
Taibah University

Journal of Taibah University Medical Sciences (2024) 19(2), 429e446
Journal of Taibah University Medical Sciences

www.sciencedirect.com
Original Article
Ligand based-design of potential schistosomiasis inhibitors through

QSAR, homology modeling, molecular dynamics, pharmacokinetics,

and DFT studies

Saudatu C. Ja’afaru, MChem a,b,*, Adamu Uzairu, PhD a, Anshuman Chandra, PhD c,
Muhammed S. Sallau, PhD a, George I. Ndukwe, PhD a, Muhammad T. Ibrahim, PhD a

and Imteyaz Qamar, PhD d

aDepartment of Chemistry, Ahmadu Bello University Zaria, Nigeria
bDepartment of Chemistry, Aliko Dangote University of Science and Technology, Wudil, Kano, Nigeria
cSchool of Physical Sciences, JawaharLal Nehru University, New Delhi, India
dSchool of Biotechnology, Gautam Buddha University, Greater Noida, India
Received 8 November 2023; revised 3 January 2024; accepted 19 February 2024; Available online 26 February 2024
*

Be

Pee

165

(ht
صخلملا

تايفولليسيئرببسولمهميئاوتساضرموهتايسراهلبلاءاد:ثحبلافادهأ
ءادةحفاكمليلمعحاقلدجويلا،رضاحلاتقولايف.ةررضتملاقطانملايف
راقعلقاطنلاعساولامادختسلااىلعريبكلادامتعلااعضيامم،تايسراهلبلا
روهظنأشبفواخمليتناوكيزاربراقعللماشلامادختسلااريثي.ليتناوكيزاربلا
تابكرموةديدجةيجلاعفادهأىلإةجاحكانه،كلذلةجيتنو.ةيودلألةمواقملا
.تايسراهلبلاءادةحفاكملةلمتحم

نمليتناوكيزاربلانمايوقاقتشمنيرشعوةعبرأنيسحتمت:ثحبلاةقيرط
جذامنءاشنإمت."ج31-6/بيل3ب"ىوتسمدنعةيفيظولاةفاثكلاةيرظنللاخ
رايتخامتوايئاصحإاهتحصنمققحتلامتو،طاشنلاولكيهلانيبةيمكلاةقلاعلا
ةيلاعفلانيسحتعمةيجلاعلاتارايخلانمديزملاريوطتفدهبيسيئرلاحشرملا
تابكرمللطابترلااةقاطوةيجولويبلاتاقاطلامييقتمت.تايسراهلبلاءادهاجت
يئاودلاهباشتلاوةيئيزجلاةيكيمانيدلاتاساردءارجإمتامك.ةممصملا
ىلعةيفيظولاةفاثكلاوةيمسلاوزارفلإاويئاذغلاليثمتلاوعيزوتلاوصاصتملااو
.اثيدحةممصملاتابكرملا

قوفتاهنيبنم،يمكلاطاشنلابلكيهلاةقلاعلجذامنةسمخءاشنإمت:جئاتنلا
تاملعملا.يسيئرحشرمديدحتلهرايتخامتو،ةلضفملاققحتلاتاملعمب1جذومنلا
نمنيابتلامخضتلماعميقحوارتتتناكراتخملاجذومنللىرخلأاةيئاصحلإا
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تابكرمةسمخميمصتمت.0.747غلابلاطيلختلالماعمو1.678ىلإ1.242
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ريشيامم،ةلمتحملاةيودلأاصئاصخةحرتقملاتابكرملارهظت:تاجاتنتسلاا
.تايسراهلبلاءادجلاعتارايخزيزعتلثحبلانمديزملاهتمءلامىدمىلإ

ايسراهلبلا؛تايسراهلبلاءاد؛زاريفسنارت-سانويثاتولج:ةيحاتفملاتاملكلا
يئيزجلاماحتللااةاكاحم؛دنجيللاىلعمئاقلاةيودلأاميمصت؛ةينوسنملا

Abstract

Objectives: Schistosomiasis, a neglected tropical disease,

is a leading cause of mortality in affected geographic

areas. Currently, because no vaccine for schistosomiasis

is available, control measures rely on widespread

administration of the drug praziquantel (PZQ). The mass

administration of PZQ has prompted concerns regarding

the emergence of drug resistance. Therefore, new thera-

peutic targets and potential compounds are necessary to

combat schistosomiasis.

Methods: Twenty-four potent derivatives of PZQ were

optimized via density functional theory (DFT) at the

B3LYP/6-31G* level. Quantitative structureactivity rela-

tionship (QSAR) models were generated and statistically
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validated, and a lead candidate was selected to develop

therapeutic options with improved efficacy against

schistosomiasis. The biological and binding energies of

the designed compounds were evaluated. In addition,

molecular dynamics; drug-likeness; absorption, distribu-

tion, metabolism, excretion, and toxicity (ADMET); and

DFT studies were performed on the newly designed

compounds.

Results: Five QSAR models were generated, among

which model 1 had favorable validation parameters

(R2
train: 0.957, R

2
adj: 0.941, LOF: 0.101, Q2cv: 0.906, and

R2
test: 0.783) and was chosen to identify a lead candidate.

Other statistical parameters for the chosen model

included variance inflation factor values ranging from

1.242 to 1.678, and a Y-scrambling coefficient (cRp2) of

0.747. Five new compounds were designed with improved

predicted activity (ranging from 5.081 to 7.022) surpass-

ing those of both the lead compound and PZQ (predicted

pEC50 of 5.545). Molecular dynamics simulation revealed

high binding affinity of the proposed compounds toward

the target receptor. ADMET and drug-likeness assess-

ments indicated adherence to Lipinski’s rule of five

criteria, thereby suggesting pharmacological and oral

safety. In addition, DFT analysis indicated resistance to

electronic alteration during chemical reactions.

Conclusion: The proposed compounds exhibited poten-

tial drug characteristics, thus indicating their suitability

for further investigation to enhance schistosomiasis

treatment options.

