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Highlights

e COMFA and CoMSIA were performed to study 3D-QSAR of the benzimidazole-based
oxadiazole derivatives.

o Potent a-glucosidase inhibitors were designed based on the CoMFA and CoMSIA contour
maps and assessed in silico ADMET.

e A Molecular docking study was carried out to study the interaction between benzimidazole-
based oxadiazole ligands and a-glucosidase receptor.

e The stability of protein-ligand interactions between benzimidazole-based oxadiazole
derivatives and 3ada protein was assessed using molecular dynamics (MD) simulations.

e The reactivity and stability of the compounds were discussed in the light of the popular
electronic structure principles.
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Abstract

Acarbose and miglitol are two distinct e--glucosidase inhibitors that are frequently used to manage
diabetes mellitus. Unfortunately, the clinical usage of these medications comes with a number of
undesirable side effects. Therefore, development of safer and potent a-glucosidase inhibitor became
more necessary. For this reason, a set of 20 benzimidazole-based oxadiazole molecules was
addressed using the three-Dimensional Quantitative Structure-Activity Relationship (3D-QSAR)
approach. Comparative Molecular Field Analysis (COMFA) and Comparative Molecular Similarity
Indices Analysis (CoMSIA) using steric (S), electrostatic (E) and hydrogen bond donor (D) models
showed good statistical outcomes as Q? (0.600 and 0.616 respectively) and R? (0.958 and 0.928
respectively). The developed models were then validated for their external ability; the R%test values
were 0.85 and 0.627, respectively. The CoMFA and CoMSIA/SED contour maps helped identify
key regions influencing a-glucosidase inhibitory activity, leading to the design of four new
benzimidazole-based oxadiazole inhibitors with strong predicted activity. The new recommended
compounds confirmed promising consequences in the preliminary in silico ADME/Tox prediction.
Molecular docking results showed good interactions of compounds M1 and M2 in the active site of
the a-glucosidase receptor, and their stability was studied using molecular dynamics simulations
throughout 200 ns. The reactivity and stability of compounds M1 and M2 were assessed using the
DFT approach, suggesting that these compounds have strong inhibitory potential and may serve as

effective anti-diabetic agents, warranting further experimental investigation.
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Introduction

Diabetes mellitus (DM) is a serious health concern that impacts individuals worldwide. It is caused
by a lack of insulin secretion and is described by hyperglycemia [1-3]. Complications frequently
associated with diabetes mellitus encompass macrovascular issues like coronary heart disease,
stroke, and peripheral arterial disease, along with microvascular problems such as diabetic kidney
disease, retinopathy, and peripheral neuropathy [4]. The number of cases related to DM increases
year by year [5]. According to the International Diabetes Federation, the number of people with
diabetes exceeded 366 million in 2011 and is projected to rise significantly to reach 552 million by
the year 2030 [6,7]. Lifestyle is a syndrome directly linked with diabetes mellitus, which may cause
numerous problems like neuropathy, nephropathy, retinopathy and cardiovascular diseases [8].
Type-2 diabetes mellitus is considered one of the most common types of diabetes in developed
countries and is characterized by decreased insulin sensitivity and reduced insulin secretion [9-12].
One of the most effective strategies for managing type-2 diabetes is controlling blood glucose
levels by inhibiting the conversion of polysaccharides and oligosaccharides into glucose [13-15].
Treatment using a-glucosidase is an effective method to control type 2 diabetes mellitus as well as
other diabetic problems [16-18]. a-Glucosidase is recognized as a crucial enzyme that plays a
significant role in the mechanism of DM [19]. a-Glucosidase is an enzyme found in the epithelial
lining of the small intestine, and is responsible for catalyzing the final step in the hydrolysis of
polysaccharides and disaccharides into glucose [20]. In addition, inhibition of a-glucosidase is
important because of the potential effects of reducing postprandial blood glucose, as a-glucosidase
activity is related to blood glucose concentrations [21,22]. Miglitol, acarbose and voglibose are a-
glucosidase inhibitors clinically adopted in regulatory of the rapid increase of blood glucose
[21,23]. However, despite their benefits, these drugs are associated with several adverse effects,
such as abdominal pain, diarrhea, and other gastrointestinal issues during long-term treatment [24-
26]. Consequently, there is an urgent necessity for new a-glucosidase drugs for the proficient
management of DM.

Benzimidazole is an aromatic heterocyclic with an imidazole fused to benzene (Fig.1 (a)). Due to
the presence of two nitrogen atoms, this system can function as an acid or a base by donating or
receiving protons forming intermolecular interactions [22]. Its properties favor its binding to
biological targets; consequently, it has been viewed as a prospective pharmacophore [27,28].
Additionally, there are numerous functional groups that can be substituted into the benzimidazole's
seven positions, leading to compounds that have a diverse spectrum of pharmacological activities

that affect a number of biological targets [29,30]. Researchers paid close attention to benzimidazole
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and its derivatives because of its potential as chemotherapeutics [31]. A variety of therapeutic
properties of benzimidazole derivatives, including anticonvulsant [32], antiviral [33], anti-
inflammatory [34], urease inhibition [35], anti-oxidant [36], and antidiabetic [37], have been
reported. Additionally, oxadiazole is an important heterocyclic molecule containing two nitrogen
atoms and one oxygen atom arranged in a five-membered ring structure [38]. The presence of the
1,3,4-oxadiazole ring (Fig.1 (b)) significantly impacts the physicochemical and pharmacokinetic
properties of the entire molecule. In pharmaceutical chemistry, the 1,3,4-oxadiazole ring is gaining
attention as a bioisostere for carbonyl-containing compounds, such as esters, amides, and
carboxylic acids [39].

Three-dimensional quantitative structure-activity relationships (3D-QSAR) are regarded as one of
the most important techniques in pharmaceutical chemistry [40-42]. This method plays a vital role
in predicting how the structure of a molecule relates to its biological activity, enabling the design of
more effective drugs [43-45]. It's similar to the approach used in local Moroccan herbal medicine,
where the specific properties of plants are studied to understand their effects on health, but here it’s
done using advanced computational models to predict drug behavior. Comparative molecular field
analysis (CoMFA) [46] and comparative molecular similarity indices analysis (COMSIA) [47] are
two widely recognized methods frequently applied in 3D-QSAR molecular modeling to pinpoint
the primary structural factors that affect biological activity [48]. Molecular docking is a
computational technique used to predict how a small molecule, such as a drug candidate, binds to a
target molecule, typically a protein or enzyme [49-51]. The main objective of molecular docking is
to determine the optimal orientation and conformation of a ligand (small molecule) as it binds to
the active site of a receptor (protein) [52,53]. ADMET properties refer to the Absorption,
Distribution, Metabolism, Excretion, and Toxicity characteristics of a drug candidate. These
properties are crucial in drug development as they determine the drug's behavior in the human body
and its overall effectiveness and safety [54]. Understanding ADMET properties helps in predicting
the pharmacokinetic and pharmacodynamic profiles of compounds, ensuring they reach the
intended target and perform their function without causing harm [55,56].

In this study, 20 benzimidazole-based oxadiazole molecules were sourced from the literature [7].
These compounds were synthesized by Taha et al. through straightforward methods and readily
available substrates [7]. The 3-methyl-ophenylenediamine was reacted with methyl-4-formyl
benzoate in the presence of Na,S,0s in DMF as solvent and the reaction mixture was refluxed for 6
hours to give the benzimidazole ester (i). The benzimidazole ester intermediate (i) was first reacted
with hydrazine hydrate in ethanol and refluxed for six hours, resulting in benzimidazole hydrazide
(i1). Subsequently, benzimidazole hydrazide (ii) was reacted with different aromatic aldehydes. The

reaction mixture was acidified by adding 3-4 drops of acetic acid and refluxed for three hours to
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yield the intermediate N'-benzylidene-4-(7-methyl-1H-benzo[d]imidazol-2-yl) benzohydrazide (iii).
Finally, the intermediate (iii) underwent oxidative cyclization with phenyliodoacetate as the
oxidizing agent in DCM, and the reaction mixture was stirred at room temperature to produce the
targets molecules (1-20) (Fig.2) [7].

