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Drug delivery based on nanocages is helpful in nanomedicine with the minimum side effects and targeting drugs in the cancer cell.
Bendamustine, an anti-cancer drug, inhibits the activity of cancer cells in humans and is broadly used in the therapy of breast cancer. The
interaction of single Bendamustine and Bendamustine@AI/B-N/P nanocages with P53 protein was studied. In this study, molecular docking
and molecular dynamics simulations (MD) were conducted to investigate the interaction of some of the Bendamustine, Al/B-N/P nanocages
with the P53 protein. The best pose of the configuration of Bendamustine and Bendamustine@A1/B-N/P nanocages in the active sites of the
P53 protein results in negative binding energies. Complexes of Bendamustine@B12N12 and Bendamustine@B12P12 with P53 protein have the
most binding energy. In addition, MD simulation was done on the stable complexes with high binding energy to recognize the structural
changes in the complexes of Bendamustine, Bendamustine@B12N12, and bendamustine@B12P12 nanocages with P53 protein. Studies
illustrated that B12N12 and B12P12 could serve as drug carriers for delivering the Bendamustine drug in a targeted procedure for inhibiting the

P53 protein. In-silico studies are important parts of the structure-based drug design process that displayed that nanocages are suitable sensors

for the Bendamustine drug.
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INTRODUCTION

Bendamustine, 4-(5-(Bis (2-chloroethyl)

methyl-1H-benzo [d]imidazol-2-y1”) butyric acid, consists of

amino)-1-

a butyric acid side chain, a benzimidazole ring, and a 2-
chloroethylamine alkylating group [1]. It is an alkylating and
antimetabolite agent [2] used as a chemotherapeutic drug [3].
Also, the bendamustine drug has been used in the treatment
of diseases such as chronic lymphocytic leukemia (CLL),
indolent lymphoma, and refractory rituximab illness [4].
Prosperous and acceptable delivery of Bendamustine as an
anticancer drug is essential in the treatment of non-Hodgkin
lymphoma (NHL), multiple myeloma, and chronic lymphatic
leukemia (CLL) patients. A perfect drug delivery should have
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suitable physicochemical and biocompatibility properties.
Nanocages (fullerene-like nanomaterials) are widely used in
pharmaceutical applications due to their chemical and
physical properties in specific band gaps [5-7]. Nanocages,
as nanocarriers, can make drug delivery to cells easier and
can decrease the toxic effects of anti-cancer drugs [8].
Recently, it has been reported that boron nitride (B12Ni2) and
boron phosphide (Bi2Pi2) nanocages can be used for drug
delivery due to their nontoxic nature and great adsorbing
capacity [9]. The effect of chemical order on the
of BN
nanocages has been investigated by Escobedo-Morales et al.

physicochemical and structural properties
[10] with molecular dynamics and density functional theory
approaches.

Molecular docking analysis has an important role in
computer-aided drug design (CADD) and the biology of
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structural molecular biology [11]. Also, this computational
method is used for evaluating the binding affinity between
protein and ligand [12]. The use of molecular dynamics
simulation can be useful in designing drug delivery systems
on an atomic scale and obtaining drug stability. Ramana et al.
have performed investigations of quantum mechanical and
molecular docking on the anti-cancer drug Bendamustine.
They have applied the DNA binding protein of cellular tumor
antigen P53 for molecular docking [13]. Shyma Mary et al.
have investigated the interaction of the Sorbic acid drug with
fullerene-like nanocages by molecular docking and the DFT
method [14].

Studies of complexes of Bi2N2 and B12CaN, nanocages
with the Penicillamine drug as potential inhibitors of
proinflammatory cytokines have been performed using
ADMET, molecular docking, and DFT analysis [15]. Also,
single-walled carbon nanotubes as drug delivery systems for
the anticancer Doxorubicin have been studied by molecular
dynamics (MD) simulations [16]. Apoferritin-nanocage has
been used as drug delivery for the combination of
doxorubicin and docetaxel drugs using molecular docking
[17]. B12Ni2 has been investigated as a drug carrier for the 5-
fluorouracil (SFU) drug with the DFT approach by Aktas and
coworkers [18]. Also, they have found that both the SFU and
SFU@B2N12 complexes are helpful in inhibiting vascular
endothelial growth factor receptors with the use of docking
scores and interaction energies from docking calculations.
Studies of molecular docking simulations have been
performed on the encapsulation of antiviral favipiravir drug
into carbon nanotubes (C-C, Al-N) with dispersion-corrected
DFT calculation [19]. Also, the inflammatory activity of
thiazole by Bi2Ni2 and OH-B2Ni> nanoclusters has been
studied with molecular docking, ADMET, and DFT
calculations [20]. Adsorption behavior of glycine with BN
and Bi2Ni2 nanoclusters has been investigated as potential
inhibitors of proinflammatory cytokines by molecular
modeling and simulation [21].

