 0.159 B3LYP/631-Ga

TAJ1 −2302.373 1.987 635.652 −0.235 −0.069 0.166 B3LYP/631-Ga+(d,p)
M7 −1922.34 3.212 400.21 −0.220 −0.027 0.193 B3LYP/631-Ga+(d,p)
M7a16 −1881.07 3.7622 350.22 −0.218 −0.023 0.194 B3LYP/SVP

a Previously reported parameters of compound M7.16
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electron transfer, leading to lower reactivity, UV light absorp-
tion, and a soer molecule. The HOMO/LUMO energy gap of
−0.159 eV (at B3LYP/631-G*) indicates efficient electron trans-
fer from the molecule. In addition, it was notable that the
benzene ring was localized with the LUMO orbital, whereas the
triazole ring was localized with the HOMO orbitals. These
regions correspond to gain and loss of electrons. Moreover,
a low HOMO/LUMO energy gap for a molecule has implications
for protein binding and the formation of biocomplexes. The
alignment of a molecule's HOMO/LUMO energy levels with the
binding site of a protein can inuence its ability to interact and
bind to the protein. A suitable energy gap can facilitate favor-
able interactions, such as the hydrogen bonding or electrostatic
interactions, leading to stable protein–ligand complexes. Addi-
tionally, the HOMO/LUMO energy gap can affect the formation
of biocomplexes, where molecules with an appropriate energy
gap may have a greater likelihood of forming stable complexes
with biological macromolecules like proteins or nucleic acids.
While the HOMO/LUMO energy gap is just one factor among
many that inuence protein binding and biocomplex forma-
tion, understanding its impact can contribute to our under-
standing of molecular interactions in biological systems. The
Fig. 3 The HOMO/LUMO orbitals and optimized structure of TAJ1 calc

33832 | RSC Adv., 2023, 13, 33826–33843
optimized structures and HOMO, LUMO orbitals are shown in
Fig. 3.

Global chemical reactivity descriptors. The current study has
calculated the following parameters using the HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital) energy values, applying their respective
formulas:

Hardness (h): h = (ELUMO − EHOMO)/2

Softness (S): S = 1/(2h)

Electronegativity (c): c = −(ELUMO + EHOMO)/2

Chemical potential (m): m = −c

Electrophilicity index (u): u = m/(2h)

Hardness (h) indicates the reactivity and stability of a chem-
ical system. Electronegativity (c) represents the ability to attract
electrons towards it. The electrophilicity index (u) gauges the
capacity of a molecule to accept electrons, employing the
ulated at B3LYP/631-G* and B3LYP/631-G*+(d,p) levels of theory.

© 2023 The Author(s). Published by the Royal Society of Chemistry



Table 4 Global reactivity descriptors of compound TAJ1

Code
Chemical potential
m (eV)

Electronegativity
X (eV)

Hardness h
(eV)

Soness S
(eV−1)

Electrophilicity
index u (eV) Calculation method

TAJ1 −0.145 0.145 0.080 6.289 0.131 B3LYP/631-Ga

TAJ1 −0.152 0.152 0.083 6.024 0.139 B3LYP/631-Ga+(d,p)
M7 −0.211 0.211 0.099 5.76 0.054 B3LYP/631-Ga+(d,p)
M7a16 −0.121 0.121 0.097 5.135 0.075 B3LYP/SVP

a Previously reported parameters of compound M7.16
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chemical potential and chemical hardness. Table 4 shows
global reactivity descriptors for compound TAJ1 and a previ-
ously reported inhibitor using the proposed level of theory. The
hardness value of compound TAJ1 shows the reactivity and
stability of this compound. Compound TAJ1 has an electro-
negativity of 0.145 (at B3LYP/631-G*), which shows that it has
the highest power to attract electrons towards it. Compound
TAJ1 is a so compound and it has a high electrophilicity index,
which shows the power of a molecule to accept electrons with
the help of chemical potential. The ndings of the TAJ1
compound were correlated with already-reported triazole
derivatives,16 in which the same parameters for all triazole
derivatives were estimated and the properties for one of the
derivatives, i.e., M7, is provided in the manuscript.