This research aims to investigate the structure-activity relationship of 20 benzimidazole-based
oxadiazole molecules to pinpoint key regions that enhance or reduce a-glucosidase inhibitory
activity. Based on these findings, new candidate molecules with promising activity were proposed.
These newly suggested compounds were analyzed using various in silico techniques, including

molecular docking, molecular dynamics simulations, and DFT calculations.
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Fig. 1. Chemical structure of benzimidazole (a) and 1,3,4-oxadiazole (b) molecules.
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Fig. 2. Synthesis of benzimidazole based oxadiazole derivatives (1-20) [7].

Materials and Methods

Data collection
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On the basis of the experimental study, twenty benzimidazole-based oxadiazole molecules
identified as a-glucosidase inhibitors were selected for molecular modeling [7]. These molecules
were split into two groups; a training set of 16 randomly selected molecules is used to shape the
model, while a test set of 4 molecules is preserved to assess the model's accuracy. To perform a
3D-QSAR model, the experimental a-glucosidase activities ICsy were converted into the
equivalent pICsqvalues using the following formula pICsy = log;¢(ICs0). The chemical structures
of the twenty benzimidazole-based oxadiazole inhibitors and their corresponding pICs, activity

values are displayed in Fig. 3 and Table 1.
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Fig. 3. The general structure of the investigated derivatives.

Table 1. Chemical structures and a-glucosidase activities of benzimidazole-based oxadiazole compounds.
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Database minimization and alignment technique

Molecular alignment is a crucial step adopted to implement 3D-QSAR molecular modeling before
building a model. Practically, each of the 20 benzimidazole-based oxadiazole molecules' structures
was sketched and optimized using the Tripos force field [57], Gasteiger Huckel charges [58], and
gradient convergence criteria of 0.005 kcal/mol. Then, they were aligned on a common core using
the ALIGN DATABASE method available in SYBYL-X 2.0 program (Fig. 4). Molecule C3, the

most active compound in the database, was selected as the template for this study.
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Fig. 4. The alignment and overlap of the data set using compound C3 as a model.

CoMFA and PLS analysis

The CoMFA [46] model was constructed using the partial least squares (PLS) technique based on
the chemical structures and a-glucosidase inhibitory activity of training set. The COMFA steric
and electrostatic fields were determined using the Tripos force field [57] with a distance-
dependent dielectric constant at each lattice intersection of a variant grid spaced 0.5-3.0A apart.
The default value of 30 kcal/mol was set for the energy cutoff computations. On the other hand,
the PLS [59] approach using the leave-one-out (LOO) cross-validation with a column filtering
value of 2.0 kcal mol™ was conducted to provide the cross-validated coefficient Q% and optimal
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number of components (N). Then, using non-cross-validation, the PLS approach was redone to

obtain the determination coefficient R? standard error of estimate (SEE) and F-values.

CoMSIA analysis

CoMSIA [47] technique is wealthier than CoMFA in term of structural geometric that used to
compute the similarity indices. As a matter of fact, COMSIA approach was accomplished in this
part to identify the hydrophobic, hydrogen bond acceptor and donor fields along with the
electrostatic and steric fields. So, COMSIA models were molded employing the same indicators
which are employed in COMFA analysis as probe atoms, charge and grid spacing sets.

External Validation of 3D-QSAR Model

A study by Golbraikh and Tropsha suggests that cross-validation is necessary but not enough to
check the predictive capability of the nominated QSAR model [60]. However, an external
validation using a set of tests molecules can provide a guarantee of the predictive potential of the
molded model. In fact, to assess the predictive capability of the model, the predictive correlation

coefficient (R?pred) was identified using the formula (1) [60]:

PRESS )
D €y

Where the PRESS parameter refers to the squared deviations between the calculated and

R?pred =1 —

observed activity values of the compounds in the test set, and the SD parameter represents the
squared deviations between the average activity values of the training set and the activity values
of the test set.

Furthermore, Golbraikh and Tropsha [60] determined additional statistical factors including the
squared correlation coefficients r3 and r(’)z, and the slopes k and k' for an additional statistical
analysis regarding the external validation. These parameters were computed using the equations
(2), (3), (4), and (5), respectively:

Z(Ypred/test —kx Ypred/test)2

rg=1- = (2)
0 Z(Ypred/test — kX Ypred/test)2

r 2 _ 1— Z(Ypred/test —k X ?pred/test)z (3)
0 Z(Ypred/test —kx Ypred/test)2

k _ Z(Ytest X Ypred/tESt)z (4)

Z(Ypred/test)

, Z(Ypred/test X Ytest)2

K = ; 5)

2 (YVeest)
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An investigation carried out by Roy [61] demonstrated that it is compulsory to calculate the

parameters r2, and r,,?, which are the distinction between r2 and r2 values, 2 and rj> values,

respectively to ensure the efficiency of the model and thus could be considered for the prediction of

the activity of newly put forward compounds. r2, and r.,> parameters are calculated using the

expressions (6), and (7), respectively:

r2, = r? <1 — |(rz2 — r%)) (6)
rh % =r? <1 — ’(r2 — r(’,z)> (7)

Y-Randomization Test

The Y-randomization is another validation method employed to determine the model’s strength
[62]. In fact, the approach was to randomly permute the pICs, values in the training set and then a
new model was established after each permutation. The QO and R? values that are lower than the
original model demonstrate the high capacity of the recommended models. While high values
indicate the weakness and fallibility of the models. Hence, the goal of this test is to eliminate any
chance of coincidence.

New benzimidazole-based oxadiazole derivatives Design and Activity Prediction

The primary objective of this research is to design novel a-glucosidase inhibitors with important
inhibitory activity. To achieve this goal, the CoOMFA/CoMSIA model was constructed, validated,
and subsequently employed to generate CoMFA /CoMSIA contribution and contour maps. These
maps offer valuable understandings regarding the structural characteristics and regions that
significantly influence the inhibitory activity of the designed compounds, aiding in the rational
design and optimization of new potential inhibitors. The newly designed molecules underwent
sketching, minimization, and alignment using the same procedure as the seventeen previously
studied molecules. The a-glucosidase activity of the newly designed benzimidazole-based
oxadiazole molecules was forecasted using the most reliable and well-established CoMFA
/CoMSIA model.

ADME/Tox Prediction

ADME/Tox (absorption, distribution, metabolism, excretion, and Toxicity) prediction has emerged
as a fundamental and extensively employed approach in molecular modeling to assess the
pharmacokinetic characteristics of molecules [9]. This predictive tool plays a crucial role in

understanding how a compound is absorbed, distributed, metabolized, and eliminated in the body,
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on top of its possible toxicity [1]. It aids in the initial phases of drug discovery and development by
providing valuable information about a molecule's behavior within the human body, facilitating the
identification of potential drug candidates with favorable ADME/Tox profiles. Keeping this in
mind, we used pkCSM [63] and SwissADME [64] online servers to predict the ADME/Tox

parameters of the newly designed candidate scaffolds.

