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Abstract: This study deals with the computational design and assessment antibacterial activities of two Schiff base ligands, specifically
L1, identified as (E)-3-((4-aminobenzyl)imino)-1-benzylindolin-2-one, and L2, identified as (Z)-3-((4-aminophenyl)imino)-1-
benzylindolin-2-one, with the objective of developing potential therapeutic agents against drug-resistant strains of Mycobacterium
tuberculosis. Global reactivity parameters, including HOMO/LUMO energies, energy gap, hardness, softness, electronegativity, and
electrophilicity of the compounds were ascertained through Density Functional Theory (DFT) computations executed with the ORCA
6.1.1 software package. The SwissADME and ProTox 3.0 platforms were utilized for ADMET profiling to evaluate physicochemical,
pharmacokinetic, and toxicological characteristics of the compounds. Molecular docking simulations were conducted against the M.
tuberculosis target protein in Dockey. Both ligands were found to adhere to Lipinski's rule of five, suggesting favorable oral
bioavailability, and exhibited binding affinities of —9.04 kcal/mol for L1 and —8.82 kcal/mol for L2, thereby exceeding that of the
established drug isoniazid (—6.57 kcal/mol). These results indicate that while L1 and L2 serve as promising foundational structures for
the development of anti-TB therapeutics, subsequent structural refinement and measures to mitigate toxicity are imperative prior to
progression to preclinical stages.
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Introduction

Tuberculosis (TB) is an infectious disease caused by bacteria called Mycobacterium tuberculosis. The bacteria usually
cause an infection in the lungs, but it can affect other parts of the body, such as the kidney, spine, brain, and lymph nodes. If not
treated properly, tuberculosis can be fatal. Tuberculosis is spread from person to person through the release of droplets from the
lungs or airways of an infected person (Canadian Centre for Occupational Health and Safety (CCOHS), 2025). Tuberculosis (TB)
has long been recognized as one of the most ancient and persistent infectious diseases afflicting humanity. Mycobacterium
tuberculosis's etiological agent has haunted human populations for millennia, shaping societies and influencing historical events.
Despite significant strides in medical science and public health, TB remains a formidable global health challenge, affecting millions
of individuals worldwide each year (Alemu.et al., 2021; Davidson et al., 2024). Tuberculosis (TB) is a major public health issue
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around the world, particularly as drug-resistant forms proliferate and routine treatments become less effective. A key concern is
Multi-Drug-Resistant Tuberculosis (MDR-TB), which is resistant to at least two of the most potent first-line anti-TB medications,
isoniazid (Fig 1¢) and rifampin. This renders typical treatment strategies mainly ineffective (CCOHS, 2025. As a result, there is a
significant scientific and clinical need to investigate novel chemical entities with strong anti-mycobacterial properties, favourable
pharmacological profiles, and the ability to interact effectively with essential biological targets in resistant M. tuberculosis strains.

Many Schiff bases as ligands have received a lot of attention because of their therapeutic properties, and they have been
used in various medical fields (Abad Al-Ameer and Shaalan, 2025).

Figure 1 shows two Schiff bases designed from isatins. The goal of this research is to close this gap by designing and
computationally assessing new compounds as potential drug-resistant tuberculosis treatments.

N

S

H/NH

isonicotinohydrazide

Fig 1: Chemical structures of
Methodology

The ORCA software package, the atomistica GUI for ORCA 6.1.1 (Armakovi¢ & Armakovié, 2023), and the Avogadro molecular
visualisation tool were used to perform Density Functional Theory (DFT) calculations to assess the molecular characteristics of the
ligands. The ORCA®6.1.1 programs (https://www.faccts.de/orca-6-1-1) was used for all computations. PBEOQ is the functional used
in this study, and it is applied without any symmetry constraints. For non-metallic elements, def2-SVP (Roy et al., 2008) was
employed. Additionally included was Grimme's D3 dispersion corrections (Mews et al., 2020; Haseloer et al.,, 2021).
The following global reactivity descriptors were computed using information from the molecular orbital compositions and energy
levels: Energy gap (AE = Egap = ELUMO —-EHOMO), absolute electronegativities (y = ~EHOMO +ELUMO/2), absolute
hardness(n = ELUMO — EHOMO/2),chemical potentials (u = —w), global softness (S = 1/2n), and global electrophilicity (o =
n2/2n) (Sharfalddin et al., 2021; Alomari et al., 2022).