Molecular docking analysis. Molecular docking is an
important computational method that predicts the binding
interaction of a ligand within the active pocket of the targeted
protein. The current analysis aimed to analyze the binding
affinities of the synthesized compound with six distinct
proteins, namely NEK2, NEK7, NEK9, TP53, NF-KAPPA-B, and
caspase-3. To perform the molecular docking, we obtained the
PDB IDs of the target proteins, namely 2W5A (resolution 1.55 Å)
for NRK2, 2WQN (resolution 2.30 Å) for NEK7, 3ZKE (resolution
2.20 Å) for NEK9, 3DCY (resolution 1.75 Å) for TP53, 1NFI
(resolution 2.7 Å) for NF-KAPPA-B P65, and 3DEI (resolution
Table 5 Molecular docking scores of compound TAJ1 against targeted

Protein PDB ID Compound Docking score kcal mol−1 Hydrogen b

NEK2 2W5A TAJ1 −10.5 TYR181, TH

Dabrafeniba −7.6 ASN245, TH
NEK7 2WQN TAJ1 −8.0 No

Dabrafeniba −8.3 ASP118, AR
ALA114

NEK9 3ZKE TAJ1 −5.7 No
Dabrafeniba −0.0 No

TP53 3DCY TAJ1 −9.5 ARG203

Dabrafeniba −0.7 No
NF-KAPPA-B 1NFI TAJ1 −8.8 No

Dabrafeniba −8.4 THR164, AR
Caspase-3 3DEI TAJ1 −7.3 No

Dabrafeniba −5.5 LYS138, AS

a The previously reported NEK7 inhibitor1 was used as a reference standa

© 2023 The Author(s). Published by the Royal Society of Chemistry
2.80 Å) for caspase-3, from the Protein Data Bank. The detailed
molecular interactions of TAJ1 against the respective protein are
tabulated in Table 5.

Docking analysis revealed a potent interaction between
bis(3-(2H-benzo[d][1,2,3]triazol-2-yl)-2-(prop-2-yn-1-yloxy)-5-
(2,4,4-trimethylpentan-2-yl)phenyl)methane(3) and NEK2 with
binding energy −10.5 kJ mol−1, as given in Table 5. The TAJ1
scaffolds were involved in hydrophobic and hydrogen bonding
interactions. This shows that the newly synthesized derivative
may have the potential to serve as a novel therapeutic agent. The
results were found to correlate with experimental
investigations.

Molecular interactions analysis shows that the synthesized
derivative can be a potent NEK2 inhibitor by targeting specic
binding site amino acids. Compound TAJ1 demonstrates
a strong binding affinity with a docking score of −10.5 kcal-
mol−1. It forms hydrogen bonds with TYR181 and THR179
residues and engages in hydrophobic interactions (pi-anion, pi-
alkyl and alkyl) with TYR182, PRO144, LEU142, MET183,
PRO180, ASP141, and LYS143 residues. On the other hand,
dabrafenib exhibits a relatively weaker binding affinity with
a docking score of −7.6 kcal mol−1. It forms hydrogen bonds
with ASN245 and THR249 residues and interacts hydrophobi-
cally with GLU246, ARG235, and PHE233 residues. These
insights into the docking scores, hydrogen bonding residues,
proteins

oning residue Hydrophobic interactions

R179 TYR182, PRO144, LEU142, MET183,
PRO180, ASP141, LYS143

R249 GLU246, ARG235, PHE233
ASP115, ARG121, LYS63, SER46, VAL48,
PHE168, ALA165

G121, GLU112, ASP179, ALA165, PHE168, ALA61

ALA39, LYS36, PHE62, ILE57, ARG60
No
TYR92, LEU125, ALA200, PRO115,
ARG10, THR230, PRO231, VAL229
No
VAL97, PHE103, LEU89, VAL93, ARG166,
GLU103, PHE77, PRO69

G174 No
TRP206, TRY204, LEU168, PHE256

P146, ARG147 No

rd.
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Fig. 4 The predicted 2D and 3D binding modes of TAJ1 against NEK2.
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and hydrophobic interactions provide valuable information
about the potential binding modes and interactions of these
compounds with the target protein, as shown in Fig. 4.

