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Abstract

Acute lymphoblastic leukemia (ALL) is the most common cancer in childhood; 30-50% of
its cases are caused by the BCR-ABL1 fusion gene as a driver oncogene. In this research
work, a study of the cytotoxic properties of phthalimido-1,3-thiazole derivatives against
the BCR-ABL protein PDB ID: 4WA9 was carried out using a combination of different
computational chemistry methods, including a molecular docking/dynamics study and
ADM-T evaluation. Six top hits were identified based on their free energy scores, namely
4WA9-L.21, 4AWA9-L20, 4WA9-L22, 4WA9-L19, 4WA9-L18 and 4WA9-L18, which demon-
strated better binding affinity (from —8.36 to —9.29 kcal/mol). Furthermore, MD studies
support the molecular docking results and validate the stability of the studied complexes
under physiological conditions. These results confirm that the hits selected are verifiable in-
hibitors of the BCR-ABL protein, implying a good correlation between in silico and in vitro
studies. Moreover, in silico ADME-TOX studies were used to predict the pharmacokinetic,
pharmacodynamics, and toxicological properties of the studied hits. These findings support
the future role of phthalimido-1,3-thiazole derivatives against the ALL disease and may
help to find a new therapeutic combination of drugs to treat relapsed acute lymphoblastic
leukemia and improve overall survival.

Keywords: Ph+ ALL; BCR-ABL; molecular docking; dynamic simulations; ADME-T

1. Introduction

Acute lymphoblastic leukemia (ALL) is the most common cancer in childhood [1];
30-50% of its cases are caused by the BCR-ABL1 fusion gene as a driver oncogene [2]. The
translocation between the BCR gene region on chromosome 9 and the ABL proto-oncogene
1 (ABL1) gene on chromosome 22 promotes the development of Philadelphia chromosome-
positive leukemia [3]. The ABL1 kinase domain has recently garnered significant attention
as a promising molecular target for the development of Philadelphia chromosome-positive
acute lymphoblastic leukemia (Ph+ ALL) treatment. Patients with acute lymphoblastic
leukemia suffer from drug resistance. Although there are ABL1 kinase inhibitors with
remarkable efficacy, this did not prevent the relapse and resistance of treatments for this
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cancer; this itself even remains an ongoing challenge [4]. To this end, a recently synthesized
series of phthalimido-1,3-thiazole derivatives [5] were collected to predict their cytotoxic
properties against the ABL1 kinase domain using different computational chemistry meth-
ods such as molecular docking, MD simulation, and in silico ADME-TOX evaluation in
order to contribute to the development of new (Ph+ ALL) inhibitors.

The proteins’ ability to interact with small molecules plays a crucial role in shaping
the dynamics of proteins and therefore impacting their biological functions [6]. Molecular
docking was employed for the purpose of predicting the interactions between the ABL1
kinase domain and the studied small molecules. Furthermore, molecular dynamics sim-
ulations (MDS) were conducted for the most optimal complexes chosen based on their
stability. Additionally, the absorption, distribution, metabolism, excretion, and toxicity
(ADME-T) properties of novel pharmaceutical compounds have garnered increased interest
in drug discovery [7]. In addition, the ADME-T and drug-likeness outcomes demonstrated
the favorable pharmacokinetic proprieties and oral bioavailability of these substances.
Consequently, the identified compounds are viable candidates for additional scrutiny and
enhancement to craft novel lead compounds with enhanced efficacy against Philadelphia
chromosome-positive ALL.

2. Materials and Methods

The 22 inhibitors used in our work are derivatives of phthalimido-1.3-thiazole. The
optimization of the structures was carried out by molecular mechanics with the force field
(MM+) implemented in the Hyperchem software [8]. Molecular docking and dynamic
simulations of ligands and the crystal structure of human ABL1 kinase domain (PDB ID:
4WA9) were carried out using MOE 2014 (Molecular Operating Environment MOE) [9].

3. Results
3.1. Molecular Docking

A molecular docking study was conducted for the twenty-two phthalimido-1,3-thiazole
derivatives with the human ABL1 kinase domain in the 4WA9 protein PDB structure.

The total score energy results of the docked complexes with their distances, types
of interactions, key residues, and atoms involved in the compounds and the receptor for
the 4WAO target, are summarized in Table 1, in this study the doxorubicin was taken as
a reference.