Molecular docking study

Molecular docking was carried outt using Autodock Vina [65] program in order to examine the
different interactions between ligands and receptor. The protein data bank online site was used to
generate the crystal structure of isomaltase from Saccharomyces cerevisiae with PDB ID: 3ada
[1,66] and a resolution of 1.60 A. The water molecules and all the ligands located in 3a4a protein
were eliminated using Discovery Studio 2016 program [67]. The active site of the enzyme has
been clearly identified, with its precise coordinates measured at x = 21.595, y = 7.436, and z =
24.042. A box grid was established within the pocket of the 3A4A receptor, extending in the
directions of x = 30, y = 30, and z = 30. This grid features a spacing of 1 A between the grid
points, allowing for precise mapping of potential interactions and facilitating molecular docking
studies within the active site. In the AutoDock 1.5.6 tools, an advanced file format known as
PDBQT is utilized for coordinate files, which incorporate essential details such as atomic partial
charges and atom types. This format enharices the representation of molecular structures, allowing
for more accurate simulations. Additionally, the flexibility of ligands and their non-bonded
rotations are specified using torsion angles, enabling detailed exploration of ligand-receptor
interactions during docking studies. The most active molecule in the dataset (compound C3),
along with the newly proposed compounds, was docked to explore potential interactions with the
studied 3ada receptor. The produced outcomes were examined using Discovery Studio 2016 [67]

software.
Molecular dynamics (MD) simulations

The stability of protein-ligand interactions between benzimidazole-based oxadiazole derivatives
and 3ada protein was assessed using molecular dynamics (MD) simulations. The best docking
poses obtained by AutoDock-Vina were used for MD simulations using Schrodinger's Maestro
Suite 2018-4 [68]. The preparation of the molecular system involved several key steps. Bond
orders were assigned, zero-order bonds were created for metals, and disulfide bonds were formed.
Water molecules were added outside a 0.00 A radius, and ionization states were adjusted at a pH
of 7 using Epik. During the refinement phase, optimization steps included adjusting water

orientations, minimizing hydrogens in modified species using the PRPKA model at pH 7 to

10
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account for ionic effects, and performing additional minimization to remove poorly solvated
water molecules and achieve convergence of heavy atoms to an RMSD of 0.3 A. Hydrogens were
selectively added to optimize hydrogen interactions, and the OPLS3e force field was applied for
precise atomic interactions. The system was set up orthorhombically with dimensions a, b, and ¢
at 10 A to minimize volume, and ions were added to maintain a 0.15 M NaCl concentration [69].
The simulations were run for 200 ns, with trajectory data recorded every 4.8 ps and energy data
every 1.2 ps, resulting in approximately 50,000 frames. The simulation ensemble was configured
for Normal Pressure and Temperature (NPT) at 300 K and 1.01325 bar pressure. A pre-simulation
relaxation process ensured that the system began from a stable configuration, providing reliable

dynamics throughout.

Density Functional Theory (DFT) Analysis

DFT plays a crucial role in drug design, particularly in the initial phases of drug development,
where understanding the molecular properties and interactions of potential drug candidates is
essential [70]. DFT offers a powerful computational framework for investigating the electronic
structure of molecules, making it highly valuable for rational drug design. In this study, three
selected benzimidazole-based oxadiazole compounds were studied in depth using the DFT
approach. DFT calculations of these molecules were conducted using the Gaussian G09 software
package [71] on the basis of B3LYP/6-31G (d,p) in order to reach the equilibrium geometry of each
compound and determine the reactivity indices. Molecular Electrostatic Potential (MEP) is a
appreciated tool for investigating the charge distribution within a molecule, providing a visual
representation of how different regions of a molecule interact with electrostatic forces. It is
commonly employed in drug design and computational chemistry to understand how a molecule
might interact with other molecules, such as biological targets, by examining its surface properties
[72].

Results and Discussion

CoMFA and CoMSIA results

The 3D-QSAR models were molded based on the combination between CoMFA/CoMSIA
descriptors and a-glucosidase inhibitory activity. The statistical parameters characterizing the
models are listed in Table 2. The observed and calculated pICs, values along with their residuals
are revealed in Table 3.

Results of Table 2 demonstrate that produced COMFA model has good value of Q2 (0.594),
significant value of R? (0.958), small SEE value (0.1), four optimum number of components, and F
value of 62.478. Additionally, the CoMFA model's competence was tested using an external

11
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validation method, and the R?test result was 0.850. Therefore, the established COMFA model has
good robustness. On the other hand, the CoOMFA model composed of two fields; the steric and
electrostatic contributions are 0.607 and 0.393, respectively; demonstrating that the importance of
the steric field exceeds that of the electrostatic.

Regarding the CoMSIA model, different combinations using the steric (S), electrostatic (E),
hydrophobic (H), hydrogen bond acceptor (A) and donor (D) fields were made to generate
numerous CoMSIA models (Table 2). Taking into account the top values of Q% R? and R’test, the
CoMSIA/SED model was selected. We can see from Table 2 that COMSIA/SED model has good
value of Q% (0.616), important value of R? (0928), small value of SEE (0.125) and good value of N
(3). The COMSIA/SED model was also verified for its external power; the obtained Rtest was
0.63. Moreover, the steric, electrostatic and hydrogen bond donor contributions were 0.061, 0.507
and 0.432 ratios, respectively. As a result, the hydrogen bond donor and electrostatic moieties will
have more effect on the activity of the benzimidazole-based oxadiazole inhibitors.

The results of Table 3 strongly indicated that the residual between the estimated and real pICsg,
activities is not exceeding 1 logarithmic unit. Therefore, any molecule among the twenty
benzimidazole-based oxadiazole derivatives was regarded as outlier.

The graphs of CoOMFA and CoMSIA/SED models using the observed and calculated pICs, values
of the twenty benzimidazole-based oxadiazole molecules are presented in Fig. 5. The strong linear
relationships demonstrated that the a-glucosidase activities predicted by the recommended models
are in accord with those of the experiment; revealing the CoMFA and CoMSIA/SED models'

excellent proficiency.

Table 2. Statistical parameters of the developed CoMFA and CoMSIA models.

Fractions

Model Q? R®>  SEE F Rest  Ster  Elec  Acc Don  Hyd

CoMFA 0.600 0958 0.100 62.478 0.72 0.607  0.393 - - -

N
4
CoMSIA/SED 0.616 0928 0.125 51424 3 0.63 0.061  0.507 - 0432 -
CoMSIA/SHD 0.794 0965 0.091 76.657 4 0.56 0.178 - - 0574 0.248
CoMSIA/EHD 0.564 0932 0.122 54445 3 0.22 - 0.515 - 0402 0.082
CoMSIA/SEDA 0510 0924 0.134 33468 4 0.55 0.053 0.433 0.208 0.305 -
CoMSIA/SEHD 0.640 0954 0.104 57.360 4 0.53 0.055 0.437 - 0425 0.083
CoMSIA/SEHDA 0537 0948 0.111 49.777 4 0.54 0.048 0.388 0.203 0.291 0.071

R? Non-cross-validated correlation coefficient; SEE: Standard error of the estimate; Q% Cross-validated correlation
coefficient; F: F-test value; N: Optimum number of components; Rtest: External validation correlation coefficient.

12
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Table 3. Observed and predicted a-glucosidase activity as well as their residual of the 20 studied molecules.

CoMFA CoMSIA/SED
N° plCsg Predicted Residuals predicted Residuals
1 5.337 5.318 0.019 5.437 -0.100
2* 5.022 5.171 -0.149 5.035 -0.013
3 5.585 5.431 0.154 5.428 0.157
4 4,719 4,737 -0.018 4.719 0.000
5 4.845 4,912 -0.067 4.808 0.037
6 4,595 4,786 -0.191 4.796 -0.201
7 4.740 4,737 0.003 4.588 0.152
8 3.854 3.742 0.112 3.918 -0.064
9* 4.493 4.437 0.056 4.618 -0.125
10 4.535 4,588 -0.053 4.623 -0.088
11 4.199 4,197 0.002 4.086 0.113
12* 5.032 4.917 0.115 4.819 0.213
13 4,717 4.621 0.096 4.612 0.105
14* 4.143 4.339 -0.196 4.351 -0.208
15 4.309 4.253 0.056 4.319 -0.010
16 4.614 4.58 0.034 4.461 0.153
17 4.415 4,502 -0.087 4.536 -0.121
18 4.442 4.451 -0.009 4.563 -0.121
19 4.609 4.569 0.040 4.590 0.019
20 4.249 4.330 -0.081 4.273 -0.024

*Test set molecules

13
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Fig. 5. Predicted and observed pICs, plots of the investigated molecules along with their residuals using the COMFA

and CoMSIA/ SED models.