Compound TAJ1 demonstrates a moderate binding affinity
with a docking score of −8.0 kcal mol−1. No specic hydrogen
bonding residues are mentioned, but it engages in hydrophobic
interactions with ASP115, ARG121, LYS63, SER46, VAL48,
PHE168, and ALA165 residues. On the other hand, dabrafenib
shows a relatively stronger binding affinity with a docking score
of −8.3 kcal mol−1. It forms hydrogen bonds with ASP118,
ARG121, GLU112, ASP179, and ALA114 residues, and interacts
hydrophobically with ALA165, PHE168, and ALA61 residues.
These ndings provide insights into the potential binding
modes and interactions of NEK7 and dabrafenib with the target
protein. Fig. 5 illustrates the presumed 2D and 3D binding
modes of compound TAJ1 against NEK7.

Similarly, the docking results for NEK9 and dabrafenib
reveal interesting ndings. NEK9 exhibits a moderate docking
score of −5.7 kcal mol−1, indicating a potential binding affinity
Fig. 5 The predicted 2D and 3D binding modes of TAJ1 against NEK7.

33834 | RSC Adv., 2023, 13, 33826–33843
with the target protein. However, no specic hydrogen bonding
residues are mentioned for NEK9. Instead, it engages in
hydrophobic interactions with ALA39, LYS36, PHE62, ILE57,
and ARG60 residues. On the other hand, dabrafenib demon-
strates a docking score of −0.0 kcal mol−1, suggesting a lack of
binding affinity with the target protein. No hydrogen bonding
residues or hydrophobic interactions are reported for dabrafe-
nib. These results highlight the differences in binding poten-
tials between NEK9 and dabrafenib, with NEK9 showing
a moderate affinity through hydrophobic interactions, while
dabrafenib appears to have no specic binding interactions.
Further studies are warranted to validate and understand the
binding capabilities of these compounds. Fig. 6 illustrates the
presumed 2D and 3D binding modes of compound TAJ1 against
NEK9.

For the TP53 protein, TAJ1 demonstrates a docking score of
−9.5 kcal mol−1, indicating strong binding affinity. The
hydrogen bonding residue involved is ARG203, while the
hydrophobic interactions occur with TYR92, LEU125, ALA200,
© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 6 The predicted 2D and 3D binding modes of TAJ1 against NEK9.
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PRO115, ARG10, THR230, PRO231, and VAL229. These inter-
actions suggest stable binding between TAJ1 and TP53. On the
other hand, dabrafenib shows a docking score of −0.7 kcal-
mol−1, implying a weaker binding affinity. No specic hydrogen
bonding residues or hydrophobic interactions are reported for
dabrafenib. Fig. 7 illustrates the presumed 2D and 3D binding
modes of compound TAJ1 against TP53.

Similarly, docking analysis showed the potent binding
affinity of the synthesized compound and NF-KAPPA-B P65 with
−8.8 kcal mol−1 binding energy, as given in Table 5. The pre-
dicted 2D and 3D binding modes of TAJ1 against NF-KAPPA are
shown in Fig. 8. There is no conventional hydrogen bond
between the amino acid residues and the protein molecule.
Amino acid residue GLU103 forms pi-cation, VAL97 and
ARG166 pi-sigma, while rest of the residues including PHE103,
Fig. 7 The predicted 2D and 3D binding modes of TAJ1 against TP53.

© 2023 The Author(s). Published by the Royal Society of Chemistry
LEU89, VAL93, PHE77, and PRO69 develop alkyl and pi-alkyl
linkages.

