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Leishmaniasis, a neglected tropical disease, affects a human population of
over 12 million people, mainly in the tropics and is caused by the leishmanial
parasites transmitted by the female sand fly. The lack of vaccines to prevent
leishmaniasis and the limitations of existing therapies necessitated this study,
which was focused on the computational design of some novel 2-
arylbenzimidazole analogs while subjecting the same to molecular docking,
pharmacokinetics and Molecular Dynamic (MD) simulation to ascertain their
drug-ability. The obtained QSAR model was validated as follows: R2 = 0.8447,
R2adj = 0.8095, Q2%cv = 0.6799 and R2tst = 0.7383. The predicted pICso values of
all newly designed compounds were higher than that of the lead compound
(13). The newly designed analogs conformed to Lipinski's rule for oral bio-
availability less 13m and showed good ADMET properties, with 13j showing
the highest Human Intestinal Absorption (HIA) of 93.64%. The MD simulation
result demonstrated excellent stability associated with the binding of 13j onto
6K91's binding pocket with an estimated AG binding (MM/GBSA) of -50.4031
kcal/mol than that of 13_6K91 (AG binding = -25.9665 kcal/mol). Therefore,
13j could be recommended as a potential drug molecule for treating
leishmanial infections.
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Introduction

Leishmaniasis is a tropical disease that infects
approximately 12 million people living majorly in
tropical Africa, Southeast Asia and Latin America
[1]. Visceral leishmaniasis (VL) is the deadliest of
all leishmanial infections and always proves fatal
if left untreated. The leishmanial (L) parasites
cause VL, majorly Leishmania donovani and
Leishmania infantum, which are spread to
humans by sand flies [2]. Significant health
challenges associated with leishmaniasis include
weakness, weight loss,
hepatosplenomegaly [3]. Because of a lack of a
vaccine to prevent this infection, a treatment
approach has been chemotherapy with drugs
such as amphotericin B, pentamidine,
paromomycin and miltefosine, among others [4].
However, these therapies are either ineffective or
are associated with adverse effects such as
hepatotoxicity, nephrotoxicity, eye
irritation, lethargy and cardiotoxicity [5,6]. More
so, resistance posed by target organisms to
existing therapies is on the rise [7]. Additionally,
leishmaniasis is taken less seriously than other
diseases like cancer, diabetes, malaria, stroke,
hepatitis and AIDS [8]. Hence, efforts geared
toward discovering and developing
medicines that overcome the limitations of

fever and

nausea,

new

existing therapies are necessary.

Computer-aided modeling approaches such as
DFT calculations, QSAR modeling, molecular
docking, drug-likeness properties prediction,
molecular dynamics (MD)
homology modeling play a critical role in drug
discovery and development owing to their
advantages over traditional methods such as
time-saving, cost-effective and reliability [9-12].
The pyridoxal kinase (PdxK) protein (PDB: 6K91)
was reported previously to play a vital role in the

simulation and

formation of pyridoxal -5’-phosphate, an active
B6 by catalyzing the
phosphorylation of the 5’-hydroxyl group of the
pyridoxal [13]. PdxK is a crucial enzyme for the

form of vitamin
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growth of parasites and is also valuable for host
[14]. PdxK has previously been
inhibited by well-known anti-malarial medicines
such as primaquine and chloroquine [14].
Therefore, PdxK could serve as an exciting
enzyme target for new leishmanial inhibitors.
The benzimidazole structure is found in several
drugs used to treat various medical conditions
[15]. Additionally, benzimidazole-derived
compounds have been previously studied as
leishmanial inhibitors [16-18]. In the continuous
search for drug
compound, Keurulainen et al. [15] synthesized a
series of 2-arylbenzimidazole derivatives and
evaluated their activities against L. donovani.
Therefore, the present study focuses on 2-D
QSAR modeling, in silico design, molecular
docking investigation, pharmacokinetics profiling
and molecular dynamics studies to identify some
2-arylbenzimidazole derivatives as
leishmanial inhibitors.

infection

an ideal anti-leishmanial

superior

Materials and Methods

Data acquisition

Keurulainen et al. [15] synthesized a series of 2-
arylbenzimidazole derivatives, contributing to
the drug discovery stride to tackle leishmaniasis.
Their bioactivities were evaluated against axenic
amastigotes of L. 50 uM
concentration and reported as percent (%)
inhibition. Consequently, a dataset of Forty (40)
compounds with relatively better inhibition
values was obtained from their report and used
study. The various %
inhibition values were converted to half-maximal
inhibitory concentration on a logarithmic scale
(pICs0) using Equation 1. The
structures, % inhibition and plCso obtained for

donovani at

for this theoretical

molecular

these compounds were reported in the
supplementary file Table S1.
plcso P _logm(Conc oftested agent X 50 ) (l)