Preparation of the ligands

The ligands were drawn with Chemdraw and Avogdro. The ligands and standard medication were evaluated against a protein called
Mycobacterium tuberculosis (PDB ID: 1ENZ, resolution 2.70A). The standard drug's 3D SDF conformer was retrieved from the
PubChem Database (https://pubchem.ncbi.nlm.nih.gov).

Preparation of Target Protein and active site analysis

Figure 1 shows the 2.70A crystal Mycobacterium tuberculosis (PDB ID: 1ENZ) from the protein data bank
(https://doi.org/10.2210/pdb1 ENZ/pdb). All water molecules, heteroatoms, and undesirable complexes were eliminated from the
downloaded proteins' crystal structures to prevent unwanted molecular interactions and contaminants using Discovery studio
Software v.2020). The prankweb was used to determine the binding pockets and amino acid residues in the active sites of the
protein.
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In silico Studies for ADME, drug-likeness, and toxicity prediction

In silico analyses were performed to predict ADME, drug-likeness, and toxicological predictions. The SwissADME web-based tool
was used to predict the physicochemical and ADME properties the compounds (Daina et al., 2017). Toxicological assessments
were carried out utilising the ProTox 3.0 web server (Banerjee et al., 2024).

Molecular docking

The ability of the ligands to bind to protein was probed by molecular docking calculations. The target protein was retrieved as
crystal coordinates from the protein database. Molecular docking was conducted for compounds and the standard drug using Dockey
(Lianming et al., 2023). Dockey software utilizes the AutoDockvina docking engine. For the purpose of ensuring comparability,
identical receptor structures, grid parameters, and docking configurations were employed. A grid box with dimensions (Angstrom
units), x =20, y =20, z= 20 and center coordinates x=-0.1637, y=9.0944, z=7.0635 were set up around the protein molecule. The
optimized 3D structures of compounds were used for the docking calculations. The binding affinity estimates for different positions
of the ligands with protein were retrieved after the docking calculations, and the best binding positions (with the highest binding
affinity) were selected for viewing and visualization in Discovery Studio to obtain the interactions of the compounds with protein.

Results and Discussion

Physicochemical and ADMET Properties

Tables 1 and 2 show ADMET properties and toxicity studies obtained for the for the two ligands.
Table 1: ADMET Results for the ligand

Category Parameter L1 L2

Druglikeness Lipinski (L) Y Y
Bioavailability (A) 0.55 0.55
Molecular ~ Weight 341.41 327.38

(W, g/mol)
LogP 3.24 3.24
LogS -4.4 -4.44
Absorption GI Absorption (G) Y Y
BBB  Permeability Y Y
(B)
TPSA (A?) 58.69 58.69
HBD 1 1
HBA 2 2
Rotatable Bonds (R) 4 3
Metabolism CYP1A2 Inhibition Y Y
CYP2C19 Inhibition Y Y
CYP2C9 Inhibition Y Y
CYP2D6 Inhibition Y Y
CYP3A4 Inhibition Y Y

L1= (E)-3-((4-aminobenzyl)imino)-1-benzylindolin-2-one, L2=(Z)-3-((4-aminophenyl)imino)-1-benzylindolin-2-one

Vol. 57 No. 2 June 2026 ISSN: 2509-0119 426



ISSN: 2509-0119.

International Journal of Progressive Sciences and Technologies (IJPSAT) 7 SCHOLAR Al

© 2026 Scholar AT LLC.
PBPSAT | ins.//iipsat.ore/ Vol. 57 No. 2 June 2026, pp. 424-434

§5N:2509-0119

Table 2: Toxicity studies for the ligands

Target Prediction

L1 L2
Carcinogenicity Active Active
Immunotoxicity Inactive Inactive
Mutagenicity Active Active
Cytotoxicity Inactive Inactive
BBB-barrier Active Active
Ecotoxicity Active Active
LD50 (mg/kg) 2000 600
Prediction class v v

To ascertain the physicochemical and ADMET characteristics of the compounds, designated L1 and L2, they underwent
evaluation via SwissSADME and Pro-Tox II analyses. The computational assessments encompassed parameters such as lipophilicity
(LogP), molecular weight (MW), Abbott bioavailability score, blood-brain barrier (BBB) permeability, solubility (LogS), and
gastrointestinal (GI) absorption. Comprehensive details regarding the ADME and toxicity profiles are elucidated in Tables 1 and 2,
respectively.