Validation of 3D-QSAR Models

To ensure the reliability of the predicted 3D-QSAR models, an external validation using the
Golbraikh and Tropsha criteria, as well as the Roy criterion, was carried out. Four benzimidazole-
based oxadiazole derivatives were used for this technique and the obtained results are listed in
Table 4.

The data in Table 4 reveals that the COMFA and CoMSIA/SED models consistently deliver reliable
outcomes, as they adhere to the Golbraikh and Tropsha parameters, confirming their compliance
with the established criteria. Furthermore, the ;2 and r,;lzvalues for the CoMFA and CoMSIA/SED
models are 0.59 and 0.63, and 0.584 and 0.617, respectively—each surpassing the 0.5 threshold.
Additionally, the models demonstrate a Ar;2 value below 0.2 and a Ar¢ value that does not exceed
0.3. Consequently, both the CoMFA and CoMSIA/SED models have successfully fulfilled the Roy
criterion requirements. The COMFA and CoMSIA/SEDA models, chosen as the preferred models,
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exhibited exceptional reliability and stability in external validation tests. Consequently, there is
strong confidence in their ability to accurately predict the a-glucosidase activity of potential new
molecules.

Table 4. External validation results of the CoMFA and CoMSIA/SEDA models using Golbraikh, Tropsha, and Roy
criteria

Criteria Parameter Validation Criteria CoMFA CoMSIA/SED
é ¢ >05 0.984 0.988
re? 1% >05 0.989 0.996
r2pred r2>0.6 0.877 0.898
Golbraikh . E , 0.85<k<1.15 0.990 0.994
and Tropsha r _ "o <0.1 -0.121 -0.099
T
k' 0.85<k<1.15 1.008 1.004
r2 —rl?
. <0.1 -0.127 -0.108
r
2 rn2>0.5 0.590 0.630
Roy P2 r?>05 0.584 0.617
Ar2 A2 <0.2 -0.006 -0.012
Ar Ar¢ <0.3 -0.005 -0.009

Y-randomization result

Y-randomization validation was conducted to evaluate the reliability of the recommended models,
with the results presented in Table 5. The results indicate that the Q% and R? values for the
CoMFA and CoMSIA/SED models are reduced compared to those of the original models. As a

result, the selected models are robust and their predictive power is not due to chance correlations.

Table 5. Q% and R? values of the constructed models following Y -randomization tests.

CoMFA CoMSIA/SED
Iteration Q? R? Q? R?
1 -0.488 0.900 -0.084 0.750
2 -0.224 0.913 -0.126 0.763
3 -0.271 0.920 -0.183 0.759
4 -0.135 0.919 -0.130 0.746
5 -0.097 0.932 -0.065 0.762
Original model 0.600 0.958 0.616 0.928

CoMFA contour map result
The molded CoMFA model was used to produce the COMFA contour maps in order to explain the
effect of steric and electrostatic groups on the a-glucosidase inhibitory activity of benzimidazole-

based oxadiazole inhibitors. The results obtained are presented in Fig. 6.
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According to COMFA steric contour maps, the green colored portion around meta hydroxyl moiety
of the benzene-1,2-diol moiety points out that massive moiety might enhance the activity of the
benzimidazole-based oxadiazole entities (Fig. 6 (2)).

The red colored portions cover 1,3,4-oxadiazole, around 1,2-diol moieties, meta position of the
benzene-1, 2-diol group suggest that substituents with electro-withdrawing character might
improve the a-glucosidase activity of the molecules (Fig. 6 (b)). These results provide insights into
how the structural features of benzimidazole-based oxadiazole compounds relate to their a-
glucosidase activities. By analyzing specific structural elements, such as functional groups and
molecular conformations, we can better understand their influence on activity levels. This
relationship is crucial for guiding the design of more effective inhibitors, as it highlights which
structural modifications may enhance or diminish the compounds' efficacy in inhibiting o-

glucosidase, ultimately contributing to more targeted therapeutic strategies.

\/ (‘( ® //\ :li\ff
A /VM ( |/ :

Fig. 6. Contours maps results obtained from CoMFA developed model. a) Steric and b) Electrostatic.

CoMSIA/SED Contour Map

CoMSIA/SED contour maps were constructed to elucidate the effect of steric, electrostatic and
hydrogen bond donor moieties on the a-glucosidase inhibitory activity of benzimidazole-based
oxadiazole inhibitors and the findings obtained are showed in Fig. 7.

As demonstrated in Fig. 7 (a), the huge green contours around the hydroxyl group situated in para
position of the phenyl part, ortho and meta places of the benzene-1,2-diol suggest that substituents
with steric effects are required to ameliorate the -glucosidase inhibitory activity of benzimidazole-

based oxadiazole molecules.
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In the Fig. 7 (b), the red contour around meta hydroxyl group of the benzene-1, 2-diol demonstrates
that electron-withdrawing substituents might enhance the activity of the molecules. On the other
side, the blue colored portion about para position of the phenyl moiety points out that group with
electron-withdrawing character in this position is unflavored. The last finding may explain why
some molecules in the dataset. For example, the molecule 20 (pICs, = 4.249), which has an
electron-withdrawing substituent in the para position of the benzene-1,2-diol moiety, has decreased
a-glucosidase activity.

In Fig. 7 (c), the large purple part covering meta, para and ortho sites of the benzene-1,2-diol
moiety elucidates that these positions are earmarked only for hydrogen bond acceptor moieties to
ameliorate the a-glucosidase inhibitory activity.

In conclusion, we have compiled all the CoMFA and CoMSIA/SED contour maps, which will
serve as a valuable resource for identifying the structural features that influence the a-glucosidase
inhibitory activity of the compounds (Fig. 8). Consequently, this analysis will facilitate the
development of new benzimidazole-based oxadiazole inhibitors with enhanced inhibitory efficacy,
ultimately contributing to more effective treatments for conditions such as diabetes mellitus. By
leveraging these findings, we aim to propose optimized compounds that can significantly improve
therapeutic outcomes.

a) b)
~
\/I_ \ 7 \‘f’
[ '3 Y NA N T
' A\
©)

Fig. 7. COMSIA/SED contours maps results. a) steric, b) electrostatic, c) H-bond donor.
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Fig. 8. Structural requirements for a-glucosidase activity obtained from CoMFA and CoMSIA/SED contour maps.

Design of new benzimidazole-based oxadiazole derivatives

The effective interpretation of the CoMFA and CoMSIA/SED contour maps allows us to identify
specific moieties that could enhance a-glucosidase inhibitory activity. By understanding these
relationships, we successfully designed four potent benzimidazole-based oxadiazole inhibitors.
Their activities were then evaluated using the most reliable COMFA and CoMSIA/SED models, as
detailed in Table 5. This rigorous approach not only highlights the potential of these new
inhibitors but also underscores the importance of structure-activity relationships in guiding
medicinal chemistry efforts. The insights gained from these models will aid in optimizing the
inhibitors further, paving the way for their development into effective therapeutic agents. The new
benzimidazole-based oxadiazole molecules were sketched, aligned, and minimized using the same

route adopted in the total set molecules.
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Table 6. Chemical structure of new a-glucosidase inhibitors and their predicted pICgqvalues