Recently, the interaction of bendamustine anti-cancer
drug with AI/B-N/P nanocages has been studied by the DFT
approach and the B3LYP/6-31G(d,p) calculations and has
demonstrated that Bi,P;2 and B12Nj2 nanocages are suitable
for drug delivery. All studied nanocages were suitable
nanocarriers for detecting the Bendamustine drug. Based on
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BioP12 and BiNp
demonstrated more favorable for drug delivery than Al;,P1»
and A112N12 [22]

their desorption time, nanocages

COMPUTATIONAL DETAILS

The structures of the Bendamustine drug and complexes
of Bendamustine with Al/B-N/P nanocages as ligands are
obtained from the output from DFT optimization at
B3LYP/6-31G(d,p) level theory, in which the most stable
configurations were selected. The structures of complexes of
Bendomustine with Bi:Pi2, BiaNis, AlioNi2, and AliPi2
nanocages are shown in Fig. 1.

Molecular Docking Methods

Molecular docking, a suitable method for evaluating the
binding affinity between protein and ligand, was performed
using the Auto Dock 1.5.6 software package [23]. The crystal
structure of the DNA binding protein of Cellular Tumor
Antigen P53 (PDB ID: 6SHZ) was acquired from the Protein
Data Bank (PDB) [24]. In the first step, the protein model
was improved by increasing hydrogen atoms using the Auto
Dock builder module. The protein molecule was retained
rigid, while all the torsion angles in the small molecules
except the nanocage atoms were set to rotate freely. The grid
box size and center were set at 70 x 70 x 70 A3 and 119.547,
89.021, and -26.722 for x-, y-, and z-coordinates to allow the
ligand to rotate freely.

To get the optimized scoring function and the most
conformation with 200 separated docking calculations,
including the full 25,000,000 energy assessments, the
Lamarckian genetic algorithm [25] was employed. Also, a
mutation rate of 0.02, the maximum number of 27,000
generations, a crossover rate of 0.80 with cluster tolerance of
2 A, and a population size of 150 were used. Gasteiger
charges [26] are calculated for allocating atomic charges. The
optimal docking pose was selected based on the lowest free
energy of binding in the highest-populated cluster and
interactions of the ligand with active sites of protein were
analyzed automatically using the PyMOL molecular graphics
system of docking as a powerful molecular viewer with
exceptional 3D capabilities [27].
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Fig. 1. The optimized structures of Bendamustine@B 12N> (A), Bendamustine@B,P1> (B), Bendamustine@Al;2N12 (C)

and Bendamustine@Al P> (D).

Molecular Dynamics Simulations

Molecular dynamics (MD) simulations were carried out
in order to investigate protein folding, protein stability,
conformational changes, dynamical behavior, and molecular
recognition. The properties of the dynamic and the flexibility
of the protein of cellular tumor antigen p53 were studied
according to the topology of local contacts by the MD
simulations. The Gromacs 2019.6 package with the
Amber99SB  force field [28] was
simulation of cellular

used for the
tumor antigen P53 protein

in free form and its complex with one ligand

(Bendamustine, Bendamustine@B,2Ni» nanocages, and
Bendamustine@B,P 1, nanocages) in a cubic box of water.
The most stable and best poses of conformation with the
lowest docking free energy were selected for MD

simulations. The ACPYPE tool based on Python was used for
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the parameters of the force field [29]. The tip3p model was
applied for implicating water molecules, and suitable counter
ions were applied for the neutrality of charge in the systems.
The steepest descent method was applied to each system for
energy minimization. In the following, the procedure of
position restraint was done with NPT (constant temperature
and constant pressure) and NVT (constant temperature and
constant volume) ensembles. The constant temperature of
310 K and the constant pressure of 1.0 bar were utilized at a
time duration of 200 ps for systems equilibration [30-33].
The Particle-Mesh Ewald method for the computation of
interactions of van der Waals and the Lincs (Linear
Constraint Solver) algorithm for constraints of the covalent
bonds were used [34-35]. In the end, trajectories with a length
of 150 ns and a time integration step of 2 fs were recorded
using the leap-frog algorithm.



Madadi Mahani ez al./Phys. Chem. Res., Vol. 12, No. 3, 753-762, September 2024.

Table 1. Molecular Docking Properties for the Best-docked Structure (Energies are in kcal mol!)