% inhibition
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Structural optimization

The ChemDraw Ultra software was used to
draw the molecular structures of the various
analogs and after saved in MDL molfile. The
resulting files were opened separately on the
Spartan 14 user interface and converted from 2-
D to 3-D models. The resulting structures were
subjected to a two-step optimization process;
first with Molecular Mechanics Force Field
(MMFF) and after that with Density Functional
Theory (DFT) with B3LYP/6-31G** basis set, all
on Spartan 14 software version 1.1.4 [4,6,8]. The
resulting structures were then preserved in an
SD file for use in the generation of molecular
descriptors [10,19].

2-D QSAR model building

The PaDEL-Descriptor tool generated a pool of
descriptors all Forty (40)
compounds [10]. DTC-Lab-based pretreatment
software, GUI 1.2 was used to treat and screen
the data of uninformative descriptors [9]. The
pretreated data were divided into a training set
and a test set in a 70:30 proportion [20]. The
actual model building was carried out on the
Material studio software, which employs the
Genetic Function Approximation (GFA) and
Multi-Linear Regression (MLR) approach to build
the QSAR model. MLR provides the relationship
between the inhibitory activity (pICso) and the
molecular descriptors [21].

The next important step after the model
building is internal and external validation
assessment. Some internal validation parameters
utilized in this study include correlation
coefficient (R2), cross-validation coefficient
(Q2cv) and adjusted correlation coefficient (R2ag)).
An external validation assessment was carried

molecular for

out to ascertain the built model's ability to
predict the activities of the external test set
compounds. The predictive strength of the QSAR
model is dependent on the external test set

correlation coefficient (R? test) [22-25]. In
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addition, statistical parameters such as the Mean
Effect (ME) and Variance Inflation Factor (VIF)
were computed to further describe the built
QSAR model. The ME value the
contribution of each descriptor in the model in
terms of anti-proliferative activity [26].

In contrast, the of
between the descriptors is defined by the VIF
[27]. Furthermore, the model’s Applicability
Domain (AD) space was described using the
leverage approach [28,29]. Table 1 reveals the
various parameters and equations utilized in the
model's validation.

shows

level inter-correlation

Ligand-based drug design

Thirteen  (13) analogs of  2-
arylbenzimidazole were designed by the method
of ligand-based drug design basically by the
inclusion of relevant substituent group(s) into
the structural template (13) using the chemical
information encoded in the molecular
descriptors (Majorly SpMin1_Bhv
SpMin2_Bhe) [9]. The newly designed analogs
and the reference drug (pentamidine) were
prepared according to the procedures earlier
described herein.

new

and

Molecular docking study

Pyridoxal kinase (PdxK), the target receptor
(PDB ID: 6K91) was obtained from the protein
data bank and prepared using the Biovia
Discovery Studio by removing water molecules
and co-crystallized ligands associated with the
protein docking
investigation was performed between PdxK and
the 13 newly designed analogs using the PyRx
software (Auto Dock Vina tool). This was to
ascertain how well the new compounds interact
with the receptor of interest. Pentamidine was
also docked onto the same binding pockets of

structure. A  molecular

PdxK to revalidate the docking results. The vina
search space was centered at X: 29.36484, Y:
1.3484A and Z: 27.9440A with dimensions X:
50.6424A, Y: 46.74804 and Z: 54.4647A [22,26].
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Table 1. Selected parameters and equations used for the QSAR model's validation

Parameter Equation Eq. Threshold value Reference
Internal validation
Friedman Lack-Of- LOF = %EET 2 - [6]
Fit (LOF) A
(Yerp—Vared)®
— | MexpTtpred
SEE W N-P-1
Correlation 21— Z(¥Yexp—Yprea)” ] 3 > 0.6 [9]
Coefficient (R2) Z(¥exp—Vtraining )
Adjusted R2 R RP—pn—1) 4 >20.5 [10]
@ p—p+1
Cross-validation 2 _q % (Yprea — Yeun)* 5 >0.5 [10]
regression Q. =1- Z{:Ysm _ ?rrnining}:
coefficient (Q%cv)
External validation
Predicted R? (R2 R? _q1_ Y (Ypred,oe — Yexpeo)® 6 >0.6 [6]
teSt) i E{:Ym‘e'irasr - Yf‘i“ﬁi?!f?!g}:
Pearson correlation and statistical analyses
Mean Effect (ME) ME — B i 7 - [26]
IfE Lo
Variance Inflation VIF = - = . 8 <10 [27]
Factor (VIF) (1-R%)
Leverage (h) and h=X(XTx)"x7 9 -
warning leverage b = 3 J+1) 10 - [28]
(h*) T