For caspase-3, TAJ1 shows a docking score of −7.3 kcal-
mol−1, indicating a moderate binding affinity. No specic
hydrogen bonding residues are mentioned, but hydrophobic
interactions occur with TRP206, TRY204, LEU168, and PHE256.
These interactions contribute to the stability of the binding
between TAJ1 and caspase-3. Dabrafenib, on the other hand,
exhibits a docking score of −5.5 kcal mol−1. It forms hydrogen
bonds with LYS138, ASP146, and ARG147 residues, while no
hydrophobic interactions are reported. Fig. 9 illustrates the
presumed 2D and 3D binding modes of compound TAJ1 against
caspase-3.

These ndings provide insights into the potential binding
modes and interactions of TAJ1 and dabrafenib with TP53, NF-
RSC Adv., 2023, 13, 33826–33843 | 33835



Fig. 8 The predicted 2D and 3D binding modes of TAJ1 against NF-KAPPA.
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KAPPA-B, and caspase-3 proteins. However, it is important to
note that these results are based on docking simulations, and
further experimental validation is necessary to conrm the
actual binding capabilities of these compounds with the
respective proteins.

Molecular dynamic simulations. Replica MD simulations
studies were performed to enhance the reliability and accuracy
of the result. However, the main production run is given in
main manuscript while the replica is given in the ESI (Fig. S8).†
These simulations were employed to analyze the conforma-
tional stability of the apo protein and protein–ligand complex.
To analyze the simulation results, root means square deviation
(RMSD) and root mean square uctuation of the apo protein,
ligand and protein-ligand complex was calculated over time.
From Fig. 10A, the RMSD of NEK2 can be predicted, and the
analysis showed that the protein–ligand complex is more stable
than the apo-protein or ligand. Initially, complex seemed to be
stable to 24 ns; aer that it attains more stability to 32 ns. At the
end, the equilibrium is disturbed due to conformational
changes in amino acid residues and the ligand molecule over
Fig. 9 The predicted 2D and 3D binding modes of TAJ1 against caspase
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300 K. It is evident from Fig. 10A that the ligand–protein
complex demonstrated signicant conformational stability
throughout the simulation, with an average root-mean-square
deviation (RMSD) value of 2.96 Å. Remarkably, the apo
protein molecule displayed the highest stability under the given
conditions, as indicated by an average RMSD value of 3.01 Å.
Conversely, the ligand TAJ1 molecule exhibited an average
RMSD of 2.05 Å, indicating its relatively stable conformation
throughout the simulation. These RMSD values collectively
suggest that the system remained well equilibrated and main-
tained structural integrity throughout the simulation time-
frame, compared to the RMSD of TP53 and NEK7. As given in
Fig. 10B, the TAJ1-TP53 complex possesses an average RMSD of
4.76 Å higher than the NEK2 complex. Moreover, it is evident
from Fig. 10C that the TAJ1-NEK7 complex exhibits an RMSD
2.48 Å lower than the NEK2 complex but possesses a higher
degree of instability.

To analyze the exibility of each residue, the RMSF was
calculated and is shown in Fig. 10D, The RMSF average value of
0.94 Å suggests that amino acid residues were stable and exhibit
-3.

© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 10 (A) RMSD trajectories of TAJ1, NEK2 and their protein–ligand complex. (B) RMSD trajectories of TAJ1, TP53 and their protein–ligand
complex. (C) RMSD trajectories of TAJ1, NEK7 and their protein–ligand complex. (D) RMSF trajectory of NEK2 showing the flexibility of the
proteins. (E) RMSF trajectory of TP53 showing the flexibility of the proteins. (F) RMSF trajectory of NEK7 showing the flexibility of the proteins,
which supports the potent ligand–protein interactions.
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low oscillation. It is evident that the ligand was conned within
the active pocket of the protein throughout the simulation time;
however the nature of the interaction varies over time. The
peaks in Fig. 10D show that residues have high vibrational
oscillation, while the valleys show that ligand molecule interact
with residues by strong hydrophobic and hydrophilic interac-
tions. However, Fig. 10E exhibits the RMSF plot of TP53. The
analysis showed that TP53 protein was found to be more exible
than NEK2. Similarly, at 300 K, the RMSF of NEK7 protein
exhibits uctuations resulting in NEK7 instability, as shown in
Fig. 10F.