Based structure

O

N° Structure Predicted pICs,

R CoMFA CoMSIA/SED

M1 5.10 6.77
M2 4.96 6.76
Cl
Q)
- ~
M3 S 0 5.13 6.27
8]
M4 \:; OH 5.11 5.86

Drug-likeness outcomes

Drug-likeness refers to the properties of a chemical compound that make it likely to become an

effective drug. It describes whether a compound has the characteristics necessary for optimal
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interaction with biological systems while having favorable pharmacokinetics and safety profiles.
Lipinski’s rule of five has been a dominant guideline in this area, stating that molecules with a
molecular weight (MW) under 500 Da, a logP value below 5, fewer than 10 hydrogen bond
acceptors (HBA), and fewer than 5 hydrogen bond donors (HBD) tend to exhibit optimal oral
absorption and permeability [73]. In this context, various molecular properties of the newly
proposed benzimidazole-based oxadiazole compounds were evaluated using the pkCSM [63] and
SwisSADME [64] online tools to determine their Lipinski’s properties as shown in Table 7. The
data presented in Table 7 suggest that the proposed compounds demonstrate favorable absorption
and permeability. Additionally, compounds with a total polar surface area (TPSA) below 140 A2
and no more than 10 rotatable bonds (nrotb) are likely to have acceptable bioavailability and
enhanced flexibility, allowing for more effective interaction with a specific binding pocket [18]. As
shown in Table 7, the four proposed compounds exhibit good bioavailability and increased
flexibility at the receptor's binding site. Additionally, the synthetic accessibility (SA) of the new
benzimidazole-based oxadiazole molecules was evaluated to determine their potential for synthesis.
. The findings in Table 7 revealed that all the molecules have synthetic accessibility values close to
1 and far from 10, indicating that they are easily synthesizable [74]. The findings indicated that the
new benzimidazole-based oxadiazole derivatives fully complied with the key rules of drug-
likeness, specifically those outlined by Lipinski, Veber, and Egan (Table 8).

Table 7. Lipinski’s parameters of the new benzimidazole-based oxadiazole inhibitors.

Inhibitor Property
Log P HBD HBA TPSA nrotb MW SA
M1 5.00 2 5 110.69 4 429.867 3.22
M2 5.61 1 5 87.91 4 457.921 3.39
M3 5.69 1 6 93.90 4 444,878 3.44
M4 5.60 2 5 104.90 4 430.851 3.30

HBD: number of hydrogen bonds donors, HBA: number of hydrogen bonds acceptors, LogP: logarithm of partition
coefficient of compound between n-octanol and water, TPSA: Topological Polar Surface Area, MW: Molecular
Weight, nrotb: number of rotatable bonds, SA: Synthetic Accessibility

Table 8. Drug likeness prediction of the proposed compounds basing on Lipinski, Veber and Egan rules.

Compound Rule
Lipinski Veber Egan
M1 Yes Yes Yes
M2 Yes Yes Yes
M3 Yes Yes Yes
M4 Yes Yes Yes
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ADME results

The quest for new potent drugs is fraught with challenges, particularly in ensuring that these
compounds do not induce unwanted side effects. This is crucial in drug discovery, where the
therapeutic index—the ratio between the toxic and therapeutic doses—needs to be maximized. To
address these challenges, researchers have increasingly turned to the analysis of pharmacokinetic
properties, which encompass absorption, distribution, metabolism, and excretion (ADME) of
potential drug candidates. In this part, we determined the ADME properties of newly proposed
benzimidazole-based oxadiazole molecules. These compounds were selected due to their
promising biological activity. To systematically evaluate their pharmacokinetic profiles, we
utilized two robust online tools: pkCSM [63] and SwissADME [64]. The achieved outcomes are
listed in Table 9.

The journey of a drug from the site of administration to the site of action is referred to as absorption
[50]. For a medication to have any therapeutic effects, it must be absorbed into the bloodstream,
which makes absorption a crucial focus in drug development. The findings obtained indicate that
the studied benzimidazole-based oxadiazole molecules present high absorption. Regarding the
water solubility; outcomes of Table 9 show that the four recommended inhibitors are soluble in
water. Because high permeability would translate into a predicted value greater than 0.9, the Caco-
2 permeability results show that the predicted molecule M3 cannot enter Caco-2 [51]. All four
proposed derivatives were found to be substrates and inhibitors of P-glycoprotein (Table 9).
Additionally, the blood brain barrier (BBB) can be defined as the primary barrier separating the
circulatory system and the central nervous system. It is a crucial characteristic that determines
whether a drug may breach the blood-brain barrier and have an impact on the brain [49].
Practically, a chemical is considered to have high brain distribution if logBB>-1 [49].
Subsequently, the BBB permeability founded in Table 9 revealed non-penetrating BBB for the
compounds M2, M1 and M4. The CYP3A4 enzyme is considered the most important enzyme in
the CYP family, responsible for metabolizing 50% of all drugs on its own [50]. According to the
findings of table 5, the compounds M1 and M2 are substrates and inhibitors of CYP3A4. The
compound M1 was found to be a substrate and not an inhibitor of CYP3A4. The compound M4 is
neither a substrate nor an inhibitor of CYP3A4. In a similar vein, clearance is a parameter that
describes the relationship between drug concentration in the body and the rate of drug elimination
[48]. A lower clearance value indicates that drugs remain in the body for a longer duration. The
results presented in Table 9 show that all examined molecules have a low clearance index. The
findings from our pharmacokinetic analyses indicate that the newly proposed benzimidazole-based
oxadiazole compounds exhibit favorable ADME properties, suggesting their potential as effective

candidates for the development of novel inhibitors for diabetes mellitus.
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Table 9. ADME prediction of the new suggested a-glucosidase inhibitors

Compounds
Models M1 M2 M3 M4
Absorption
Water solubility Numeric (Log mol/L) -2.906 -2.893 -2.892 -2.895
Caco-2 permeability Numeric (log Papp in 1.005 1.165 0.699 1.158
10 cmi/s)
Intestinal absorption Numeric (% Absorbed) 100 80.107 100 91.189
(human)
P-glycoprotein substrate Categorical (Yes/No) Yes Yes Yes Yes
P-glycoprotein inhibitor Yes Yes Yes Yes
Distribution
Blood-brain barrier Numeric (log BB) -1.523 -1.098 -0.243 -1.715
(logBB)
Metabolism
CYP1A2 inhibitor Yes Yes Yes No
CYP2C9 inhibitor Yes Yes Yes No
CYP2D6 inhibitor No Yes Yes No
CYP2C19 inhibitor Categorical (Yes/No) Yes Yes Yes No
CYP3A4 inhibitor No Yes Yes No
CYP2DS6 substrate No No No No
CYP3A4 substrate Yes Yes Yes No
Excretion
Clearance Numeric (log ml/min/kg) 0.638 0.447 0.641  0.449

Toxicity prediction result

The Ames mutagenicity test is a widely used assay in the initial phases of drug development to
evaluate the potential mutagenic effects of a molecule. According to the results presented in Table
10, the proposed molecules M1, M2, M3, and M4 were found to be non-toxic based on the Ames
test. Additionally, the proposed molecules did not exhibit any carcinogenicity. Moreover,
hepatotoxicity refers to the ability of a substance to cause damage or toxicity to the liver. It is an

important aspect of toxicity testing, particularly for drugs and chemicals that are metabolized in the
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liver or have the potential to interact with liver cells. From Table 10, we can see that all inhibitors
are not hepatotoxic. Additionally, the results hint that the proposed a-glucosidase inhibitors do not
exhibit skin sensitisation. Moreover, based on the information provided in Table 10, it appears that
the LD50 (lethal dose 50) values of the inhibitors are low. A low LD50 value indicates that a high
dosage of the substance would be required to cause lethality in test subjects.

Given the favorable pharmacokinetic properties of the newly proposed compounds, we are poised
to advance our research by conducting further studies, specifically molecular docking and
molecular dynamics simulations. These computational techniques will provide valuable insights
into the binding interactions and dynamic behavior of the compounds with their biological targets.

Table 10. Toxicity prediction of the proposed inhibitors.