SEE = Standard Error of Estimation

¢ = no. of terms in the model

d = user-defined smoothing parameter

p = total no. of descriptors in the model

M = no. of data in the training set

Ytraining = mean experimental activity of the training set
Yexp = experimental activity in the training set

Ypred = predicted activity in the training set

n = no. of compounds in the training set.

Pharmacokinetics study

Drug-likeness and ADMET properties prediction
are necessary for the initial stage of drug
discovery because only molecules with good
pharmacokinetic profiles scale into the pre-
clinical phase of drug research [10]. In the
present study, the pharmacokinetic properties of
the template molecule (13) and the newly
designed compounds (13a-13m) were predicted
by using http://www.swissadme.ch/index.php

and http://biosig.unimelb.edu.au/pkcsm  for
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Ypredtest = predicted activity of test set

Yexprest = experimental activity of test set

Bj = coefficient of j descriptor

Dj = Descriptor's value for each molecule in the
training set

m =j = no. of descriptors in the model

X =m x k descriptor matrix of the training set
XT = transpose matrix of X

drug-likeness and ADMET profiling respectively.
Lipinski's ‘rule of five’ (ROF), a widely used
criterion for oral bioavailability, was used to
assess the newly designed compounds for oral
bioavailability [30, 31].

Molecular dynamics study and calculation of
MM/GBSA

MD simulations were performed on the
complexes of compound 13 (template) and

compound 13j with PdxK using the combined
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approach of Chemistry at Harvard
Macromolecular Mechanics (CHARMM) force
field, Nano-scale Molecular Dynamics (NAMD)
and Visual Molecular Dynamics (VMD). The
CHARMM-GUI, an established web-based
platform that utilizes the CHARMM force field,
was used to generate the input files for the
simulation by NAMD [32]. The periodic boundary
condition was utilized while fitting the system
into a cubic water box for solvation. The protein
was solvated and neutralized explicitly in an
aqueous solution of 0.15 M concentration of
potassium chloride salt [33]. The simulation
process energy minimization,
equilibration (100 ps time frame) and production
(500,000 steps or 1 ns time frame) was
performed on the resulting system. At the same
time, the results were visualized using VMD and
the Biovia discovery studio [34]. A similar
procedure described elsewhere [33].
Additionally, MolAlCal software was used to
compute the ligand-binding affinity by Molecular
Mechanics Generalized Born Surface Area
(MM/GBSA) method based on the resulting MD
log files obtained with NAMD [35]. MM/GBSA is
estimated using Equations (11)-(13) [35].

involving

was

AGying = OH —TAS ¥ AEyy + MGy —TAS  (11)

AEyy = AEprernat + AEye + AEyavw (12)

MGy = AGgg + AGgg (13)

Where, AEmu is the gas phase MM energy and -
TAS represents conformational entropy. AEmwm
contains electrostatic AEce, AEvaw and AEincernal of
bond, angle and dihedral energies. At the same
time, AGsql is the solvation-free energy equal to
the sum of the nonelectrostatic
component AGsa and electrostatic solvation
energy AGgs.

solvation

Results and discussion

QSAR modeling

A 2-D QSAR study was carried out on Forty (40)
2-arylbenzimidazole derivatives, to establish a
quantitative  relationship  between  their
structures and anti-leishmanial activities. The
built model (Equation 14) was assessed for
internal and external validation tests and was
found to satisfy the requirement for a good QSAR
model. The various descriptors used in the QSAR
model were described in Table 2, while the
observed and predicted activity values and their
residual values, were presented in Table 3.
Internal and external validation tests were
carried out to ascertain the stability, robustness,
reliability and predictive strength of the built
QSAR model and the results are presented in
Table 4.