System AG binding ki Intermolecular energy Internal energy
(M)

Protein-Bendamustine -6.34 22.70 -9.02 -0.87

Protein-Bendamustine@B12N12 -5.77 57.90 -10.47 -2.37

Protein-Bendamustine@B12P 12 -5.82 54.09 -12.13 -1.54

Protein-Bendamustine@Al12N12 -5.72 64.56 -12.58 -2.18

Protein-Bendamustine@Al12P 1> -5.67 68.41 -11.53 -1.84

RESULTS AND DISCUSSION

Molecular Docking Study

The molecular docking calculations were performed for
systems of P53 protein and bendamustine drug and
complexes of bendamustine with Bi,P12, B1oNi2, Al12Ni2, and
Al2P12 nanocages as ligands. Docking properties for the best
configuration of P53 protein-ligand, such as binding energy,
intermolecular energy, inhibition constant (kI), and internal
energy for the best-docked structures, have been listed in
Table 1. The binding energy with negative values illustrated
that the binding nature of these compounds as the drug with
the P53 protein is strong, and the simple drug has the highest
binding energy. Also, the simple drug has the smallest
inhibition constant (kI). Almost all systems have an
inhibition constant close to that of the pure drug.

Structures of the best configurations of protein-ligand
have been generated by using the PyMOL program, as
illustrated in Figs. 2 and 3. Also, the hydrophobic contacts
for binding to the ligand are shown in Figs. 2 and 3. Simple
drugs form hydrogen bonds with Asn200, His233, and
Glu198. Bendamustine@B 1N, and Bendamustine@Al2P1>
form one hydrogen bond with Lys139 and His233,
respectively. However, both Bendamustine@Bi,P> and
Bendamustine@Al2Ni» form two hydrogen bonds with
GIn100 and Thr102. The number of hydrogen bonds in four
systems compared to simple Bendamustine is less, but the
length of hydrogen bonds is suitable. All studied compounds
get grooved within the binding pocket on the P53 protein
basis on the electrostatic surfaces.
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Fig. 2. The docked protein-ligand complexes with
hydrogen bond interactions:  Bendamustine (A),
Bendamustine@B 12N> (B), and Bendamustine@B12P1> (C).
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Fig. 3. The docked protein-ligand complexes with

hydrogen bond interactions: Bendamustine@Al;>N» (D) and
Bendamustine@Al2P12 (E).

Molecular Dynamics Simulations

Based on the results of DFT calculation [19] and
molecular docking, molecular dynamics simulation was
carried out to explore the stability of the Bendamustine,
Bendamustine@B 12N>, and Bendamustine@Bli2P 1>
ligands to the binding sites of the P53 protein. According to

as

the topology of local contacts, the dynamic properties and
flexibility of the P53 protein were studied by computational
methods. The time of simulation of 150 ns in creating the
ligand complexes was subjected.

The Root mean square displacement (RMSD) of complexes
was studied to investigate their dynamic properties and the

structure of the complexes. The RMSD was defined based on
Eq. (1):

n 2
RMSD = |2i=0%t (1)
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Where & displays the interval between the n pairs of
analogous atoms and n displays the total number of atoms
evaluated in the computation. The backbone RMSD of the
P53 protein is displayed in Fig. 4.

The RMSD of protein-
fluctuation than  protein-Bendamustine@Bi:Ni>  and
protein-Bendamustine@B1,P1>. The RMSD of protein-
Bendamustine@B 12N> and protein-Bendamustine@B 2P 1>

Bendamustine has more

were more stable during stabilization in comparison to
protein-Bendamustine. The RMSD of protein-Bendamustine
received a maximum deviation of 15 ns.

Also, overall, with a simulation period of 150 ns, the
hydrogen bond interactions are illustrated in Fig. 5. More
hydrogen bonds between Bendamustine@Bi:N;> and
water molecules than Bendamustine@B P12, prepare an
appropriate environment for the drug molecule in the system
of Bendamustine@B 12N> within the transmission to the cell.
The plots of root mean square fluctuations (RMSFs) were
used for evaluating the motility and flexibility of the residues

(Fig. 6). RMSF was indicated as Eq. (2):

RMSF (i) = \/(R; — (Ry)?) 2
where R; represents the position vector of “i” atom. The

greater flexibility of a complex is related to the higher values
of RMSF.

—Free protein

— Protein-Bendamustine
Protein-Bendamustine@B12N12

— Protein-Bendamustine@B12P12

0.8

RMSD (nm)

Al
0.6 |" .]‘
{

04

' !
“[ il

Wy

02

i

0

0 30 60 90

Simulation Time (ns)

Fig. 4. The RMSD of the backbone atom of the P53 protein
over a time period of 150 ns.
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Fig. 5. The total number of hydrogen bonds produced during
the simulation period of 200 ns.