Keywords: Glutathione S-transferase; Ligand based drug

design; Molecular docking simulations; Schistosoma man-

soni; Schistosomiasis

� 2024 The Authors. Published by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Schistosomiasis, also known as bilharzia or snail fever, is a
tropical disease caused by parasitic flatworms belonging to the

Schistosoma genus. This disease remains a prevalent and
debilitating parasitic ailment on a global scale, affecting more
than 200 million individuals in more than 70 countries, pre-

dominantly in sub-Saharan Africa, the Middle East, and
certain parts of South America and Southeast Asia.1e4

Schistosomiasis is a major public health concern, as

highlighted in a study conducted by Rinaldo and colleagues.5

The substantial burden on affected communities may lead to
chronic illness, decreased productivity, and economic
hardship.6 Furthermore, according to research performed

by Aula and others, prolonged exposure to Schistosoma
species can lead to serious complications including liver
fibrosis; urinary tract infections; and vulnerability to other

infections and conditions including intestinal cancer, human
immunodeficiency virus (HIV), infertility, renal failure, and
neuroschistosomiasis.7e10 In addition, Bishop and colleagues

have emphasized that the persistent nature of the disease
poses substantial challenges to control efforts.11 Current
treatments rely on a single drug, praziquantel (PZQ), and are

hindered by drug resistance and limited effectiveness against
juvenile worms.12e14 Therefore, the discovery of more potent
inhibitors targeting Schistosoma species is critical.

Glutathione S-transferase (GST) plays a critical role in
the detoxification of harmful molecules and protecting par-
asites from oxidative stress.15 Specifically, GST enzymes
originating from Schistosoma mansoni play essential roles

in the parasite’s defense mechanisms against host immune
responses and detoxification processes. S. mansoni GSTs
(SmGST) bind and metabolize a diverse array of

xenobiotic substances, including drugs, environmental
toxins, and plant secondary metabolites.16e18 Notably,
SmGST has limited similarity to human GSTs, thus

potentially enabling the development of selective inhibitors
that target the parasite while preserving human GST
enzymes, and enhancing drug safety. Numerous studies
have emphasized the importance of phase I detoxification,

and the central roles of glutathione-mediated detoxification
and redox metabolism in the parasite.19,20 Consequently,
Schistosoma GSTs have potential not only as promising

targets for drug development but also as candidates for the
development of a schistosomiasis vaccine.

Park and co-workers have successfully synthesized a se-

ries of potent derivatives of PZQ and assessed their effec-
tiveness against S. mansoni.21 Their evaluation of worm
movement before and after the addition of the derivatives

demonstrated a dose-dependent decrease in mobility, thus
indicating the promising anti-Schistosoma activity of the
PZQ derivatives.21 That study motivated further exploration
of the PZQ derivatives’ structural scaffolds against SmGST

through quantitative structureeactivity relationship
(QSAR) analysis. Notably, traditional drug design faces
challenges including long development times, expensive

costs, and high attrition rates.22e24 The limited
understanding of biological processes and the difficulty in
accessing a vast chemical space are further disadvantages.

The evolution of computer-aided drug design has
addressed these limitations by incorporating computational
approaches25e27 that take advantage of molecular modeling,

virtual screening, and QSAR research, thus enabling faster,
more cost-effective drug discovery with higher success
rates.28e30 Notably, QSAR is crucial in drug design, by
facilitating efficient and cost-effective drug discovery by

elucidating the relationships between compound structures
and biological activity.31e33 In this research, our objective
was to create a QSAR model by using PZQ derivatives and

to apply the model to identify a lead compound for
creating new structural candidates with enhanced
biological activity. Alongside the predictions, we

incorporated molecular docking and molecular dynamics
(MD) simulations to study proteineligand interactions and
stability under normal pharmacological conditions. We
further assessed in silico ADMET and drug-likeness prop-

erties, and evaluated the DFT parameters for the newly
designed analogs.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Materials and Methods

Dataset collection

A series of 24 PZQ derivatives, as potential SmGST in-
hibitors, were obtained from the literature.21 With equation
(1), the half-maximal effective concentration (EC50) values,
in units of mM, were converted to the corresponding loga-

rithmic scale (pEC50).
34 Table 1 illustrates the structural

formula, actual biological activity (pEC50), predicted
activity, and residual value for all datasets.

pIC50 ¼ � log IC50 � 10�6 (1)

Structure determination and optimization

The PZQ derivatives’ two-dimensional molecular struc-

tures were drawn in ChemDraw software, according to the
ACS Document 1996 guidelines for standardized chemical
structures.35,36 Subsequently, the two-dimensional structures

were converted into three-dimensional format in Spartan 14
software, and their geometric energy was minimized with
molecular mechanics forcefields.37 To enhance geometrical
accuracy, we subjected the minimized compounds to

geometry optimization through DFT calculations,
specifically using the B3LYP/6-31G* basis set, to obtain
more reliable conformers.38 The optimized conformers

were saved in sdf format for the determination of
molecular descriptors.

Determination of descriptors, pretreatment, and splitting of

the dataset

We used the PaDEL descriptor tool kit was used to
compute a variety of descriptors, including topological, auto-
correlation, fragment count, and geometrical de-

scriptors.39,40 To enhance the accuracy of these descriptors,
we performed a manual pretreatment process to remove
redundant descriptors.41 Furthermore, we used the

Kennard-Stone data preprocessing tool and a standard
variance threshold of 0.001 to remove constant descriptors,
and a coefficient threshold of 0.8 to eliminate highly corre-

lated descriptors. Additionally, we applied the Kennarde
Stone data partitioning tool to divide the preprocessed data
into two subsets: a model training set comprising 70% of the
data and an external validation test set containing the

remaining 30% of the data.42e44

QSAR model generation and validation

The QSAR models were generated in Material Studio
software, and the genetic function approximation (GFA)
algorithm was applied to select the most important de-

scriptors from the compounds in the training set.45e47 In this
GFA regression, the biological activity (pEC50) values were
considered dependent variables, and the descriptor values

were considered independent variables. To ensure
successful convergence of the model, we set the following
specific parameters: the population sample and maximum
generation were fixed at 10,000 and 1500, respectively; the
number of top equations returned was set to 5; the

mutation probability was set to 0.1, and the user-defined
smoothing parameter was maintained at the default value
of 0.5. The evaluation of the constructed model was per-

formed with the internal correlation coefficient (R2).48 In
QSAR modeling, the modeling set R2 is a commonly used
factor for internal assessment that indicates how well the

model explains the variation observed in the overall
dataset.49 A higher internal R2 value (closer to unity)
indicates a more reliable model.50 Equation (2) was used to
compute this correlation coefficient.