Table 2. Selected molecular descriptors used in the QSAR model building

S/No Descriptor Description Class ME
1 VR1_Dze Randic-like eigenvector-based index from Barysz 2D -0.0487
matrix weighted by Sanderson electronegativity
2 SpMin1_Bhv smallest eigenvalue n. 1 of the Burden matrix weighted 2D -2.7878
by van der Waals volume
3 SpMin2_Bhe smallest eigenvalue n. 2 of the Burden matrix weighted 2D 3.88372
by Sanderson electronegativity
4 nHBint8 Count of E-State descriptors of strength for potential 3D -0.0117
Hydrogen Bonds of path length 8
5 minHBint5 Minimum E-State descriptors of strength for potential 2D -0.0356

Hydrogen Bonds of path length 5
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Table 3. Observed, predicted and residual values of 2-arylbenzimidazole derivatives

SpMin1_Bhv SpMin2_Bhe nHBint8 minHBint5 pICso

ID
1*

4*
5*
6*

10
11
12
13
14
15
16
17
18
19
20
21*
22%
23*
24
25
26*
27
28
29*
30
31
32*
33*
34
35
36
37*
38
39
40

VR1_Dze
414.325
555.885
241.652
245.271
245.848
312.008
238.597
232.958
344921
295.901
265.429
235.935
257.387
377.082
336.374
1036.79
280.042
263.812
244.196
246.989
250.991
266.797
318.447
274.835

290.82
319.494
487.967
251.874
291.946
277.637
357.103
259.123
246.143
315.784
311.215
292.373
266.531
282.101
251.348
270.302

2.02338
2.02419
2.01693
2.01711
2.01707
2.01805
2.02009
2.01844
2.02305
2.01807
2.01882
2.01871
2.02252
2.02627
2.05965
2.01546
2.01746
2.01708
2.01995
2.00066
2.02706
2.03163
2.03359
2.03353
2.01885
2.01745
2.02596
2.02638
2.02378
2.0273
2.02527
2.02558
2.02364
2.02354
2.02298
2.0748
2.02798
2.02872
2.02398
2.02219

1.86729
1.86666
1.86638
1.8664
1.8664
1.86641
1.86648
1.86641
1.86658
1.86641
1.86648
1.86636
1.86641
1.86715
1.87689
1.86637
1.89194
1.89455
1.88407
1.85181
1.87206
1.87389
1.8746
1.86697
1.86646
1.86639
1.87173
1.8723
1.8674
1.87792
1.87088
1.87136
1.86738
1.86732
1.86742
1.92403
1.88692
1.88719
1.86751
1.8678

0.000
-0.183
1.000
0.000
0.000
1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
1.000
1.000
1.000
1.000
0.000
0.000
0.000
0.000
1.000
1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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1.19628
0.00000
1.18407
1.19327
1.20706
1.19923
1.17891
1.18235
1.20638
1.20808
1.17303
1.17277
0.00000
0.00000
1.12639
0.00000
1.17869
1.16122
1.06019
2.56745
0.8738
0.9091
0.91805
1.18322
1.22159
1.20684
1.19819
1.08777
1.19665
1.19951
1.19524
1.12205
1.19641
1.17368
1.19895
1.19563
1.19398
1.19685
1.19665
1.21251

4.3502
4.3579
4.2355
4.5051
4.5211
41206
4.3345
4.5159
4.4346
4.5416
4.5263
4.5752
4.5465
4.5416
43181
3.9445
4.4886
45211
4.5366
4.1335
4.4713
4.5416
4.5366
4.0934
4.1818
42923
4.3424
4.5159
44771
4.5465
4.3729
45211
4.4082
4.4409
4.4014
4.5843
4.5465
4.4942
45211
4.4594

Pred.

4.3396
4.4541
4.273
4.4845
4.4823
4.2167
4.4734
4.4862
4.3803
4.4423
4.4641
4.4836
4.6235
4.5266
4.2674
3.926
4.4835
4.5237
4.4366
42411
4.5202
4.4929
4.4513
4.1533
4.2231
4.4303
4.3152
4.4936
4.4206
4.5062
4.4001
4.4797
4.4521
4.4087
4.4123
4.6329
4.5943
4.5813
4.4476
4.4463

Residual

0.0106
-0.0962
-0.0375
0.0207
0.0388
-0.0961
-0.139
0.0296
0.0543
0.0993
0.0622
0.0916
-0.077
0.015
0.0506
0.0185
0.0051
-0.0026
0.1000
-0.1075
-0.0489
0.0487
0.0853
-0.0599
-0.0413
-0.138
0.0272
0.0223
0.0565
0.0404
-0.0272
0.0414
-0.0439
0.0322
-0.0109
-0.0486
-0.0478
-0.0871
0.0735
0.0131
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A combined GFA and MLR approach led to the
selection of (5) descriptors and generation of
Four (4) QSAR models respectively. Model 1

requirement for a reliable QSAR model. The low
residuals between the observed and predicted
activities as shown in Table 3 connote a high