Oral Rat Acute

A -\ Ski -
Compound . r_nes . - Hepatotoxicity . _|n . Toxicity (LD50:
toxicity test ~ Carcinogenicity sensitisation

mol/Kg)
M1 No-toxic Non-carcinogen No-hepatotoxic No 2.488
M2 No-toxic ~ Non-carcinogen No-hepatotoxic No 2.858
M3 No-toxic ~ Non-carcinogen No-hepatotoxic No 2.831
M4 No-toxic Non-carcinogen No-hepatotoxic No 2.482

Molecular docking results

Molecular docking was conducted to gain a deeper understanding of the binding modes and to
investigate the interactions between the synthesized benzimidazole-based oxadiazole derivatives
and the 3ada protein. In this part, compound C3, recognized as the most active molecule among the
derivatives evaluated, served as a reference point for comparison. Binding energy and inhibition
constant (Ki) values are listed in Table 11. Docking interaction results are presented in Table 12. It
can be seen from Table 11 that compounds M1 and M2 have the highest docking score against the
receptor, exceeding the docking score of the reference inhibitor, compound C3; suggesting that
these compounds have stronger binding affinity and potentially better interaction with the receptor
active site compared to compound C3. The inhibition constant (Ki) was determined from the
binding energy (AG) using the equation Ki = exp®¢/RT) where R is the universal gas constant
(1.985 x 1073 kcal mol™ K™2) and T is the temperature (298.15 K) [75]. A lower Ki value indicates
stronger binding between the drug and the receptor, suggesting higher potency and potentially

better therapeutic efficacy. Consequently, compounds M1 and M2 have lower Ki values compared
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to compound C3, highlighting their potential as more effective inhibitors of the a-glucosidase

receptor. In the visualization of molecular docking interactions, we focus only on compounds M1

and M2 and compare them with compound C3 as reference.
The docking outcome of compound M1 with a-glucosidase receptor demonstrates more types and
number of interactions. The amino group formed two conventional hydrogen bond interactions
with Lys156 (2.46 A) and Ser157 (2.97 A) residues. Conventional hydrogen bond interactions are
critically important in drug design, as they play a key role in determining the binding affinity,
specificity, and overall effectiveness of a drug. The presence of hydrogen bond interactions in the
docking results for compound M1 enhances its potential as an effective a-glucosidase inhibitor,
increasing its therapeutic value. The ring of the phenyl moiety which is near to the benzimidazole
group forms three different interactions i.e. pi-alkyl, pi-anion and Pi-Pi stacked with Pro312 (4.81
A), Asp307 (3.47 A) and His280 (5.01 A) residues, respectively. The oxadiazole moiety formed
Pi-Pi stacked interaction with His280 (4.54 A) residue. The benzimidazole ring provides pi-alkyl
interactions with Val308 (5.33 A) and Ala329 (4.41 A) residues (Table 12). These various
interactions give to compound M1 a good stability inthe active site of 3a4a receptor and validate
its predicted inhibitory activity. The docking findings supported the proposed 3D-QSAR models.
Moreover, the docking outcome of the compounds M2 presents various interactions with 3ada
receptor as conventional hydrogen bond, carbon hydrogen bond, Pi-sigma, Pi-Pi stacked, Pi-Pi T-
shaped (Table 12). These interactions enhance the stability of compound M2 and further
strengthen its potential as a lead active compound for targeting diabetes mellitus. On the other
hand, compound C3, the most active compound in the data set, interacts very well with the target
receptor, providing several types of interactions, mainly conventional hydrogen bonding and the
Pi-Pi T-shaped (Table 12). As a conclusion, the results suggest that the new inhibitors M1 and M2
could provide enhanced efficacy and potency in inhibiting the a-glucosidase receptor, positioning

them as promising candidates for further development as potential therapeutic agents.

Table 11. Binding energy and inhibition constant (Ki) of new a-glucosidase inhibitors and compound C3.

Compound Binding energy (Kcal/mol) Inhibition constant Ki (uM)

M1 -6.473 0.177
M2 -6.531 0.161
M3 -5.711 0.644
M4 -6.144 0.310
C3 -6.076 0.347
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Table 12. 2D and 3D docking visualization of newly designed compounds and compound C3.

Compound 2D diagram 3D diagram

M1

M2

C3

Molecular Docking Validation Result

Re-docking was performed to evaluate and refine the docking procedure and assess its efficiency.
The re-docked complex was superimposed onto the co-crystallized native complex, as illustrated in
Fig. 9 (a). The resulting RMSD value was 0.35A. In molecular docking validation, an RMSD value
under 2 A is generally considered indicative of a reliable docking procedure [76]. This low RMSD
value demonstrates a high degree of similarity between the re-docked and native complexes,
suggesting that the docking model and procedure are robust and accurate in predicting the ligand-
binding conformations. GIn279, Arg442, Glu4ll and Arg315 are the interacting amino acids
formed with an average distance of 3.00 A in the active site pocket (Fig. 9 (b)).
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Fig. 9. a) Re-docking pose with the RMSD value of 1.82 A (Red = Original, Magenta = Docked), b) Docking
interactions of the co-crystalized ligand.

MD simulation results

In this section, to compare the structures of the new conformations with the initial structure
obtained by molecular docking in the absolute state, an analysis of the RMSD (Root Mean Square
Deviation) for the protein (C-alpha), complexes and ligands was performed over 200 ns. Fig. 10
shows the RMSD of the protein without ligand influence (Fig. 10A), complexes (Fig. 10B) and
ligands only (Fig. 10C). In the first 25 ns, the RMSD of the protein does not exceed 2 A following
the deviation of the alpha carbons with C3 and M1 ligands, and converges towards an RMSD value
of 2.5 A, except for the C-alpha carbons with M2 ligand, which tends towards an average value of
3 A. In general, the protein maintains the same conformation after 50 ns and does not exceed 3 A,
indicating the stability of the crystalline structure of the target protein. Regarding the deviation of
the C3, M1 and M2 complexes, it is observed that the RMSD of the C3 complex diverges to a
maximum value of 8 A from 120 ns to 140 ns, after which it converges to an RMSD value equal to
6 A. No stable conformation is observed during 140 ns for the C3 complex. For the other
complexes, it is noted that 60 ns is sufficient to stabilize the M1 and M2 complexes, indicating that
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the newly designed molecules M1 and M2 form interactions with the therapeutic target that
stabilize the complex formed during the dynamic simulation time. Furthermore, the RMSD of the
proposed molecules M1 and M2 is always lower than the RMSD of the more active molecule C3.
The convergence of the RMSD of the studied complexes M1 and M2 validates the performance of
the interactions of the ligands M1 and M2 obtained by the molecular docking method.

A B C
1—¢%a (C3)| i ; —— Complex C3 ¥ Ligand C3
| Ca (M1) i Complex M1 Ligand M1
— Ca (M2)| Complex M2| o Ligand M2

Time (ns) Time (na) Time (ne)

0 gy ST jome g icandte~: ot w3 Fn i A T AR RS Hom ey po e
0 40 80 120 160 200 0 40 80 120 180 200 0 40 80 120 160 200

Fig. 10. RMSD of C-alpha (A), complexes (B) and ligands (C).

The protein studied has significant interactions with the C3 ligand, such as hydrogen bonds, as
indicated by specific residues such as Lys 156, Ser 157, Tyr 158 and others. These interactions
could play a crucial role in the stability and molecular recognition between the protein and its
ligand. Analysis of RMSF fluctuations reveals variable dynamics within the protein, with residues
showing high values indicating increased flexibility, particularly in regions such as Leu 313. Some
residues such as Ser 240, Ser 241, Asp 242 and His 280 show high flexibility, indicating significant
mobility. These results suggest significant conformational changes upon interaction with the ligand.
In particular, the flexibility of some residues, despite hydrogen bonding, suggests a structural
adaptation necessary for efficient binding to the C3 ligand. This in-depth understanding of
molecular interactions and protein flexibility may have important implications for drug design or
understanding of related biological processes. Fig. 11 shows that the fluctuation of all amino acids
in the target did not exceed 3A and that these amino acids formed several types of interactions with
the C3 ligand.