The druglikeness was estimated using Lipinski rule of five which include hydrogen bond acceptor (HBA < 10), hydrogen bond
donor (HBD < 5), molecular weight (150 < MW > 500), number of rotable bonds (ROBT < 10), lipophilicity (LogP < 10) (Teague
et al., 199; Lipinski, et al., 2004, Veszelka et al., 2018; Haruna et al., 2023). Both L1 and L2 demonstrated full adherence to
Lipinski’s rule, thereby signifying advantageous oral drug-like properties. Specifically, the molecular weights of L1 (341.41 g/mol)
and L2 (327.38 g/mol) are within the permissible range. Furthermore, both compounds exhibited an HBA value of 2 and an HBD
value of 1. The presence of 4 rotatable bonds in L1 and 3 in L2 further supports their structural suitability for achieving oral
bioavailability. The lipophilicity values (LogP = 3.24 for both compounds) also fall within the acceptable limits. Additionally, both
compounds displayed a Topological Polar Surface Area (TPSA) of 58.69 A2, which is substantially below the 140 A? threshold,
indicative of robust membrane permeability. The Abbott bioavailability score for both L1 and L2 was determined to be 0.55,
suggesting a moderate level of oral bioavailability. Moreover, both compounds exhibited a high degree of gastrointestinal (GI)
absorption, implying efficient uptake upon oral administration.

In contrast to typical medications that do not affect the central nervous system (CNS), both L1 and L2 were anticipated to
cross the blood-brain barrier (BBB), suggesting potential CNS effects. While this characteristic could be advantageous for
treatments targeting the CNS, it also carries a risk of central side effects, contingent on the intended therapeutic aim. The metabolic
assessment indicated that L1 and L2 are projected to inhibit key cytochrome P450 enzymes, specifically CYP1A2, CYP2CI109,
CYP2C9, CYP2D6, and CYP3A4. This widespread inhibitory capability points to a significant probability of drug-drug
interactions, which could result in changes to how drugs are metabolized and potential build-up within the body. L1 and L2 exhibited
desirable drug-like qualities, good absorption when taken orally, and suitable physical and chemical characteristics. Nevertheless,
their ability to cross the BBB and their potent inhibition of CYP enzymes could present difficulties concerning CNS toxicity and
metabolic interactions. These results imply that although the compounds show promise, further refinement is necessary to enhance
their safety and metabolic profiles for the purpose of drug development.

Computational toxicological evaluations of compounds L1 and L2 reveal a complex pharmacological profile characterized
by substantial safety liabilities are shown in table 4. The prediction class (PC) was used to classify the compounds, Class I and II
as fatal if consumed, Class III as toxic if consumed, Class IV as harmful if consumed, Class V perhaps harmful if consumed, Class
VI as non- toxic if consumed (Banerjee et al., 2024). Both substances are projected to exhibit carcinogenic and mutagenic properties,
thereby conferring long-term risks of genetic damage and oncogenesis, although they are not anticipated to induce immunotoxicity
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or direct cellular damage. The predicted capacity of these compounds to traverse the blood-brain barrier implies potential utility in
central nervous system therapies, yet simultaneously introduces apprehension regarding neurotoxic effects.

Acute toxicity assessments yielded median lethal dose (LDso) values of 2000 mg/kg for L1 and 600 mg/kg for L2,
classifying them within toxicity class IV, which denotes comparatively low acute toxicity, with L2 exhibiting a greater degree of
toxicity. Furthermore, concerns regarding their potential environmental impact are underscored by predicted ecotoxicity.
Notwithstanding their low acute toxicity and capacity for blood-brain barrier penetration, the projected carcinogenicity and
mutagenicity significantly impede the suitability of L1 and L2 as secure therapeutic agents, thereby mandating further structural
modifications and toxicity amelioration strategies prior to preclinical progression.