(Equation 14) was found to satisfy the predictive strength of the model.
PIC5, = —0.000673232 * VR1p,, — 6201965943 + SpMinlg,, + 9.340809140 «  (14)
SpMin2_Bhe - 0216233020 + nHBint8 — 0.151388438 » minHBint5 — 0.09338
Table 4. Validated parameters of the QSAR model
Validation Parameters Model Threshold Remarks
Training set
Friedman LOF 0.023074 - -
R-squared (R?) 0.844742 20.6 Passed
Adjusted R-squared (RZ;;) 0.809456 >0.5 Passed
Cross-validated R-squared (@z,) 0.679891 =0.5 Passed
R2 - Q2. 0.164851 <0.3 Passed
Significant Regression YES - -
Significance-of-regression F-value 23.939975 - -
Critical SOR F-value (95%) 2.6840360 - -
Replicate points 0 - -
Computed experimental error 0.0000000 - -
Number of Train set compounds 28 - -
Min expt. error for non-significant LOF (95%) 0.05744000 - -
Test set
R-squared (B:..;) i.e.r® 0.73826 >0.6 Passed
Number of test set compounds (Nest set) 12 >5 Passed

Another critical analysis performed on the five
descriptors was Pearson’s correlation statistical
analyses, with the results shown in Table 5. The
low values of coefficients of correlation (< 0.50)
that exist between any pair of descriptors in the
model (Table 5) connote no relationship between
each descriptor. The VIF values for the various
descriptors range between 1 and 5, showing the
built model's stability and acceptability (Table 5).
The selected descriptors were good, as shown by
the values of absolute t-statistics greater than 2
[36]. Also available in Table 5 were the evaluated
p-values at a 95% confidence level for all
descriptors, which were less than 0.05. A similar
trend in statistical parameters was obtained
elsewhere for QSAR modeling of maleimides [8]
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and arylimidamide-azole hybrids [4] as anti-
leishmanial agents. Therefore, the alternative
hypothesis states that a relationship exists
between inhibitory activities and the descriptors
holds.

Furthermore, the Mean Effect (ME) values
reported in Table 2 revealed crucial information
on the contributions of each descriptor in the
built model. The magnitudes and signs of ME
values signify their respective strength and
direction on the molecules’ inhibitory activities.
The various descriptors except SpMin2_Bhe have
negative ME, meaning that an increase or
decrease in a
in the
inhibitory activities respectively. On the other

in their values will result

corresponding decrease or increase
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hand, an increasing value of SpMin2_Bhe will
lead to an increase in anti-leishmanial activities.
SpMin2_Bhe has the most significant influence on
the molecules’ inhibitory activities because it has
the highest ME value of 3.88. SpMin2_Bhe, the

weighted by Sanderson electronegativity, was
suggested to contribute positively to anti-
leishmanial activity. It means that introducing an
electronegative substituent or group will lead to
an increase in the anti-leishmanial activity [4].

smallest eigenvalue n. 2 of the Burden matrix
Table 5. Descriptors’ inter-correlation and statistical analyses of the built QSAR model

Inter-correlation Statistical parameters

Descriptors
VR1_Dze SpMinl Bhv SpMin2 Bhe nHBint8 minHBint5 VIF tStat p-value
VR1_Dze 1 1.5039 -6.303  2E-06
SpMin1_Bhv  -0.0382 1 2.2776  -4.039  0.0005
SpMin2_Bhe -0.105 0.462523 1 2.2568 6.1011 4E-06
nHBint8 0.16351 -0.2051 0.1739 1 1.3398 -6.066  4E-06
minHBint5  -0.54247 -0.11813 -0.0097 -0.0375 1 1.4595 -4.683 0.0001

The plot of the standardized residuals against
the leverages (William’s plot) was obtained to
determine the model’s applicability domain
(Figure 1). It was observed from the plot that all
the molecules fall within the square area of #2.5.

2.5

Hence, no outlier was present in the data set.
However, five compounds (1, 6, 16, 36 and 37)
were found beyond the calculated -cut-off
leverage (h* = 0.64) and were said to be
influential molecules.

2
1.5
1
0.5
0
-0.5
-1
-1.5
-2

Standardized Residuals

16

36 37

-2.5

0 0.2 0.4

Leverages

Figure 1. The William's plot

Consequently, compound 13, with a relatively
higher predicted activity of 4.6235 (Table 3), has
also been found within the model's applicability
domain space (Figure 1) and, with low residual
value, was chosen as a template molecule for
designing new prominent inhibitors.