R2 ¼ 1�
P�

Yobs � Ypred

�2
P�

Yobs � Ӯtraining

�2 (2)

where Yobs, Ypred, and Ӯ are the experimental, predicted, and
average training set activity, respectively. However, relying

solely on the internal R2 value is insufficient to evaluate the
model’s robustness. Therefore, we calculated additional
metrics, including the adjusted R2 (R2

adj), lack of fit (LOF),
and cross-validation coefficient (Q2

cv). The R2 value was

adjusted (R2
adj) to generate a more reliable and stable model,

as demonstrated in equation (3) below

R2
adj ¼ 1�

�
1� R2

��
n� 1

�
n�m� 1

(3)

where m is the number of descriptors used in the MLR
model, and n denotes the number of training set compounds.

The LOF, which measures the discrepancy between the

experimental data and the model’s predictions, is essential
for assessing the model’s quality, detecting overfitting, opti-
mizing the model, and gaining insights into data distribution.
A low LOF value obtained with equation (4) indicated a

well-fitted model with enhanced predictive capability.51

LOF ¼ SSE�
1� aþbp

M

�2
(4)

where SSE represents the sum of squares of errors in the

model, a is the number of terms in the model, b is a user-
defined parameter, p is the total sum of descriptors in all
model terms (excluding the constant term), and M is the

number of compounds in the modeling set.
The cross-validation coefficient (Q2cv) metric quantifies

the predictive fitness of a model, thus providing a precise
estimation of its performance in making predictions. Equa-

tion (5) was used to calculate this coefficient.

Q2cv ¼ 1�
P�

Ypred � Yexp

�2
P�

Yexp � Ӯtraining

�2 (5)

To assess the effectiveness and reliability of the chosen
model, we performed external evaluation on the developed
QSAR models by using the test set compounds and calcu-

lating the external R2 (R2
test) to select the best model. For a

reliable external regression equation, the R2
test value should

be close to 1.51 The selected model’s robustness was further

examined through various parameters, including variance
inflation factor (VIF), which indicates multicollinearity



Table 1: Molecular structures, stereochemistry, and biological activity of praziquantel derivatives.

ID Structure pEC50 Predicted pEC50 Residual

1 6.301 6.377 �0.076

2 4.607 4.83 �0.223

3 6.523 6.377 0.145

4 5.602 5.683 �0.081

5 5.495 5.727 �0.232

6 5.495 5.629 �0.134

7 5.018 4.96 0.058

8 5.081 5.084 �0.004

9 4.77 4.678 0.091

10 4.706 4.821 �0.116

11 5.276 5.223 0.053

12 6.398 6.462 �0.064

13 5.602 6.087 �0.484

S.C. Ja’afaru et al.432



Table 1 (continued )

ID Structure pEC50 Predicted pEC50 Residual

14 5.796 6.11 �0.314

15 4.87 4.992 �0.122

16 4.745 4.759 �0.014

17 5.092 5.039 0.052

18 4.478 4.256 0.222

19 5.886 6.191 �0.305

20 5.398 5.509 �0.111

21 4.857 4.895 �0.038

22 4.863 4.929 �0.066

23 5.796 5.593 0.203

24 5.398 5.168 0.23

PZQ

e 5.545 e

Key: training set compounds, test set compounds.

Potential schistosomiasis inhibitors 433
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among descriptors; the mean effect, which indicates the
effects of descriptors on activity; and Y-randomization

(cR2p), which indicates the model’s statistical significance.52

VIF ¼ 1� 1

1� R2
(6)

where R2 is the correlation coefficient for each descriptor
pair.

MEx ¼
Ax

Pw¼ n

x¼ 1

dwx

Pm
x
Ax

Pn
w
dwx

(7)

where MEx is the mean effect of descriptor x in the model, Ax

is the coefficient of descriptor x, and dwx is the value of

descriptor x in the data matrix for each compound in the
training set. m is the sum of descriptors present in the model,
and n is the number of compounds in the training set.

Moreover, the Y-scrambling test involves reshuffling the
actual activity values while keeping the descriptors constant,
and assessing the validation parameter coefficient, cR2p, for

Y-randomization. We expected that the new QSAR model
would exhibit low Q2 and R2 values, and cR2p would be
greater than 0.5.53

Applicability domain

The applicability domain (AD) technique was used to
validate the predictions of the integrated GFA model. The

process involved generating a Williams plot, wherein stan-
dardized residual values were plotted against leverage values
(h) to assess the model’s AD. Compounds with leverage

scores exceeding the threshold value and standardized re-
siduals beyond �3.0 standard deviation units (s) were
considered to be outside the defined AD of the QSAR model

and were labeled as outliers.54 The evaluation included
analysis of the leverage approach and the warning leverage
with equations (8) and (9), respectively:

hi ¼ ji
�
JTJ

�� KjTi (8)

h* ¼ 3ðjþ 1Þ
q

(9)

where hi is the leverage calculation method, JT indicates the

transpose matrix used in constructing the model, J represents
the descriptor matrix with dimensions’ n � k for the training
datasets, h* is the critical leverage value, j is the total number
of descriptors of the chosen model, and q is the number of

compounds in the training set.

Homology modeling

The SmGST target protein was obtained from the Uni-
versal Protein Resource Knowledge base (UniProtKB)
webserver with accession code P09792. Protein validation

was conducted in the SWISSMODEL online workspace
(https://www.swissmodel.expasy.org). The Basic Local
Alignment Search Tool (BLAST) and Hidden Markov

model-based lightning-fast iterative sequence search
(HHblits) were used to identify suitable templates for
modeling. The most promising template was selected from

the alignment results, and the ProMod3 modeling engine was
used to create a novel protein model with minimized energy.
The reliability of the three-dimensional structural model was

assessed with the Qualitative model Energy Analysis
(QMEAN) and Global Model Quality Estimation (GMQE)
scores.55e59

Ligand based drug design

The criteria for selecting a lead compound for analog
design relied exclusively on information acquired from the

QSAR model. The chosen lead compound had the lowest
residual value and reasonable pEC50, fell within the preferred
AD, and did not contravene Lipinski’s rule of five (Ro5).

Compound 17 from the PZQ derivatives was chosen as the
lead compound and subsequently underwent modifications
by substitution of various groups at specific positions indi-

cated on the template compound. The selection of functional
groups to generate new structural scaffolds was based on the
significant mean effect value of the descriptors used in con-
structing the model.