The intricate electrostatic interactions between the ligand
molecule TAJ1 and the NEK2 protein can be elucidated by
© 2023 The Author(s). Published by the Royal Society of Chemistry
analyzing the amino acid residues involved in hydrogen bond
formation. Upon examining Table 6, a fascinating analysis
emerges, emphasizing the crucial role of specic NEK2, NEK7
and TP53 residues in establishing a robust hydrogen bond
network with the ligand. Particularly noteworthy are the amino
acid residues GLN187, LYS143, ARG164, and TYR193, which
exhibit remarkable affinity for developing hydrogen bonds with
the ligand's side atoms.

This exquisite interaction pattern contributes to the forma-
tion of a nely stable protein–ligand complex, as depicted with
stunning clarity in Fig. 11. The distribution of hydrogen bond
dynamics within the system unveils the capacity for bond
formation and breakage throughout the simulation trajectory,
RSC Adv., 2023, 13, 33826–33843 | 33837



Table 6 Hydrogen bond donor and acceptor groups of TAJ1 against
TP53, NEK2 and NEK7 protein

Sr # Hydrogen bond donor Hydrogen bond acceptor

NEK2-TAJ1 complex
1 GLN187-side TAJ1-side
2 LYS143-side TAJ1-side
3 ARG164-side TAJ1-side
4 TYR193-side TAJ1-side

TP53-TAJ1 complex
1 TAJ1-side TYR92-side
2 ARG203-side TAJ1-side
3 GLN23-main TAJ1-side
4 SER228-side TAJ1-side
5 ASN17-side TAJ1-side
6 TAJ1-side SER228-main
7 TAJ1-side ILE21-main

NEK7-Taj1 complex
1 TAJ1-side ASP179-side
2 TAJ1-side ASP118-side
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encapsulating the ebb and ow of molecular interactions. This
insightful exploration of hydrogen bond uctuations not only
unravels the intricate stability of the system but also offers
captivating glimpses into the profound interplay between the
ligand and protein, ultimately enriching our understanding of
the dynamic forces governing their interaction.

The solvent accessible surface area (SASA) and radius of
gyration (Rg) analysis provide insights into the conformational
changes and structural stability of the apo protein molecule. In
Fig. 12A the SASA analysis of NEK2 peaks indicates regions of
the protein that are more exposed to solvent molecules, sug-
gesting that these regions have a higher degree of exibility and
are not tightly packed. These exposed regions may undergo
conformational changes as the protein progresses, potentially
playing a role in the protein's function and interaction with
other molecules. On the other hand, valleys in the SASA plot
suggest buried residues that are tightly packed and have limited
exposure to solvent. These regions are typically involved in the
stability and folding of the protein, as they form the core
structure of the molecule. Similarly, in Fig. 12B the SASA plot of
Fig. 11 Plot representing number of hydrogen bond interactions of NEK
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TP53 exhibits greater stability of the protein compared to the
SASA plot of NEK7 shown in Fig. 12C. It can be concluded that
TP53 has a more compact structure than NEK2 or NEK7.

The Rg analysis in Fig. 12D provides information about the
compactness of the protein conformation. Trough regions in
the Rg plot indicate periods where the protein adopts a more
globular, well-folded conformation. These regions correspond
to stable conformations of the apo protein, where the residues
are packed closely together, maintaining a compact structure.
On the other hand, crest regions in the Rg plot suggest distorted
conformations with more exible regions of the protein. These
crest regions may represent regions that are less stable or
undergo conformational changes, leading to increased exi-
bility and a more expanded structure.

By combining the information from both the SASA analysis
and the Rg analysis, you can shed light on how the conformation
and stability of the apo protein molecule change over time or
under different conditions. These analyses help in under-
standing the structure–function relationship of biomolecules
and provide valuable information for studying protein
dynamics and stability.