Ligand-based drug design

57

0.6 0.8 1 1.2

Training Test

One of the main objectives of the ligand-based
design is designing new inhibitors with better
inhibitory activities compared to that of the
template compound used for the design. The
structural
predicted
(kcal/mol) of the new analogs and pentamidine
are shown in Table 6. In the present study, the

template, molecular structures,

activities and binding affinities
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predicted plCso values of the 13 newly designed
analogs (13a - 13m) were higher than that of the
template molecule (13), with 13m and 13k
having the highest and lowest predicted plCsy,
respectively (Table 6). It, therefore, affirmed that
the wvarious structural modifications of the
template structure yielded the desired result as it
was based on the information encoded by the
molecular descriptors in the built model.

Binding affinities of protein-ligand interactions

are necessary to describe how strong the ligand-

receptor binding is. The spontaneity of the
binding process is shown by the negative value of
the binding affinity [10]. Here, the binding
affinities of the newly designed compound range
from -9.90 kcal/mol to -10.90 kcal/mol and are
higher than that of the reference compound,
pentamidine (-6.90 kcal/mol). However, only
13h, 13i, 13j, 13k and 13m possessed higher
binding affinities than the template molecule (-
10.50 kcal/mol).

Table 6. Molecular structures predicted activities and binding affinities of the new analogs

Rs

-

NH

o)
y_
HN

N
\

N

H

R4

Structural template

R3
Comp ID

R4

R: R: R3 R4

Tem H H H H
13a H H H H
13b H H H H
13c H H H H
13d H Br H H
13e H H Br Br
13f H Cl H H
13g H H Cl Cl
13h H F H H
13i H H F F
13j H H H NO;
13k H Br NO; H
131 H Br Br H
13m Br Br H H

o} o)
(CH2)5
Pentamidine HN NH

NH,
Key: Tem — template, NA-not applicable
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Rs Pred. pICso Binding affinity
H 4.6235 -10.5
Cl 4.6696 -10.2
F 4.6367 -9.9
Br 4.6863 -10.1
Br 4.7288 -10.3
H 4.7080 -10.1
Cl 4.6976 -10.3
H 4.6797 -10.3
F 4.6363 -10.6
H 4.6250 -10.7
H 4.6983 -10.8
H 4.6246 -10.7
H 4.7214 -10.3
Br 4.7707 -10.9
NA -6.9

NH,
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Pharmacokinetics properties prediction

The of the pharmacokinetics
investigation conducted on the thirteen (13)
newly designed compounds were presented in
the supplementary file Table S2 - S3. At the same
time, Figure S1 (a-b) shows the
bioavailability radar of 13 and 13;j.

Lipinski's approach to ascertaining the oral
bioavailability of compounds has been widely
applied in discovering new drug molecules [10].
[t states that an orally bioavailable drug molecule
is likely to have an HBD of less than 5, HBA < 10,
MW < 500 and MLOGP < 4.15 or WLOGP < 5 [31].
A molecule is said to obey the ROF for oral
bioavailability when it passes at least three of the
four provisions of the rule [37]. As observed in
Table S2, the template and all the newly designed
analogs passed the drug-likeness test (Lipinski
RO5) except 13m which failed two of the rules
(MW and MLOGP of greater than 500 and 4.15,
respectively). The reported values of Topological
Polar Surface Area (TPSA) for the molecules
were below the threshold value of 140 A2, above
which a molecule tends to show poor Human
Intestinal Absorption (HIA). Also, the synthetic
accessibility (SA) values of these compounds
were less than 5.00 (easy portion on a scale of 1
to 10), suggesting easy laboratory synthesis of
these molecules. A similar observation was
reported elsewhere for drug-likeness analysis of
designed pyrazolopyrimidine analogs [6]. The
estimated water solubility (Log S) of the various
molecules suggests moderate solubility for the
new analogs except 13d, 13e, 131 and 13m
which were predicted to be poorly soluble in
aqueous media.

The estimated ADMET properties reported in
Table S3 showed an excellent Human Intestinal
Absorption (HIA) (greater than 75 %) for all
tested compounds, with 13j showing 93.64%
HIA. Skin permeation is crucial in transdermal
drug delivery development, where the skin
permeation constant (LogKp) of greater than -
2.50 poor

results

oral

connotes skin  penetration.
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Consequently, the various tested compounds
showed LogKp values -2.50,
indicating good skin permeability. For a drug
molecule to penetrate the Blood-Brain Barrier
(BBB) and Central Nervous System (CNS) readily,
the logarithmic ratio of brain to plasma drug
concentration (logBB) must be greater than 0.3
and the blood-brain permeability-surface area
product (logPS) be less than -2 respectively.
Consequently, none of these molecules were
predicted to readily penetrate the BBB. However,
all the tested molecules were predicted to
permeate the CNS except 13h and 13i.