27



Journal Pre-proof

LS Rl

RMSF {4)

Fig. 11. RMSF of C3 complex amino acids, H-Bonds and fractions of each interaction.

Analysis of the RMSF results (Fig. 12) and the hydrogen bond (H-bond) interactions between the
protein and the M1 ligand provide crucial information about the molecular dynamics and stability
of this interaction. Several key residues were identified as being involved in hydrogen bonding with
the M1 ligand, including Tyr72, Lys156, Serl57, Tyrl58, Ser218, and others. These hydrogen
bonds are essential for molecular recognition and the formation of a stable bond between protein
and ligand, suggesting a critical role for these residues in the specificity of the interaction. At the
same time, analysis of the RMSF values highlights the flexibility of certain residues during the
interaction with the M1 ligand. Residues including Leu313, Arg315, Tyr316, and Val319 display
elevated RMSF values, reflecting substantial mobility in these regions. This flexibility could be
associated with conformational changes necessary for the protein to adapt to the presence of ligand.
The persistence of this flexibility in residues such as Ser240, Ser241, Asp242 and His 280,
independent of the specific ligand (compared to the results with the C3 ligand), suggests a constant
structural plasticity in these regions during interactions with different ligands.

These results underline the importance of hydrogen bonds in the molecular recognition between the
protein and the M1 ligand, while highlighting the flexibility of certain residues that may play a
crucial role in the conformational changes required for the interaction. This information may be
valuable for the design of drugs specifically targeting these residues, or for furthering our

understanding of the biological mechanisms associated with this protein-ligand interaction.
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Fig. 12. RMSF of M1 complex amino acids, H-Bonds and fractions of each interaction.

Analysis of the RMSF results and the hydrogen bond (H-bond) interactions between the protein and
the M2 ligand provide valuable insight into the molecular dynamics and stability of this particular
interaction. Several key residues were identified as being actively involved in hydrogen bonding
with the M2 ligand, including Asp69, Lys156, Tyr158, Phel59, and others. These hydrogen bonds
play a crucial role in molecular recognition and the formation of a stable bond between protein and
ligand, suggesting an important specificity of the interaction.

Analysis of the RMSF values (Fig. 13) also provides information about the flexibility of residues
during the interaction with the M2 ligand. Some residues such as Leu313, Pro312, Val319 and
others show high RMSF values, indicating significant mobility in these regions. This flexibility
could be related to conformational adaptations necessary to accommodate the presence of the
ligand. In addition, residues such as Asn414 and Asn415 show particularly high RMSF values,
indicating marked flexibility in these regions, which could suggest a functional or structural
importance of these residues during interaction with the M2 ligand. These results highlight the
specific residues involved in hydrogen bonding with the M2 ligand, underscoring the importance of
these interactions for the stability of protein-ligand binding. Furthermore, the flexibility observed in
certain residues suggests conformational changes that may be critical for the structural adaptation

of the protein upon interaction with the M2 ligand.
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Fig. 13. RMSF of M2 complex amino acids, H-Bonds and fractions of each interaction.

Comparative analysis of the RMSF results for the C3, M1, and M2 ligands reveals significant
nuances in the molecular dynamics of each ligand during its interaction with the target protein (Fig.
14). For the C3 ligand, RMSF values relative to the protein indicate a notable flexibility of atoms
21 to 29, suggesting significant fluctuations in these regions during interaction with the protein.
RMSF values relative to the ligand itself highlight intrinsically flexible regions of the ligand,
suggesting structural adaptability independent of interaction with the protein.

For the M1 ligand, analysis of the RMSF values reveals significant mobility of atoms 21 to 31, with
flexibility of atoms 30 and 31, indicating significant conformational changes. Comparison with the
C3 ligand highlights different flexibility profiles between the two ligands, underscoring the
importance of understanding the specificity of molecular dynamics for each compound.

For the M2 ligand, RMSF analysis highlights pronounced flexibility of atoms 14-18, 24 and 32,
suggesting structural adaptability of these regions during the interaction. RMSF values relative to
the ligand itself reveal intrinsically flexible zones, with atoms 14 to 18 and 24 to 33 showing
significant fluctuations. Comparison with previous ligands highlights specific variations in
molecular dynamics between ligands.

These observations underscore the importance of understanding the specific atomic flexibility of
each ligand, as it may influence molecular recognition and binding mechanisms with the target
protein. Such detailed understanding can guide drug design by identifying flexible regions as
potential targets for optimization of ligand-protein interaction. The RMSF analysis shown in Fig.
14 provides in-depth insight into the molecular dynamics of each ligand, opening prospects for the

development of more effective M1 and M2 compounds based on their distinct flexibility profiles.
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Fig. 14. RMSF of the more active C3 molecule (A) and the candidate compounds M1 (B) and M2 (C).

Studying the interactions between the C3 ligand and the target amino acids during molecular
dynamics simulations provides valuable insights into potential binding sites. First, the C3 ligand
showed a significant affinity for the amino acid Thr310, establishing contacts within the first 125
nanoseconds and between 140 and 200 nanoseconds. This bifurcated interaction suggests a
temporal dynamic in the binding of the C3 ligand to Thr310.

Similar interactions were observed with other amino acids. Between 85 and 200 nanoseconds, the
C3 ligand is in contact with Asp307, highlighting a later, more prolonged interaction. An early
interaction was observed with His280, lasting from 0 to 48 nanoseconds, indicating initial binding
early in the simulation. Contact with Phe303 was established from 80 to 200 nanoseconds,
demonstrating a prolonged interaction.

These residues were identified as forming a maximum of three bonds with the C3 ligand,
suggesting specificity in preferred binding sites. However, with other amino acids, the C3 ligand
formed bonds discontinuously, highlighting the diversity of possible interactions.

Overall, the C3 ligand showed a variable number of contacts, oscillating between 4 and 12. This
variability may reflect the plasticity of the C3 ligand in its interactions with different sites on the
target protein, underscoring the complexity of the molecular mechanisms involved.

In parallel with the interaction analysis, protein secondary structure elements (SSEs) were
monitored throughout the simulation. The results show a significant distribution of helices
(25.11%), alpha structures (13.54%) and beta chains (34.67%). Fig. 15 illustrates the distribution of
these SSEs by residue index in the protein structure, providing further information on the structural
dynamics of the protein during the simulation.

In summary, this detailed analysis of the specific interactions of the C3 ligand with the target amino
acids, coupled with the monitoring of SSEs, provides an in-depth understanding of the molecular
mechanisms involved, facilitating the evaluation of the potential performance of the C3 ligand as a
drug candidate.
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Fig. 15. Total number of interactions between the C3 ligands and the tracking of ligand-protein contacts with a weight
of 200 ns.

Analysis of the interactions between the ligand M1 and the target amino acids during the molecular
dynamics simulation provides detailed insight into the nature of the bonds formed and the stability
of these interactions.

First, the M1 ligand showed a consistent interaction with the Thr310 amino acid throughout the
simulation. This persistent binding suggests a significant affinity between the M1 ligand and Thr
310, indicating a potentially critical binding site for the biological activity of the ligand (Fig. 16).
The M1 ligand intermittently formed bonds with the amino acid SER 304. The intermittent nature
of these bonds may reflect a sensitivity of the M1 ligand to the dynamics of the target protein at this
specific site.

On the other hand, the M1 ligand maintained almost constant contact with amino acids His 280 and
Asp 242 throughout the simulation. The variability in the number of bonds, ranging from two to
three, suggests some plasticity in these interactions and underscores the complexity of the
molecular relationships between the M1 ligand and these residues.

The interaction of the M1 ligand with the Tyr158 amino acid was characterized by constant contact
and sometimes the formation of more than one chemical bond. This suggests a dynamic interaction
with variations in the number of bonds, which could be related to the flexibility of the binding
region.