PCA (principal component analysis) and Pearson correlation
are both valuable tools in the analysis of molecular dynamics
(MD) simulations. PCA is commonly used in MD simulations to
reduce the dimensionality of complex datasets and extract the
most important features or motions. By identifying the prin-
cipal components that capture themost signicant variations in
the data, PCA helps researchers gain insights into the essential
modes of motion and understand the underlying dynamics of
the system. Combining PCA and Pearson correlation provides
a comprehensive understanding of the dynamics and relation-
ships within MD simulations. This integrated approach allows
for the identication of key motions, the exploration of corre-
lated motions, and an assessment of relationships between
different properties, contributing to a deeper understanding of
the system under investigation. Fig. 13 illustrates the PCA
analysis of all three complexes.

In the context of MD simulations, Pearson correlation can be
employed to analyze the relationships between different struc-
tural or dynamic properties of biomolecules. For example, it can
be used to examine the correlation between the uctuations of
different residues or domains, providing insights into the
concerted motions and functional dynamics of the system.
2 (A), TP53 (B) and NEK7 (C) protein during MD simulation.
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Fig. 12 (A) Solvent accessible surface area (SASA) plot of NEK2 protein over time. (B) Solvent accessible surface area (SASA) trajectory of TP53
protein over time. (C) Solvent accessible surface area (SASA) trajectory of NEK7. (D) Radius of gyration (Rg) trajectory of NEK2 protein over time. (E)
Radius of gyration (Rg) trajectory of apo protein TP53. (F) Radius of gyration (Rg) trajectory of NEK7 protein over time.
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Pearson correlation can also be used to assess the correlation
between different properties, such as the correlation between
protein exibility and ligand binding affinity. PCA and Pearson
correlation can be used together to enhance the analysis of MD
simulations. PCA can be applied to reduce the dimensionality of
the data and identify the most relevant variables or principal
components. Subsequently, Pearson correlation can be used to
analyze the relationships between these reduced variables or
principal components, providing insights into the correlated
motions or interactions within the system. Fig. 14 demonstrates
the Pearson correlation of NEK2, NEK7 and TP53.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Free binding energy calculations
(MMGBSA/MMPBSA)

Molecular dynamics simulations are widely used for studying
protein–ligand interactions, and the accurate calculation of
binding affinities and the free energy landscapes is crucial. Two
commonly employed methods for this purpose are the molec-
ular mechanics/Poisson–Boltzmann surface area (MMPBSA)
and molecular mechanics/generalized Born surface area
(MMGBSA) approaches. The MMPBSA method combines
molecular mechanics calculations with Poisson–Boltzmann
RSC Adv., 2023, 13, 33826–33843 | 33839



Fig. 13 (A) Principal component analysis of NEK2. (B) Principal component analysis of NEK7. (C) Principal component analysis of TP53.

RSC Advances Paper
and surface area terms, involving molecular dynamics simula-
tion, energy calculation, and free energy calculation. The energy
calculation decomposes the system's total energy into different
Fig. 14 (A) Pearson correlation of NEK2. (B) Pearson correlation of NEK

33840 | RSC Adv., 2023, 13, 33826–33843
components, while the free energy calculation uses the Pois-
son–Boltzmann equation and surface area term to account for
solvation energies. In contrast, MMGBSA employs the
7. (C) Pearson correlation of TP53.