Furthermore, the cytochrome P450 enzymes
are necessary for the body to aid drug
metabolism and facilitate excretions. The two
essential isoforms enhancing drug metabolism,
CYP-34A and CYP-2D6, were tested. The tested
molecules were not substrates and inhibitors of
the CYP-34A enzyme. However, all analogs were
substrates of CYP-2D6 except the template
compound (13), an indication that the metabolic
process of the template in the system may be
slow. Also, all tested ligands were substrates of P-
glycoprotein, an enzyme that acts as a biological
barrier by extruding toxins and xenobiotics,
including drugs, out of cells.

Interestingly, all the analogs showed inhibition
to this enzyme except 13i. This means that these
analogs, when taken into the human system, may
likely not be effluated out of the target cells by
this enzyme. The drug's total
ascertains the extent of drug elimination from
the body. The range of total clearance values for
all the tested molecules is good.

Additionally, the predicted values of Maximum
Recommended Tolerated Dose (MRTD) for all
tested molecules were reported in Table S3.
MRTD < 0.477 log (mg/kg/day) is considered
low and high if > 0.477 log (mg/kg/day). The
overall drug-likeness and ADMET properties
revealed excellent pharmacokinetic profiles for
these molecules except for the analogs predicted
to be poorly soluble (13d, 13e, 131 and 13m).

of less than

clearance
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Pharmacological interaction study

The pharmacological interactions between the
receptors’ amino acid residues and the Three (3)
compounds of 13 (Template), 13j (designed
analog) and reference compound (pentamidine)
before MD
summarized in the supplementary file Table S4,
while the binding interactions of 13 and 13j with
PdxK after MD simulations were shown in
Figures 2 and 3 respectively. This provided
insight into the mode of binding of these ligands
with the active sites of the target protein (PdxK).
The choice of 13j (pICso = 4.6983) over 13d
(pICso = 4.7288), 13e (pICso = 4.7080), 131 (pICso
= 4.7214) and 13m (plCso = 4.7707) was based
on its excellent pharmacokinetic properties.

The pharmacological interactions between the
receptors’ amino acid residues and the Three (3)
compounds of 13 (Template), 13j (designed
analog) and reference compound (pentamidine)
before MD
summarized in the supplementary file Table S4,
while the binding interactions of 13 and 13j with
PdxK after MD simulations were shown in
Figures 2 and 3 respectively. This provided
insight into the mode of binding of these ligands
with the active sites of the target protein (PdxK).
The choice of 13j (pICso = 4.6983) over 13d
(pICso = 4.7288), 13e (pICso = 4.7080), 131 (pICso
= 4.7214) and 13m (plCso = 4.7707) was based
on its excellent pharmacokinetic properties.

The various compounds were said to interact
very adequately with the target receptor as
shown by the presence of hydrogen bonding (H-
bond), hydrophobic interactions and in some
cases electrostatic interactions (Table S4). The
binding profile of compound 13j with PdxK

and after simulations were

and after simulations were
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involved a total of Three (3) conventional H-
bonds, One (1) C-H bond, One (1) m-anion
electrostatic interaction and up to Four (4)
hydrophobic interactions. The presence of the
nitro group in 13j played a significant role in
forming 3 conventional H-bonds with ASN-151,
THR-229 and GLY-230 at interaction distances of
2.17A, 1.85A and 2.43A respectively. The
carbonyl group (C=0) oxygen in 13j formed a C-
H bond with THR-227 at 3.78A. Also visible was
the m-anion interaction between the m-electrons
systems of ASP-231 and the five-membered ring
system of the benzimidazole group at 3.95A.
Others include hydrophobic interactions such as
n-m stacked with TYR-85 (4.844), alkyl with
ARG-225 (4.994) and m-alkyl with VAL-19
(4.04A) and VAL-121 (4.894).