Retrieval of target protein, preparations, and molecular

docking studies

The homology model of SmGST was obtained in
Protein Data Bank (PDB) format through the SWISS-
MODEL interface. Discovery Studio was used to remove

complex ligands, thus yielding the chosen modeled protein
for this research. The protein was prepared for docking
simulations with Molegro Virtual Docker (MVD) software.

A surface was generated, and as many as five cavities
were identified and fixed to identify potential binding sites.
The optimized analogs were imported into MVD for the
docking study. The optimal binding cavity had specific

characteristics including a volume of 82.944 Å; surface of
308.41 Å; XYZ coordinates of 17.58, 54.81, and 36.01,
respectively; and a radius of 15 Å. MolDock (Grid) scoring

with a default grid resolution of 0.3 Å was applied. The
docking simulation was run independently ten times,
each with a maximum of 1500 iterations and a population

size of 50.60 After completion of the docking procedure, the
MolDock score, Rerank score, and hydrogen bond energies
were generated, on the basis of the binding effectiveness.

The resulting docked complexes were saved in PDB
format, and their interactions were visualized and
interpreted in Discovery Studio software. For verification
of the precision of the docking process, the crystallized

ligand was repositioned within the active site of the target
receptor. The resulting docked configuration was
compared with the original crystallized ligand, and the

root mean square deviation (RMSD) value was calculated.
The docking procedures were validated by ensuring that

https://www.swissmodel.expasy.org
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the RMSD value did not exceed a predetermined threshold
of �2.0 Å.38

Molecular dynamics studies

MD simulations of SmGST protein in the unbound (apo)

state and bound to potential anti-Schistosoma ligand were
performed in the Desmond program developed by DE Shaw
Research. The first step involved generating the necessary

topology. Subsequently, the apo proteins and proteine
ligand complexes were placed within the OPLS forcefield to
examine the quantity and robustness of their interactions.
Subsequently, these complexes were immersed in an SPC

water model at a temperature of 300 K. Energy minimization
was performed through 5000 steepest descent steps. Sodium
and chloride ions were then introduced to mimic an in vivo

environment. The calculation of long-range electrostatic in-
teractions was accomplished with the particle-mesh Ewald
method. A stable temperature and pressure were maintained

through the application of a NoseeHoover thermostat and
the MartinaeTobiaseKlein method. The integration of
motion equations was performed with the multistep RESPA

integrator, with a time step of 2.0 fs for interactions, both
bonded and non-bonded, within the short-range cutoff. Pe-
riodic boundary conditions were also applied.

After the system equilibrated, the target proteins and their

complexes with the most favorable potential anti-Schisto-
soma ligand were subjected to a production run for 100 ns in
the N (total atoms in the system), P (system pressure), and T

(system temperature) ensemble. The evaluation of RMSD,
root mean square fluctuation (RMSF), full ligand contacts,
and interaction fractions throughout the MD simulation

provided valuable insights into the stability of the proteins
and ligands in the bound state. Comparative RMSD and
RMSF plots for the apo-form and proteineligand complex

were generated in the Simulation Interaction Diagram (SID)
module from Schrödinger.

Drug-likeness and ADMET predictions

After successful docking of the designed analogs into the
active site of the SmGST receptor, we evaluated the designed
derivatives’ ADMET properties and drug-likeness, to assess

their potential as drug candidates. This analysis used the
pkCSM (https://biosig.lab.uq.edu.au/pkcsm/) and Swiss-
ADME (http://www.swissadme.ch/) web tools to assess

ADMET profiles and drug-likeness characteristics.61

Density functional theory calculations

The structural and electronic properties of the newly
designed compounds were computed with the DFT/B3LYP
Table 2: Generated QSAR models.

Model 1 pEC50 ¼ �3.742 � GATS4m þ
Model 2 pEC50 ¼ �3.607 � GATS4m þ
Model 3 pEC50 ¼ 0.718 � XlogP � 0.23

Model 4 pEC50 ¼ �0.351 � minHBa þ
Model 5 pEC50 ¼ �4.047 � GATS4m þ
method with the 6-31G* basis set in Spartan 14. DFT
calculations are a valuable computational tool for under-

standing the molecular properties, interactions, and reac-
tivity of drug candidates, to further guide the rational design
of more effective, safer drug candidates.62 The generated

parameters included the energies of the frontier molecular
orbitals (HOMO, LUMO, and energy gap), as well as
other reactivity parameters such as chemical hardness (h),

softness (s), electronegativity (e), and chemical potential
(p).63

List of abbreviations

ADMET: Absorption, distribution, metabolism, excre-
tion and toxicity; B3LYP: Beee3eLee Yang Par; DFT:
Density functional theory; GFA: Genetic function approxi-

mation; ME: Mean effect; MVD: Molegro Virtual Docker;
PaDEL: Pharmaceutical Data Exploration Laboratory;
PZQ: Praziquantel; Q2cv: coefficient of determination for

cross-validation; QSAR: Quantitative structureeactivity
relationship; R2: internal validation coefficient; R2

adj:
adjusted coefficient of determination; SmGST: Schistosoma

mansoni Glutathione S-transferase; SSE: sum of squares of
errors in QSAR model; VIF: variance inflation factor.

Results

The experimental activity values of the derivatives were
converted to pEC50 values for normalization. Five models
were generated with the genetic function approximation
combined with multi-linear regression (Table 2).

Additionally, the predicted pEC50 values of the compounds
were determined (Table 1). The residual values, i.e., the
differences between the observed and predicted activity

values of the compounds, were also computed (Table 1).
After model construction, an evaluation of internal vali-

dation parameters (R2
train, R

2
adj, LOF, and Q2cv) indicated

that all five generated models demonstrated values above the
recommended threshold (Table 3). However, during external
validation (R2

test), three of the five models passed, whereas

the remaining two models failed, on the basis of negative
R2

test values.
Model 1, which exhibited the most favorable assessment

parameters, was chosen for additional statistical validation

to evaluate its predictive ability. The P-value, mean effect
(ME), and VIF were computed (Table 4), with a significance
threshold of P < 0.05 for all descriptors. VIF values ranging

from 1.242 to 1.678 confirmed the absence of inter-
correlation among the descriptors. In the ME analysis,
positive values were observed for GATS4m, RDF90e, and

L2s, whereas a negative value of�1.168 was observed for the
RPCG molecular descriptor.
62.635 � RPCG � 0.137 � RDF90e - 3.821 � L2s þ 12.259

64.348 � RPCG � 0.135 � RDF90e � 3.879 � L2e þ 11.882

0 � RDF90u þ 0.208 � RDF105m � 0.205 � RDF85i þ 10.404

0.552 � XlogP � 0.506 � RDF90p � 0.117 � RDF40s þ 10.769

63.539 � RPCG � 0.101 � RDF90i � 3.827 � L2s þ 12.455

https://biosig.lab.uq.edu.au/pkcsm/
http://www.swissadme.ch/


Table 4: Pearson’s correlation matrix, P-value, VIF, and ME of the chosen descriptors in QSAR model 1.