Finally, the total number of contacts between the M1 ligand and the target amino acids ranged from
3 to 9 bonds. This wide range demonstrates the ability of the M1 ligand to interact with different
binding sites within the target protein, with the M1 ligand showing remarkable interaction
specificity with certain amino acids, maintaining constant bonds with Thr310, Tyr158, and
intermittent interactions with Ser304. The variety in the number of bonds with His 280 and Asp
242 suggests flexibility in these interactions. These results provide critical information on the
mechanisms by which the M1 ligand interacts with its target, which may be essential for its

potential as a drug candidate.
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Fig. 16. Total number of interactions between the M1 ligands and the tracking of ligand-protein contacts with a

weight of 200 ns.
Analysis of the contact tracking between the M2 ligand and the target amino acids during the 200

nanosecond molecular dynamics simulation reveals complex and varied dynamic interactions.

First, the M2 ligand showed a particular affinity for the amino acid Tyr158, discretely forming
more than two bonds throughout the simulation. This persistent interaction suggests a strong
affinity between the M2 ligand and Tyr158, which may have important implications for molecular
recognition (Fig. 17).

Interestingly, the M2 ligand also showed dynamics in its interactions with other amino acids.
Between 30 and 85 nanoseconds, the M2 ligand sometimes formed three bonds with the amino acid
His280, highlighting the plasticity of molecular interactions over time.

In addition, the M2 ligand temporarily formed two bonds with the Phe303 amino acid from the
beginning of the simulation to 120 nanoseconds. This variation in the number of bonds may reflect
the adaptability of the M2 ligand in its interactions with different residues.

A notable interaction was observed with the amino acid Thr310, with the continuous formation of a
single bond throughout the simulation. This suggests a constant and specific interaction between
the M2 ligand and Thr310.

Between 58 and 182 nanoseconds, the M2 ligand formed a bond with the Ser311 amino acid,
indicating a new dynamic interaction at another potential binding site.

During the first 50 nanoseconds, more than three bonds were formed between the M2 ligand and
the amino acid Arg315. Thereafter, the M2 ligand remained in contact, discretely forming between
1 and 3 bonds. This variability in the number of bonds highlights the complexity of the interactions
between the M2 ligand and Arg315.

Overall, the M2 ligand showed a diversity of interactions with different target amino acids,
reflecting structural adaptability. The total number of contacts, which varied between 4 and 12,
suggests a dynamic performance of this engineered molecule, opening up promising prospects for
its potential as a pharmaceutical ligand. These detailed results provide critical information for

understanding the molecular interaction mechanisms of the M2 ligand with its target.
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Figure 17. Total number of interactions between the M2 ligands and the tracking of ligand-protein contacts with a
weight of 200 ns.

Analysis of the results of molecular dynamics simulations of the C3, M1 and M2 ligands over a
period of 200 nanoseconds reveals significant differences in their structural and dynamic
properties. In terms of radius of gyration (rGyr), the C3 ligand shows significantly higher
compactness compared to M1 and M2, indicating a denser structure (Fig. 18A). Variations over
time also suggest greater potential structural stability for the C3 ligand. In terms of molecular
surface area (MolSA), the M2 ligand stands out as having the largest surface area, closely followed
by M1, while C3 has the smallest molecular surface area (Fig. 18B). This observation suggests
significant differences in molecular size between the ligands. Furthermore, accessible surface area
(SASA) analysis indicates that the M2 ligand generally exhibits greater accessibility to its
environment, which may have implications for its interactions with other molecules (Fig. 18C).
Finally, polarizable surface area (PSA) reveals notable differences in polar interaction properties,
with the M2 ligand exhibiting a smaller polarizable surface area compared to C3 and M1 (Fig.
18D). These results highlight the importance of understanding the molecular differences between
C3, M1 and M2 ligands, which may have significant implications in specific biological or

pharmacological contexts.
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DFT Result

Conceptual Density Functional Theory (CDFT) known as the reactivity analysis based branch of
Density Functional Theory (DFT) presents simple and useful equations and electronic structure
principles and equations about reactivity analysis descriptors such as chemical potential (),
electronegativity (y), hardness (1) and softness (o). The mathematical relations for the computation

of these descriptors are given as [72,77,78]:

o E _I+A (8)
AT {aNer 2
A3, 8
2
oN |,y | ON o
o=1Iln (20)

In the given mathematical relations, E, N, | and A are total electronic energy, total number of the
electrons, ground state ionization energy and ground state electron affinity of the studied chemical
system, respectively. To predict the ionization energy and electron affinity of the C3, M1 and M2
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molecules, we used the Koopmans Theorem giving the following orbital energy based formulae
[79].

(11)

I = _EHOMO

Ae_E (12)

LUMO

where, Enomo and ELumo are the energies of HOMO and LUMO orbitals, respectively.

Parr, Szentpaly and Liu introduced the electrophilicity index (®) as the square of the

electronegativity divided by twice the hardness [80].

) 13
w=x"/2n 13

The electronic structure principles such as Maximum Hardness, Minimum Polarizability and
Minimum Electrophilicity Principles present the relationship of the corresponding property to
chemical reactivity. Chemical hardness introduced by Pearson via Hard and Soft Acid-Base
(HSAB) Principle classifying the Lewis acid-bases as hard, soft and borderline is reported as the
resistance against polarization of atomic and molecular chemical systems [71-83].
The relation with stability of the chemical hardness is given via Maximum Hardness Principle
(MHP). According to MHP, “there seems to be a rule of nature that molecules arrange themselves
so as to be as hard as possible.” This statement implies that chemical hardness is a reliable measure
of stability. Hard chemical systems that resist polarization exhibit high stability [84-86].
The electronic structure principle showing the relation between reactivity and electrophilicity
index is Minimum Electrophilicity Principle proposed by Chamorro and coworkers [86].
In proposing this principle, the authors argued that electrophilicity is minimized at stable states.
Both Maximum Hardness and Minimum Electrophilicity Principles imply that the most stable
chemical system among the selected compounds in Table 13 is C3 while the most reactive one is
M1.
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Table 13. Reactivity indices of the selected compounds

Parameter/compound C3 M1 M2
Enomo -5.561 -5.775 -5.797
ELumo -1.858 -2.111 -2.096
lonization potential 5.561 5.775 5.797
Electron affinity 1.858 2111 2.096
Energy gap (AE) 3.703 3.664 3.701
Electronegativity 3.709 3.943 3.946
Chemical potential p -3.709 -3.943 -3.946
Chemical hardness n 3.703 3.664 3.701
Global softness ¢ 0.270 0.273 0.270
Electrophilicity index ® 1.858 2.122 2.104
Nucleophilicity index N 3.807 3.593 3.571

Conclusion

In this paper, a set of 20 benzimidazole-based oxadiazole molecules was investigated using 3D-
QSAR approach. The CoMFA and CoMSIA/SED models demonstrated important statistical
quality and excellent predictive competency. The recommended models were employed to
produce the contour maps that help to identify the main regions impacting the a-glucosidase
activity. Thus, four new potent benzimidazole-based oxadiazole molecules were proposed with
important inhibitory activity. ADME/Tox results demonstrated that the new candidate molecules

possess excellent pharmacokinetic properties and bioavailability, comply with drug-likeness
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criteria, and have high synthetic accessibility, making them both effective and easy to synthesize.
Furthermore, molecular docking findings provide adequate details to comprehend the binding
mode of the benzimidazole-based oxadiazole inhibitors with the target receptor. The new
proposed molecules M1 and M2 demonstrated strong interactions, displaying favorable binding
characteristics. MD simulation showed good stability of the compounds M1 and M2 during the
200 ns. The reactivity and stability of the compounds were discussed in the light of the popular
electronic structure principles. Both maximum hardness and minimum electrophilicity principles
supported the high stability of compound C3. In the next work, we will to carry out the activity
test, including enzyme activity, cytotoxicity, and in vivo hypoglycemic effects of the compound
M1 which is demonstrated promising in silico result.
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