Regarding the number of interactions formed,
the binding interaction pattern of the simulated
complex 13_6K91 (Figure 2) deviated only
slightly from that of the non-simulated complex
(Table S4). However, a significant improvement
in H-bonding interactions was observed in the
case of simulated complex 13j_6K91 (Figure 3)
over the non-simulated complex (Table S4) as
Seven (7) conventional H-bonds, Two (2) C-H
bonds and One (1) m-donor H-bond were formed.
This indicates more stable interactions as the
compound interacts with the target in a dynamic
system. It is important to note that the real
system in which drugs interact with receptors is
dynamic. Hence, it became imperative to examine
how the selected ligand-protein complex behaves
in a dynamically simulated system, which can be
likened to the real drug-receptor system.
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Figure 2. Binding interaction between 13 and Pyridoxal kinase (PDB: 6K91) after MD simulation
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Figure 3. Binding interaction between 13j and Pyridoxal kinase (PDB: 6K91) after MD simulation

Molecular dynamics study and calculation of
MM/GBSA

To ascertain the stability and rigidity of the
protein-ligand interactions, the complexes of
compound 13 (template) and compound 13j
were subjected to MD simulation. The results of
the simulation are summarized as plots of Root-
Mean-Square Deviation (RMSD), Root-Mean-
Square Fluctuation (RMSF), Solvent Accessible
Surface Area (SASA) and Radius of gyration (Rg)
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versus the time in picoseconds (ps) and
presented in supplementary file Figures S2-S5.
The average RMSD values were estimated as
2.74078A and 2.53116A for 13.6K91 and
13j_6K91, respectively, which showed that
13j_6K91 deviated slightly less than 13_6K91
(Figure S2). An indication that 13j_6K91 is more
stable [25]. RMSF is more like a calculation of the
flexibility or the extent of movement of
individual residue during a simulation. The RMSF
plot in Figure S3 showed that the flexibilities of
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the protein residues were almost constant during
the trajectory, an indication of the stability of the
interactions during the simulation. The SASA is
simply the surface area in contact with the
complex's solvent. From Figure S4, it can be
observed that the SASA lay between 13500 A2
and 15500 A2 for 13_6K91 and between 13500
Az and 14500 Az for 13j_6K91 during the
trajectory. The Rg measures the degree of
protein’s compactness during the trajectory.

Decreasing Rg indicates reducing residues’

flexibilities and more stability for the protein.
Throughout the trajectory, the Rg varies between
18.05 A and 18.50 A, equivalent to a difference of
less than 0.5 A for the complexes studied,
connoting slight changes the protein
compactness the simulation progresses,
means the stability of the complexes (Figure S5).
Furthermore, the result of binding free energy
(MM/GBSA) computed for 13_6K91 and
13j_6K91 by MolAICal is presented in Table 7.

in
as

Table 7. Binding free energy parameters of 13_6K91 and 13j_6K91 complexes

Energy (kcal/mol) 13_6k91 13j_6k91
AE(internal) -3.7128 -3.2443
AE(electrostatic) + AG(solvation) 18.0197 3.2064

AE (Van der Waal) -40.2733 -50.3652

AG binding (MM/GBSA) -25.9665 -50.4031

The negative value of the estimated binding free

energy (MM/GBSA) for both complexes (-
25.9665 kcal/mol and -50.4031 kcal/mol for
13_6K91 and 13j_6K91 respectively) indicates
the favorability of the ligand-protein binding. A
similar result was obtained elsewhere for a
newly designed pyrazolopyrimidine analog [38].
The binding free energy of 13j_6K91 is
approximately twice that of 13_6K91, indicating
that 13j_6K91 could be more stable than
13_6K91. It can therefore be inferred that
compound 13j binds more readily with the
pyridoxal kinase even within a dynamically
perturbed system. It hence could be considered a
potential drug candidate for treating leishmanial
infections.

Conclusions

The present study developed a QSAR model
with a series of Forty (40) arylbenzimidazole
derivatives as anti-leishmanial agents, which
satisfied the criteria for internal and external
validation assessments. The built model was
used to predict the anti-leishmanial activities of
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the wvarious analogs, including the
designed compounds. A combined molecular
docking pharmacokinetic  screening
identified one of the newly designed analogs
(13j) as a promising pyridoxal kinase inhibitor.
Results of the MD simulation showed the
favorability of the binding interactions between
the template (13) and the receptor (PdxK), as
well as between 13j and PdxK, with 13j_6K91
being more energetically stable (AG binding = -
50.4031 kcal/mol) than 13_6K91 (AG binding = -
25.9665 kcal/mol). The newly designed analog
(13j) appeared to be more consistent with the
various validation protocols employed in this
study and, therefore, could be recommended as a
potential drug molecule for treating leishmanial

newly

and

infections.
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