Global Reactivity Descriptors

Optimized structures of the compounds are shown in Fig 2 and table 3 shows molecular reactivity descriptors for the compounds.
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(E)-3-((4-aminobenzyl)imino)- 1-benzylindolin-2-one (2)-3-((4-aminophenyl)imino)-1-benzylindolin-2-one
Figure 2: Optimized structures of the Schiff base

Table 3: Molecular Reactivity Descriptors for the ligands and the standard drug

LUMO HOMO 1Po EAo
Ligand (eV) (eV) Eg (eV) | (eV) (eV) n (eV) 5 (eV) x (eV) o (eV)
L1 -2.202 -5.639 3.437 5.639 2.202 1.719 0.582 3.921 4472
L2 -2.127 -5.276 3.149 5.276 2.127 1.575 0.635 3.702 4.351
ST -1.848 -7.309 5.461 7.309 1.848 2.731 0.366 4.579 3.839

(Eg= Energy gap; [Po = lonisation potential; EAo = Electron affinity; 1 = Hardness; & = Softness; y = Electronegativity; © =
Electrophilicity index) L1= (E)-3-((4-aminobenzyl)imino)-1-benzylindolin-2-one, L2=(Z)-3-((4-aminophenyl)imino)-1-
benzylindolin-2-one, ST= isoniazid

Molecular descriptors were calculated for the three ligands (L1 and L2) and the standard drug isonicotinohydrazide (ST) using
density functional theory (DFT) as shown in Table 3. Figure 2 shows HOMO, LUMO and energy gap diagram. These molecular
descriptors were electron affinity (EA), ionization potential (IP), HOMO, LUMO, energy band gap, chemical potential, global
electrophilicity index, and chemical hardness. A compound's HOMO is its capacity to give electrons away, whereas its LUMO is
its capacity to take them in or take them out. The least reactive and non-polarizable molecule is one with a narrow band gap.

The highest occupied molecular orbitals (HOMO) energies were calculated to be -5.639, -5.276 and -7.848 for L1, L2 and the
standard drug, respectively. ST had the higher of HOMO energy than the two ligands. This indicates that the standard drug has the
strongest ability to donate electron to the neighboring compounds or atom and to the target protein. LUMO energies were calculated
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to be -2.202,-2.127 and -1.848 for L1, L2 and the standard drug, respectively. The LUMO energy indicated that L1 has the strongest
ability to accept electron from the target protein, this implies that L1 had high inhibition potential with the target than the drug. The
energy gap, Egap, shows a practical guide for the reactivity of the compounds (Sharfalddin et al., 2021). The energy band gaps are
3.437,3.149 and 5.461 eV. ST had the highest value of energy band gaps indicating higher kinetic stability and low reactivity. L2
had the lowest energy band gaps value facilitating the transfer of electron and high reactivity.

Electron affinities are 2.202, 2.127 and 1.848 eV. L1 had the highest value of EA, indicating that it has the highest capacity to
accept electron from other compounds (Asibor et al., 2025). A decrease in chemical hardness corresponds to an increase in
reactivity. The values of chemical hardness for the compounds are 1.719, 1.5745 and 2.731 eV. L2 had the lowest value for chemical
hardness which implies that it has higher ability to react. Soft molecules () have a small energy gap compared to hard molecules
(1), which have a larger energy gap. A soft molecule is more reactive than a hard molecule because a soft molecule has a lower AE
(LUMO-HOMO). From the table, ST is softer than the two ligands. The (x) is a measure of power of atom(s) to attract the electrons.
A high value of electronegativity () suggests strong ability to attract electrons from other compound, which leads to greater
interaction to form the complex, decreases according to the following order: ST>L1>L2. Global electrophilicity index are 4.472,
4.351 and 3.839 eV. The molecular descriptors of the Ligands show L1, might have strong interactions with the protein. Figure 2
shows energy diagram for the compounds and the standard drug.