Table 1. Docking score and interactions between compounds and active site amino acid residues of
target 4WAO9.

Complex E Score RMSD Bonds Between Compound Atoms and Active Site Residues
kcal/mol
Compound The Atoms Residues Type of Distance E
Involved at the Involved at the . 2
Atom Interactions (A) (kcal/mol)
Receptor Receptor
023 N GLY 254 [A] H-acceptor 3.04 -1.8
1 _
Doxo 7.7475 17921 6-ring CcG2 ILE 313 [A] Pi-H 449 05
S31 @) GLU 316 [A] H-donor 3.94 - 09
L17 —84152 28512 5-ring 6-ring PHE382 [A] Pi-Pi 3.60 ~ 00
N 26 6-ring GLU 316 [A] H-donor 2.93 —0.6
L18 —83629  2.0503 5-ring CB ASP 381 [A] Pi-H 3.74 —06
119 85473 13127 5-ring CD LYS 271 [A] Pi-H 3.84 —0.5

5-ring CB PHE 382 [A] Pi-H 3.78 -0.7
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Table 1. Cont.

Complex E Score RMSD Bonds Between Compound Atoms and Active Site Residues
kcal/mol
Compound The Atoms Residues Type of Distance E
Involved at the Involved at the . 2
Atom Interactions A) (kcal/mol)
Receptor Receptor
6-ring CA LGL250 [A] Pi-H 4.30 —0.5
L20 —91532 17784 5-Ring 6-ring PHE 382 [A] Pi-H 3.61 —0.0
S3 (@) GLU 316 [A] H-Donor 3.93 -1.0
6-ring CA TRY 253 [A] Pi-H 3.81 -1.0
L21 —92920  2.5193 5-ring CcG2 VAL 256 [A] Pi-H 442 05
6-ring PHE PHR 382 [A] Pi-Pi 3.92 -0.0
5-ring CD LYS 271 [A] Pi-H 4.15 —0.6
N 22 6-ring TRY 253 [A] H-Pi 391 -15
L22 —9.0292 1.9701 5-ring CG2 VAL 256 [A] Pi-H 4.36 —0.5
6-ring CD2 LEU 301 [A] Pi-H 4.52 —0.5
5-ring CB PHE382 [A] Pi-H 4.15 —0.5

I Doxorubicin medication as a reference.

Doxorubicin has score energy of —7.75 kcal /mol with the formation of two H-acceptor
and Pi-H type interactions.

The six best compounds are ordered according to their affinity for the formation of
stable complexes with the 4WA9 enzyme as follows: L21 > 120 > 122 >L19>L17 > L18
with energy scores —9.29, —9.15, —9.02, —8.54, —8.41 and —8.36 (kcal/mol), respectively.

L21 gives the best energy score compared to the other compounds (—9.29 kcal/mol),
Figure 1 indicates the 2D and 3D interaction diagrams between the active site of 4WA9
and L21.

Gly

Figure 1. Two dimensional and three-dimensional interactions illustration of 4WA9-active site
and L21.

3.2. Molecular Dynamic Simulation
3.2.1. Ligand-Active Site Interactions

The complexes obtained from molecular docking are used as input in the simulation
process for time intervals of 600 Ps each, and the potential energy value was collected every
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0.5 ps. The results obtained are represented by curves of the potential energy U (kcal/mol)
as a function of the simulation time (Ps) for the 4WA9-ligands complexes (Table 2).

Table 2. Different interactions result from the MD simulation.