758

0.8
— Free protein
— Protein-Bendamustine
0.7
Protein-Bendamustine@B12N12
~— Protein-Bendamustine@B12P12
0.6
~ 05
£
&
£ 04
o
03
02
|
0.1

=)

50 100 150 200 250

Simulation Time (ns)
Fig. 6. RMSF values of backbone atoms of P53 protein
during the entire simulation time, in the absence and
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presence of Bendamustine, Bendamustine@B,Ni,, and
Bendamustine@B2P12.

The RMSFs of all complexes illustrated the fluctuation
under 0.6 nm. The complex Bendamustine@B,P1> with the
P53 protein displayed more deviation in the time simulation.
The RMSFs of the
Bendamustine@B1,N2 with the P53 protein demonstrated

complexes Bendamustine and
almost the same deviation (Fig. 6). The most stable residues
of the caspase-3 protein are those whose RMSF value is less
than 0.20 nm.

The radius of gyration (R,) was used for the analysis of the
structural flexibility of the complexes, which is defined as the
root mean square distance of the objects from each atom of
protein to their center of mass and is a criterion for the
compactness of protein. The higher values of R, signify that
the protein’s compactness is looser and weaker. The R, was

defined based on Eq. (3):

_ Zlivzl(ri_rconf)z
Ry = [P Teons)”

where N denotes the total number of protein atoms, 1;
signifies an atom’s position, and 7.,y represents the

3)

protein’s center of mass.
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The graphs of R, the P53 protein with three ligands are
represented in Fig. 7. These complexes are steady within the
simulation of 150 ns. The plots of R, have the same patterns
as the average R, values in the region at 2.4 nm. Furthermore,
at simulation times 50-70 ns, the free P53 protein deviates
from 2.4 nm. R, values of Protein-Bendamustine@B 2N
and Bendamustine@B ,P1, are almost the same.

With investigation values of solvent-accessible surface
area (SASA), the stability and susceptibility of proteins to
solvent molecules can be evaluated (Fig. 8). The lower SASA
value of the protein in the complex displays its relatively
compact nature compared to the pure structure. The
of SASA
Bendamustine@B1,P12 and protein-Bendamustine have the
least amount of SASA. On the other hand, the SASA values
of protein-Bendamustine@B1,P1» are closer to protein-

maximum  values related to protein-

Bendamustine.

Molecular dynamics (MD) simulation is a method in the
design of drug delivery mechanisms that is used as an in
silico means in computationally assisted design (CAD). MD
simulations can anticipate the intermolecular interactions and
properties of drugs at the atomistic level and evaluate and
control the conformational behaviors of the atoms and

32
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Fig. 7. Time dependence of the radius of gyration (Rg) for
the backbone atoms of P53 protein during the simulation,
in the absence and presence of Bendamustine,
Bendamustine@B 1N 2, and Bendamustine@B 2P 1.
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Fig. 8. Total SASA of P53 protein during the simulation,
in the absence and presence of Bendamustine,
Bendamustine@B 12N, and Bendamustine@B,P 1.

molecules, which accredit the results of the molecular
docking. We suggest that the adsorption of Bendamustine
drug on the doped nanocages be investigated which causes an
increasing solubility of the drug and has greater more
thermodynamic advantages than pure nanocages.

CONCLUSION

The molecular docking is performed to explore
detailed information about systems of the Bendamustine,
Bendamustine@B 2N 2, Bendamustine@B 2P,
Bendamustine@Al 2N, and Bendamustine@Al 2P12-P53
proteins. The active sites of the P53 protein in interaction
with the studied ligands are specified. In addition, the
molecular dynamics simulation of Bendamustine,
Bendamustine@B12N2, and Bendamustine@B,P1, were
applied to accurately infer the conformational changes in
ligand-protein complexes. The analysis of the MD results
reveals that the studied ligands move into the active site due
to the formation of hydrogen bonds and polar interactions.
The best stable complex has the highest mean RMSD, which
resulted from analysis of the MD trajectories. The complexes
of Bendamustine and Bendamustine@Bi:Ni» with P53
protein are stable. The results clearly illustrated that BN,
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and Bi2P1» could serve as drug carriers for delivering
Bendamustine drug in a targeted procedure. The Bi12Nj» and
Bi2Pi2-based drug delivery vehicles can be suitable
anticancer therapeutic formulations and are helpful in
inhibiting the P53 protein. Also, these complexes can be used
in the identification and development of novel compounds.
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