GATS4m RPCG RDF90e L2s P-value VIF ME

GATS4m 1 2.32 � 10�4 1.242 0.576

RPCG �0.321 1 1.14 � 10�6 1.351 �1.168

RDF90e �0.055 0.028 1 7.78 � 10�8 1.243 0.255

L2s �0.372 0.452 �0.352 1 9.88 � 10�8 1.678 1.337

Table 3: Validation parameters for all generated models, with their respective recommended threshold values.

Models Validation parameters

R2
train R2

adj LOF Q2cv R2
test

1 0.957 0.941 0.101 0.906 0.783

2 0.955 0.938 0.106 0.899 0.763

3 0.954 0.938 0.107 0.911 �0.479

4 0.951 0.934 0.114 0.884 �0.111

5 0.951 0.933 0.114 0.890 0.787

Recommended threshold Close to 1 Close to 1 Low value >0.5 >0.6

Table 5: Y-scrambling assessment.

Model R R2 Q2

Original 0.919 0.844 0.734

Random 1 0.598 0.358 �0.125

Random 2 0.382 0.146 �0.553

Random 3 0.368 0.136 �0.220

Random 4 0.409 0.167 �0.505

Random 5 0.485 0.235 �0.563

Random 6 0.248 0.062 �0.937

Random 7 0.351 0.123 �0.504

Random 8 0.451 0.204 �0.830

Random 9 0.732 0.536 0.189

Random 10 0.250 0.062 �0.551

Random model parameters

Average R: 0.427

Average R2: 0.203

Average Q2: �0.460

cRp2: 0.747

Figure 1: Activity plot of model 1.

Figure 2: Williams plot of model 1.

Figure 3: Structure of the lead compound (compound 17, (A)) and

adopted design template (B).
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An activity plot was used to further assess the concor-
dance between the model’s predicted activity and the exper-

imental data (Figure 1). In the plot, narrower scatter
indicates consistent accuracy, whereas wider scatter
suggests greater prediction variability, as demonstrated by



Table 6: Ramachandran statistical parameters of the SmGST homology model.

Model SmGST Residues %

Residues in most favored regions [A, B, L] 338 92.9

Residues in additional allowed regions [a, b, l, p] 21 5.8

Residues in generously allowed regions [wa, wb, wl, wp] 3 0.8

Residues in disallowed regions 2 0.5

No. of non-glycine and non-proline residues 364 100

No. of end-residues (excluding Gly and Pro) 6

No. of glycine residues (shown as triangles) 28

No. of proline residues 20

Total no. of residues 418

Table 7: Molecular structures, predicted pEC50, docking scores, and RMSD values of the newly designed novel SmGST inhibitors.

ID Molecular structure Predicted pEC50 Moldock score/kcal mol�1 RMSD/Å

17 5.039 �86.974 0.003

17a 7.022 �93.403 0.041

17b 6.687 �100.226 0.121

17c 6.339 �107.363 0.025

17d 5.299 �114.753 0.124

17e 5.081 �111.974 0.032

Figure 4: Plot of local quality estimate of the residues for structural validation of the SmGST homology model.
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Figure 5: Superimposed co-crystallized ligand for docking vali-

dation, with RMSD of 1.387 Å.
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Abdullahi and co-workers.64 The spread of data points
around the diagonal line indicated that the chosen model
was robust and reliable.
Table 8: Interactions of the designed compounds (17ae17e) with Sm

ID Interacting amino acid residues Types of interactions

Conventional H-bond

17 Glu106 e

Arg16

Leu113

His107

His110

17a Gly15 e
Phe211

Phe38

Arg16

His110

Pro210

17b Gly15 e

Tyr10

Phe211

Phe38

Arg16

Leu113

His110

Pro210

17c Gly15 e

Tyr10

Phe211

Phe38

Arg16

Leu113

His110

Pro210

17d Gly15 e
Tyr10

Phe211

Phe38

Arg16

Leu113

His110

Pro210

17e Lys120 U

Phe38

Pro210

Leu113

Phe211
Furthermore, to evaluate the model’s robustness and
determine whether the correlation was due to chance, we

performed a Y-randomization test (Table 5). The R2 and Q2

values were 0.203 and�0.460, respectively, whereas the cR2p
of the model was 0.747.

A Williams plot was used to detect compounds outside
the specified chemical space in which the model’s predictions
are considered reliable and accurate. Through analysis of

leverage values and standardized residuals (Figure 2), we
identified compound 16 as an influential outlier (h* > 0.94).

After successfully passing all validation steps, and
showing excellent predictive power, model 1 was used for

ligand-based drug design to create novel and improved
derivatives as potential anti-schistosomiasis agents. Using
information from the AD plot and descriptors of the

selected model, we chose compound 17 as the lead com-
pound (Figure 3A) and applied a template for further
design (Figure 3B). The exploration of new analogs

provided valuable insights into the structureeactivity
GST active site amino acid residues.

CeH bond pes pep Alkyl pealkyl

U (2.310 Å)

U

U U

U

U

U (2.502 Å,

3.049 Å) U U

U

U

U

U

U (2.433 Å)

U (2.829 Å,

3.003 Å) U U

U

U

U

U U

U

U (2.395 Å)

U (2.935 Å,

3.016 Å) U U

U

U

U

U U

U

U (2.427 Å)

U (2.919 Å,

3.017 Å) U U

U

U

U

U U

U

e e
U U

U

U

U



Figure 6: 2-Dimensional interactions of SmGST in complex with designed derivatives. A: compound 17a; B: compound 17b; C: compound

17c; D: compound 17d and E: compound 17e.
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relationships of PZQ derivatives. Modifications at the
three-ringed core were not well tolerated, and the intro-

duction of polar functional groups, such as amines, hy-
droxy groups, and oxides, significantly decreased the
activity. Novel compounds were designed through
Figure 7: Three-dimensional interactions of SmGST in complex with

C: compound 17c; D: compound 17d, and E: compound 17e.
modification at the R position, and their activity was
predicted with the selected model.