F =

+ LUMO * LUMO

AE 3.437 3.149 5.461

P,

HOMO

LI L2 ST

Figure 2: HOMO, LUMO and Energy gap diagram for the ligands and the standard drug.
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Table 4: Interaction Profiles and Binding Affinities of the ligands and the standard drug with

Binding

Ligand  Energy Residue in Contact  Distance  Bond Category Type

L1 -9.04 GLU18 3.08953  Hydrogen Bond Conventional Hydrogen Bond
GLU18 2.61880  Hydrogen Bond Conventional Hydrogen Bond
GLU18 3.34367  Hydrogen Bond Conventional Hydrogen Bond
GLU8 2.31704  Hydrogen Bond Conventional Hydrogen Bond
LYS16 428768  Electrostatic Pi-Cation
HIS86 490163  Electrostatic Pi-Cation
HIS86 4.58537  Hydrophobic Pi-Pi T-shaped

L2 -8.821 GLUI8 2.53090  Hydrogen Bond Conventional Hydrogen Bond
GLUS 2.07629  Hydrogen Bond Conventional Hydrogen Bond
TYR42 2.49777  Hydrogen Bond Conventional Hydrogen Bond
ASP57 2.47848  Hydrogen Bond Conventional Hydrogen Bond
ASP20 3.42858  Hydrogen Bond Carbon Hydrogen Bond
GLU18 4.01442  Electrostatic Pi-Cation
HIS21 5.04358  Hydrophobic Pi-Pi T-shaped

ST -6.566 GLU8 5.07839  Electrostatic Attractive Charge
ASP20 5.01054  Electrostatic Attractive Charge
VAL19 2.80524  Hydrogen Bond Conventional Hydrogen Bond
HIS21 2.21739  Hydrogen Bond Conventional Hydrogen Bond
GLUI8 2.08333  Hydrogen Bond Conventional Hydrogen Bond
ASP57 3.42295  Hydrogen Bond Carbon Hydrogen Bond
LYS16 3.49422  Electrostatic Pi-Cation

Molecular docking is a reliable procedure which is used to predict binding poses for protein ligand interactions. Thus, this facile
study could be exploited to investigate molecular interaction and the most favorable binding site. In addition, the types of
interactions based on the distance between the atoms in the amino acid and ligand could also be determined ( Gul et al., 2019).

The docking results of the ligands and the standard drug test with the target protein were reported in Table 4. To address the binding
interaction of L1.L2 and ST, a 2D interaction of ligand-protein was prepared using BIOVIA Discovery Studio Visualizer (Fig 3).
The ligands L1 and L2 had -9.040 and -8.821 kcal/mol, respectively while the standard drugs had -6.566 kcal/mol binding affinity
against the target protein, with inhibition constant. L1 and L2 had higher binding affinities and inhibitory potential for tuberculosis
cell than the standard drug. As shown in Fig 3, the complex of L1 with the protein exhibited four hydrogen bonding interactions
with four amino acid residues (GLU18, GLU18, GLU18 and GLUS), two electrostatic (LYS16 and ) and one hydrophobic (HIS86).
This result demonstrated that hydrogen bonding and electrostatic interactions could be the key interactions for stabilizing the L1
with the protein in the active site (Latosinska et al., 2024).

Furthermore, 2D interaction of L2 with the protein Fig. 3 displayed five hydrogen bonding interactions with five amino acid residues
(GLU18, GLUS, TYR42, ASP57 and ASP20). Additionally, electrostatic and hydrophobic interactions were observed with GLU
18 and HIS21, respectively. This finding suggests that the presence of a hydrogen bonding interaction in the ligand with the protein
may be a crucial interaction for stabilizing the complex form (Wu, et al., 2020; Mishra et al., 2022; Sugathan et al., 2024). ST
interacted with the active site of protein via four conventional Hydrogen bond Val19, Hia21, Glul8 and Asp57, one electrostatic
Lys16 (Pi-Cation) and two electrostatic Glu8 and Asp20 (Attractive Charge). The 2D interaction and the surface interactions are
shown in the Figure 5.
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Figure 3: 2D Binding Interactions of the ligands and a standard drug

Conclusion

The two ligands examined exhibit favorable drug-like characteristics and demonstrate superior binding to the tuberculosis target
protein compared to the standard drug. Their advantageous physicochemical attributes, efficient oral absorption, and robust
molecular interactions suggest their potential as promising lead compounds. However, significant challenges arise from their
propensity to induce cancer, alter DNA, penetrate the blood-brain barrier, and inhibit CYP enzymes, all of which necessitate
resolution. Further structural refinement and toxicity reduction are essential before these compounds can advance to preclinical
development.
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