Complex Bonds Between Compound Atoms and Active Site Residues
Compound The Atoms Involved  Residues Involved Type of Distance E
Atom at the Receptor at the Receptor Interactions (A) (Kcal/mol)
4wa9-L 17 5-ring CA GLY 321 Pi-H 3.49 -0.8
N 25 OG1 THR 315 H-donor 2.76 —-2.7
S35 @) GLU 316 H-donor 3.60 -0.7
Awad-L 18 N 50 O GLY 250 H-donor 2.51 -3.8
wazs 052 CA GLY 321 H-acceptor 3.44 09
052 N ASN 322 H-acceptor 3.23 -19
052 ND2 ASN 322 H-acceptor 2.68 —6.6
N 15 OD1 ASP 381 H-donor 2.66 -7.8
dwa9-L 19 C36 @) MET 318 H-donor 3.38 -0.8
wazs 013 0G1 THR 315 H-acceptor 2.75 -20
N 37 OH TYR 253 H-acceptor 3.00 -1.0
N 15 OG1 THR 315 H-donor 2.82 —4.0
S21 0OG1 THR 315 H-donor 3.55 -1.3
014 N NME 272 H-acceptor 2.73 -3.0
4wa9-L 20 N 37 OH TYR 253 H-acceptor 2.64 —22
6-ring CD1 LEU 248 Pi-H 4.52 -0.6
5-ring CG1 VAL 256 Pi-H 4.65 -0.6
6-ring CA GLY 321 Pi-H 4.49 -11
S5 0G1 THR 315 H-donor 4.05 —0.6
5-ring CD1 LEU 301 Pi-H 431 -0.6
4wad-1.21 6-ring CB ASN 322 Pi-H 4.00 12
6-ring ND2 ASN 322 Pi-H 3.97 -0.8
5-ring CG LYS 271 Pi-H 3.90 -1.2
4wad-L. 22 6-ring CA GLY 321 Pi-H 3.97 ~0.9

In the 4WA9—L17 complex, the L17 ligand forms a weak bond with the 4WA9 receptor
Pi-H type with the GLY 321 residue (3.49 A).

The 4WA9-L18 complex presents three H-donor bonds: two strong bonds with THR
315 and GLY 250 of lengths 2.76 A and 2.51 A; a weak bond with residue GLU 316 of length
3.60 A. We noted a formation of two other weak H-acceptor bonds with GLY 321 and ASN
322 of length 3.44 A. 3.23 A. We also noted the formation of a strong H-acceptor bond with
ASN 322 distance (2.68 A).

The 4WA9—L19 complex has two H-donor bonds with ASP 381 and MET 318 (2.66 A,
3.38 A) and two H-acceptor bonds with THR 315 and TYR 253 (2,75 A and 3,00A).

The 4WA9—120 complex represents several interactions: two H-donor bonds with
THR 315 (2.82 A, 3.55 A) and two strong H-acceptor type bonds with NME 272, TYR 253
(2.73 A, 2.64A).

In the 4WA9—L21 complex, we notice the formation of three weak Pi-H type inter-
actions with LEU 301, ASN 322 (4.31 A 4.00 A 3.97 A), and a weak H-donor bond with
THR 315 (4.05 A).

The 4WA9—-L22 complex presents two weak Pi-H type interactions with LYS 271 and
GLY 321, (3.90 A, 3.97 A).

3.2.2. Potential Energy During Simulation Time

The variation in the potential energy during time of complexes, 4WA9—-L17,
4WA9—-L18.4WA9—-119, 4WA9—-1.20, 4WA9—-121, and 4WA9—1.22, is shown in Figure 2.
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Figure 2. Potential energy U (kcal/mol) variations as a function of time of the studied complexes (a) U
of 4WA9—-L17, (b) U of 4WA9—L18, (c) U of 4WA9—L19, (d) U of 4WA9—L20, (e) U of 4WA9—-L121,
(f) U of 4AWA9—-L22.

In all cases, the trajectories exhibit a characteristic two-phase behavior. During the
initial stage of the simulations (first 50 to 100 ps), a pronounced fluctuation and rapid
decrease in potential energy is observed, reflecting the relaxation of unfavorable steric con-
tacts and the progressive adjustment of atomic interactions following system initialization
and energy minimization. This equilibration phase corresponds to solvent reorganization,
relaxation of protein-ligand contacts, and redistribution of electrostatic interactions.
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After this initial relaxation period, the potential energy profiles converge toward stable
plateaus, with only small-amplitude fluctuations around their respective mean values for
the remainder of the simulation (600 ps). The absence of long-term drifts or systematic
energy trends indicates that all systems reached thermodynamic equilibrium and remained
stable throughout the production phase. Such behavior confirms that the applied simulation
protocols and force-field parameters were appropriate and that no artificial instabilities or
structural disruptions occurred during the simulations.

Notably, although the absolute potential energy values differ among the systems, the
overall energy convergence patterns are highly consistent. Systems displaying slightly
lower average potential energies (4WA9—L18, 4WA9—-L19, 4WA9—-120, 4WA9—L21, and
4WA9—122) suggest more favorable interactions, which may reflect enhanced stabilization
of the corresponding complexes.
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