The SWISS-MODEL template library was used to search
for related structures matching the target sequence, by using
BLAST and HHblits. The closest template found was the
the designed derivatives. A: compound 17a; B: compound 17b;



Table 9: Drug-likeness and ADMET parameters of the designed compounds.

ID Drug-likeness ADMET properties

Solubility

class

Lipinski B/S Lead

likeness

S/A I/A (%) CNS permeability

(log PS)

Total clearance

(log ml/min/kg)

Hepato-

toxicity

Skin

sensitization

17 þþþ Yes 0.55 Yes 2.92 97.205 �2.890 0.376 Yes No

17a þþþ Yes 0.55 Yes 3.24 100 �2.830 0.909 No No

17b þþþ Yes 0.55 Yes 3.81 94.733 �2.262 0.302 Yes No

17c þþ Yes 0.55 No 3.92 94.559 �2.194 0.333 No No

17d þþ Yes 0.55 No 4.05 93.932 �2.123 0.352 Yes No

17e þþþ Yes 0.55 Yes 2.89 96.230 �2.890 0.335 No No

Key: þþþ ¼ soluble, þþ ¼ moderately soluble, þ ¼ insoluble; B/S ¼ bioavailability score; S/A ¼ synthetic accessibility; I/A ¼ human

intestinal absorption.

Figure 8: (A) RMSD plot of the apo SmGST and SmGST-17a complex, (B) RMSF plot of the apo SmGST and SmGST-17a complex,

(C) SmGST-17a complex active site interactions, and (D) density correlation and covariance matrices of the SmGST-17a complex during

MD simulations at 100 ns.
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SmGST class-mu 28 kDa isozyme (PDB: 1U3I.1.A), with a

high level of sequence identity (99.53%) and query coverage
(100%) (Figure 4, Table 6).

Multiple analogs were designed, five of which exhibited

higher predicted activity than that of the lead compound. The
predicted activity (pEC50) of the designed analogs ranged
from 5.081 to 7.022 (Table 7). Molecular docking studies of
these designed analogs with the modeled SmGST target

demonstrated stronger binding affinity in the range
of �93.403 to �111.974 kcal/mol, surpassing that of the
template (�86.974 kcal/mol) and the standard drug

(�90.641 kcal/mol) (Table 7). Before docking of the
designed compounds, we validated the docking process by
repositioning the co-crystallized ligand. The resulting

RMSD was 1.387 Å (Figure 5). Visualization of the
docking studies in Discovery Studio revealed that most of
the designed compounds formed carbonehydrogen
bond interactions with GLY15 and TYR10 within the
ligandereceptor complex. Furthermore, other hydrophobic

interactions, including alkyl, p-alkyl, pes, and pep in-
teractions, were observed (Table 8, Figures 6 and 7).

AnMD simulation lasting 100 ns was used to explore how

the newly created derivatives behaved in the active sites of
SmGST targets and to assess the stability of their complexes,
according to the approach demonstrated by Hospital and
colleagues.65 Various parameters, including the RMSD,

RMSF, interactions within the active site, and dynamic
cross-correlation matrix plot, were computed to conduct an
in-depth analysis (Figure 8).

Subsequent evaluation of drug-likeness and ADMET
properties revealed the proposed compounds’ promising
potential as drug candidates with good ADMET properties

(Table 9). Consequently, optimized derivatives were
subjected to DFT calculations, thus yielding positive
outcomes for the proposed compounds (Table 10). In

addition, the investigation of HOMO and LUMO surface



Table 10: Frontier molecular orbital energies and quantum chemical descriptors of the designed compounds.

ID E-HOMO/

Ev

E-LUMO/

eV

Band gap (DE) Chemical

hardness (h)
Chemical

softness (s)
Electronegativity

(c)
Chemical potential

(m)

17 �6.40 �0.38 6.02 3.01 0.33 3.39 �0.020

17a �6.38 �0.38 6.00 3.00 0.33 3.38 �0.019

17b �6.04 �0.36 5.68 2.84 0.35 3.20 �0.017

17c �6.01 �0.35 5.66 2.83 0.35 3.18 �0.017

17d �5.99 �0.35 5.64 2.82 0.35 3.17 �0.016

17e �6.49 �0.46 6.03 3.02 0.33 3.48 �0.020

Figure 9: Frontier molecular orbital surface diagrams of the designed derivatives. A: compound 17a; B: compound 17b; C: compound 17c;

D: compound 17d, and E: compound 17e.
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diagrams provided valuable understanding of the molecular
properties, reactivity, and binding interactions of the ligands
(Figure 9).

Discussion

More drugs are needed to combat schistosomiasis, owing
to factors including drug resistance, limited medicinal op-
tions, challenges in pediatric treatment, adverse effects, and
the need to target various stages of the parasite’s life.6,12,14

Developing effective new drugs is crucial in the global
effort to control and eliminate this widespread and
debilitating disease.14 To avoid the time-consuming and

labor-intensive trial-and-error approach, QSAR modeling
was used to screen, design, and predict the biological activity
of potent PZQ derivatives, according to their chemical

structures.66 Five QSAR models were created and validated
by using internal and external assessment parameters.67
Model 1 was chosen as the most suitable for activity
prediction, because of its excellent validation parameters
(R2 of 0.957, R2

adj of 0.941, LOF of 0.101, Q2cv of 0.906,

and R2
test of 0.783).

On the basis of the statistical outcomes (Table 3), the
selected model surpassed the predefined threshold values

for all parameters. This finding aligned with discoveries
reported by Abdullahi and others.60,68e70 The R2 of 0.957
indicated that 95.6% of the overall variation in biological

activity could be explained by the chosen model. This value
indicates how well the model accommodates the compounds
in the training dataset. The R2

adj of 0.941 demonstrated
the model’s dependability and an absence of overfitting.