© 2023 The Author(s). Published by the Royal Society of Chemistry



Table 7 MMGBSA and MMPBSA analyses of simulated complexes

Complex VDWAALS (kcal mol−1) EEL (kcal mol−1) EGB (kcal mol−1) ESURF (kcal mol−1)
Gibbs free energy
(DG kcal mol−1)

NEK7-TAJ1 complex −55.8287 −8.4647 33.979 −7.2579 −37.5722
NEK2-TAJ1 complex −83.2802 −21.2883 50.4218 −9.1075 −63.2542
TP53-TAJ1 complex −80.6956 −22.5581 47.3451 −9.2963 −65.2049

Complexes VDWAALS (kcal mol−1) EEL (kcal mol−1) EPB ENPOLAR EDISPER
Gibbs free energy
(DG kcal mol−1)

NEK7-TAJ1 complex −83.2802 −21.2883 63.453 −53.8014 97.1305 2.2136
NEK2-TAJ1 complex −55.8287 −8.4647 46.176 −39.9491 72.9081 14.8416
TP53-TAJ1 complex −80.6956 −22.5581 63.895 −55.7848 96.7935 1.6499
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generalized Born approximation and involves the same three
steps as MMPBSA. However, MMGBSA uses the generalized
Born model to estimate solvation energy, making it computa-
tionally less expensive and suitable for larger systems. While
MMPBSA is known for its accuracy in capturing electrostatics
and solvation effects, MMGBSA is preferred for high-
throughput virtual screening due to its computational effi-
ciency. Ultimately, the choice between MMPBSA and MMGBSA
depends on the specic research goals and system character-
istics, with MMPBSA offering higher accuracy but at a higher
computational cost, while MMGBSA provides a more efficient
approach for larger systems. In the current study, both
approaches were utilized to estimate the free binding energies
observed during MD simulations for all complexes. Poisson–
Boltzmann calculations were performed using an internal PBSA
solver in mmpbsa_py_energy, whereas the generalized Born
ESURF was calculated using LCPO surface areas. Table 7
provides the MMGBSA and MMPBSA free energy calculations of
all complexes.

Conclusions

The benzotriazole derivative bis(3-(2H-benzo[d][1,2,3]triazol-2-
yl)-2-(prop-2-yn-1-yloxy)-5-(2,4,4-trimethylpentan-2-yl)phenyl)
methane (TAJ1) was synthesized and its inhibition potential
against various proteins was predicted by in silico studies. XRD
analysis conrmed the structure of the synthesized compound,
showing that it possesses two aromatic parts linked via a CH2

carbon with a bond angle of 108.40°. Density functional theory
(DFT) calculations were performed to analyze the HOMO–
LUMO analysis and global chemical reactivity descriptors of
TAJ1. The HOMO–LUMO energy gap was determined to assess
the molecule's chemical reactivity and stability. The compound
exhibited a HOMO energy of −0.224 eV, a LUMO energy of
−0.065 eV, and a HOMO–LUMO gap of 0.159 eV. Molecular
docking analysis was conducted to evaluate the binding affini-
ties of TAJ1 with various proteins. The compound showed
potent interactions with NEK2, NEK7, NEK9, TP53, NF-KAPPA-
B, and caspase-3 proteins, indicating its potential as a thera-
peutic agent. The binding energies and interacting amino acid
residues were analyzed for each protein. Furthermore, MD
simulation studies showed that the stability of these
© 2023 The Author(s). Published by the Royal Society of Chemistry
interactions is crucial because it ensures that compound TAJ1
remains tightly bound to the target proteins, increasing its
potency as a therapeutic agent. By forming stable interactions
with the active pocket, compound TAJ1 effectively inhibits the
activity of NEK2, NEK7, NEK9, TP53, NF-KAPPA-B and caspase-3
which are known to play critical roles in cancer progression.
Overall, these molecular dynamic simulation studies provide
compelling evidence that compound TAJ1 has the ability to
develop stable interactions with the active pocket regions of
NEK2, suggesting its potential as a promising therapeutic agent
for the treatment of cancer. The importance of hydrogen bonds
in the studied system has been further conrmed, consoli-
dating their signicance. Despite existing limitations in the
simulation methodology, we meticulously addressed these
factors to guarantee the reliability of our results. Compound
TAJ1 exhibits promising potential for optimization as a thera-
peutic agent targeting NEK2. These ndings make a substantial
contribution to the current understanding and create a pathway
for the future development of highly effective and innovative
anticancer treatments.
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