Additionally, the Q2
cv at 0.906 indicated the model’s

proficiency in predicting the activity of the compounds
within the training dataset. The R2

test value of 0.783 notably

suggested the model’s effectiveness in predicting the activity
of the test set compounds. Recent research has demonstrated
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that compound activity can be predicted when R2 values
exceed the widely accepted threshold of 0.6.54

The activity plot (Figure 1), illustrating the predicted
pEC50 compared with the actual biological activity,
indicated an R2 value of 0.957, which aligned with the R2

obtained from the selected QSAR model (R2 of 0.957). A
shared R2 value between the activity plots and the QSAR
model indicates model stability and highlights the chosen

descriptor’s strong predictive capacity for compound
activity, thus underscoring that the model constructed
around this descriptor is resilient and consistently effective
in making predictions.71

Additional statistical evaluations of model 1 included P-
values, VIF, mean effect, and Y-scrambling (Table 4). The
calculated P-values ranged from 9.88 � 10�8 to

2.32 � 10�4, thus indicating the model’s robustness. A P-
value below a chosen significance level, typically 0.05,
indicates that the QSAR model is statistically significant

and has no multicollinearity issues.72,73 Multicollinearity
among independent variables, specifically descriptors, was
further assessed through VIF analysis. The VIF values for
the selected model were within the range of 1.242e1.678,
all of which were below the threshold value of 5. This
finding indicated no significant multicollinearity among the
descriptors and other independent variables.73 A high VIF

value, often within the range of 5e10, would suggest
strong collinearity with other variables, thus potentially
rendering the estimated coefficients unreliable.74

The mean effect values of the molecular descriptors pre-
sent the physicochemical properties in numerical form and
provide structural information for each descriptor.71 Each

descriptor has a unique ability to establish relationships
with biological activity, thereby enabling the prioritization
of compounds.75 In model 1, positive molecular descriptors
(GATS4m, RDF90e, and L2s) favorably affected anti-

Schistosoma activity. Higher values of these descriptors
correlate with greater activity of the derivatives, and vice
versa. In contrast, the negative coefficient molecular

descriptor (RPCG) had adverse effects on the activity of
PZQ derivatives. Higher values of RPCG indicate lower
activity, and vice versa.76 These findings highlighted the

importance of the three-ringed core and the fixed geometry
with closely positioned atoms within the cyclic ring, thus
resulting in shorter distances between neighboring atoms,

and inducing the activity of PZQ derivatives.21 The cRp2

value of 0.747 suggested that the model’s performance on
the original dataset was approximately 74.7% of its
performance on the scrambled dataset.68 This finding

indicated a moderate dependency on the actual structure
for making accurate predictions.

Furthermore, the model’s AD was evaluated with a Wil-

liams plot (Figure 2), contrasting standardized residuals with
leverage values across the entire dataset. The plot revealed
that compound 16 was an influential compound with

leverage values exceeding the established threshold (h*) of
0.940.77 This compound was found to lie outside the
preferred domain, possibly because of changes in its
stereochemistry. Notably, within the specified AD,

compound 17 showed the lowest residual value and a
favorable pEC50 value, and consequently was chosen as
the lead compound for the ligand-based design of novel

schistosomiasis inhibitors. Modifications were made at R
positions, as indicated on the template. The choice of the
substituent was guided by the RCPG and L2s descriptors,

which are known to have the highest ME values.78 On the
basis of these descriptors, we designed five new analogs
with higher activity than that of the lead compound. The

incorporation of phosphate-containing groups and a
carbonyl functional group improved the activity of the
compounds, in a manner potentially influenced by changes in

the distance between atoms within the compound and/or
affecting the ring profile.

A homology model was constructed with a high GMQE
score of 0.97 and QMEAN score of 0.99, thus indicating

confidence and robustness. Local assessment parameters
indicated reasonable quality estimates for the model, and
most residue scores were close to 1 (Figure 4). The

Ramachandran statistical parameters demonstrated that
92.9% of the residues were in the most favored region
(Table 6), thereby validating the suitability of the SmGST

homology model for anti-schistosomiasis drug discovery
and development.

The docking method’s credibility was confirmed by re-
docking of the co-crystallized ligand, which resulted in an

RMSD value of 1.387 (Figure 5), within the accepted
threshold of RMSD �2.0.38 The MVD docking procedure
accurately positioned the co-crystallized ligand within the

SmGST binding site, thus demonstrating the method’s effi-
ciency. The results of molecular docking studies conducted
on the five newly designed analogs against the SmGSTmodel

protein yielded favorable results. All five derivatives dis-
played MolDock scores within the range of �93.403
to �114.753 kcal/mol, surpassing that of the template,

at �86.974 kcal/mol. The docking studies indicated that the
analogs effectively bound the receptor’s active site, as evi-
denced by their favorable MolDock scores in comparison to
that of the template. This finding indicated the promising

potential of the designed compounds, in terms of their
binding affinity. Among the compounds, 17a was notably the
most active designed PZQ derivative, because of its highest

predicted activity score of 7.022, and impressive stability, as
reflected by the MolDock score and re-rank score. Com-
pound 17a forms several interactions with amino acid resi-

dues within the binding site. Notably, it engages in two
carbonehydrogen bonding interactions between the phos-
phinane ring moiety and the Gly10 residue, at distances of

2.502 Å and 3.049 Å. Additionally, the hydrogen from the
substituted piperazine scaffold establishes a hydrophobic pe
s interaction with Phe211 at 2.748 Å. Furthermore, com-
pound 17a participates in various hydrophobic interactions,

including a pep stacking interaction with the Phe211 res-
idue at 5.189 Å and a pep T-shape interaction with Phe38 at
4.975 Å. Other hydrophobic interactions include alkyl and

p-alkyl interactions with the Arg16, Phe211, Phe38, and
Pro210 residues. The molecular interactions of the generated
PZQ derivatives are depicted in Figures 6 and 7, and

summarized in Table 8. All proposed PZQ derivatives
exhibited superior binding interactions, improved hydrogen
bond energies, and re-rank scores to those of both the lead
compound 17 and PZQ.

We performed MD simulation to gain insights into the
dynamic behaviors of atoms within protein targets and their
complexes with ligands, as previously demonstrated.65,79,80

This method provides valuable information regarding the
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structural stability of both the target proteins and ligands,
both before and after their interaction, as highlighted by

De Vivo et al.81 Notably, the RMSD of SmGST backbone
atoms for both the apo form and the SmGST-17a complex
was assessed to understand the dynamics of ligand binding

(Figure 8A). The apo SmGST exhibited an RMSD range of
2.5e3.0 Å after equilibration, and the RMSD increased from
0 to 35 ns as the simulation stabilized. Subsequently, a

consistently low RMSD value of less than 3.0 Å was
maintained throughout the 100 ns simulation, thereby
suggesting continuous conformational sampling of the apo-
protein during the simulation. In contrast, the RMSD of

the complex stabilized at approximately 20 ns and exhibited
minimal deviations during the rest of the simulation
(Figure 8A). The apo and 17a bound SmGST depicted

similar RMSD patterns, thus suggesting that the ligand
17a bound complex is stable. The RMSF was also
monitored to gauge the degree of local fluctuations of

residues with respect to their average positions during the
simulation. The observed RMSF values were largely
similar for the SmGST-17a complex and the apo SmGST
(Figure 8B). Although the protein maintained its secondary

structure, we observed substantial fluctuation in the region
Lys56-lys66 and Glu86-Ser94, corresponding to the sec-
ondary structure. These changes were due to the accommo-

dation of ligand 17a, which made multiple contacts with the
protein, thus minimizing fluctuations. Ile9-Gly15, Ile36-
Gln39, Tyr109, Leu113-Gln117, Lys120, and His169 were

among the points of contact with ligand 17a, and were sta-
bilized by its binding. Our overall analysis indicated that 17a
confers stability within the target binding site. Furthermore,

the interactions between SmGST and 17a throughout the
100 ns simulation were monitored and categorized into four
types: hydrogen bonds, hydrophobic, ionic, and water
bridges. Intriguingly, nearly all binding amino acids identi-

fied in the molecular docking simulation of 17a were
consistently observed during the 100 ns simulation
(Figure 8C). Notably, Gly15 maintained 3% water bridge

contacts with the ligand, Phe38 exhibited approximately
35% hydrophobic and 17% water bridge contacts, and
Phe211 had a 0.7 value indicating that it maintained a

hydrophobic interaction for 70% of the simulation
duration (Figure 7C). To gain further insights into the
dynamic behavior of the system, we performed dynamic

cross-correlation matrix analysis, which generates a two-
dimensional matrix illustrating correlations in residue mo-
tions throughout the MD simulation timeline. Regions with
dense coloration represent positive and negative correlations

between protein residues, whereas uncolored regions indicate
no correlation in residue movement. The prominently
correlated matrix in Figure 8D highlighted the strong

interactions between the ligand molecule (17a) and the
SmGST binding site, which result in coordinated motions
across the entire protein structure. This high correlation

underscores the good binding of the ligand to SmGST. The
MD simulation analysis suggested that ligand 17a has high
binding affinity toward SmGST, and the complex remains
stable after binding.

Additionally, the drug-likeness and ADMET assessment
indicated that the compounds met all parameters with
reasonable synthetic accessibility scores.82,83 The drug-

likeness of the formulated entities was assessed: three
exhibited high water solubility, whereas two displayed
moderate solubility (Table 9). All designed compounds

adhered to Lipinski’s Ro5, satisfying all criteria without
any violations. The bioavailability score for the entire set
of designed analogs was determined to be 0.55, thus

indicating their promising potential for absorption and
distribution within tissues. Three of the five compounds
emerged as potential lead candidates for further

exploration in drug discovery. Furthermore, the synthetic
accessibility of the compounds was evaluated on a scale
from 1 to 10, where 1 indicates easy synthesis, and 10
indicates difficult synthesis. The analyzed compounds

were within the range of 2.89e4.05, thereby indicating
favorable synthetic accessibility (Table 9). The intestinal
absorption ranged from 93.932% to 100%. The central

nervous system permeability was found to comply with
the recommended value of log PS < �3. Additionally, the
total clearance values ranged from 0.302 to 0.909, thereby

suggesting favorable rates of drug elimination. Notably,
all analogs exhibited zero skin sensitization potential and
consequently their safety in terms of allergic reactions.
However, caution is warranted, because three of the five

compounds were found to display hepatotoxicity;
therefore, further investigation and consideration during
drug development are warranted.

Subsequently, we subjected the optimized analogs to DFT
calculations, which yielded more positive outcomes for the
proposed analogs than the template compound (Table 10). In

addition, the HOMO and LUMO surface diagrams provided
valuable understanding of the molecular properties,
reactivity, and binding interactions of the ligands (Figure 9).

The frontier molecular orbitals (HOMO and LUMO) of the
designed ligands play crucial roles in chargeetransfer in-
teractions with the target’s active site.63 Ligands with high
HOMO energy are good electron donors, whereas those with

lower energy are weak electron acceptors. The small energy
gap in the compounds facilitates intermolecular charge
transfer and enhances their bioactivity by promoting electron

movement. The ligands exhibit high h and low s, thereby
indicating resistance to electronic alteration during chemical
reactions. The c values of 3.17e3.47 eV suggest that the

compounds act as electron donors. The negative m values
indicate good stability and the formation of stable complexes
with the receptor. Overall, these molecular properties

positively influence the ligands’ binding affinity and potential
as inhibitors for SmGST.78
Conclusions

Our results demonstrated that the genetic function
approximation-derived model 1 exhibited the highest effec-
tiveness, on the basis of its strong alignment with both internal
and external validation parameters: R2 of 0.957, R2

adj of 0.941,

LOF of 0.101, Q2cv of 0.906, andR2
test of 0.783. Furthermore,

the five potent analogs developed through ligand-based tech-
niques displayed greater activity than that of the lead com-

pound. These compounds exhibited reasonable interactions
within the active site of SmGST, and stable ligand-protein
binding, as indicated by the 100 ns MD simulation studies.

The drug-likeness and ADMET parameter assessment indi-
cated compliance with Lipinski’s Ro5 with reasonable
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ADMET parameters. However, caution is warranted, because
three of the five compounds displayed hepatotoxicity. Conse-

quently, further investigation and consideration during drug
development are necessary. The quantum chemical parameters
computed through DFT calculations indicated the structural

stability of the selected molecules, and the potential for for-
mation of stable complexes with the receptor. Comprehensive
computational investigations strongly suggested that the cho-

sen compounds have potential as viable candidates against the
SmGST target and may serve as promising agents in
combating schistosomiasis.
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