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Abstract

Pharmacophore Enhanced Shape Alignment (PheSA) compares the similarities of compounds based
on their pharmacophoric and geometrical characteristics. Ligand efficiency is a notion used to
maximize the potency and effectiveness of medication candidates by taking into account their
molecular weight and binding affinity. This study mainly focused on Cycloguanil analogues to evaluate
the association between PheSA scores and ligand efficiency in the identification of effective
antimalarials. Information on 36 PfDHFR inhibitors, their structures and biological activity was
retrieved from the ChEMBL database. Based on shape and pharmacophore similarity, the PheSA
algorithm was used to compare the 3D structures of the inhibitors. Based on a de novo synthesis
method, 257 new compounds with greater PheSA similarity scores that have a striking resemblance to
cycloguanil were created. The PheSA score and ligand efficiency have a moderately positive link
(correlation coefficient of 0.675) according to the analysis. However, the virtual screening of
cycloguanil analogues based on PheSA similarity scores offers a useful initial evaluation of structural
similarity, directing further experimental studies to find interesting substances for the creation of
effective antimalarial drug.
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1 Introduction

Malaria is still a major concern for world
health, especially in areas where the disease is
endemic [1]. Finding innovative and efficient
treatments is a top concern since plasmodium
falciparum, one of the malarial pathogens, has
developed resistance to numerous widely used
antimalarial medications [2]. The identification
and optimization of promising antimalarial
drugs has been made easier in recent years
based on computational techniques [3].

One such computer method has showed
promise in determining the similarity of
compounds based on their pharmacophoric and
shape characteristics: Pharmacophore
Enhanced Shape Alignment (PheSA) [4]. PheSA
can shed light on a molecule's structural
similarities and potential binding interactions
by assessing how closely it fits with a reference
molecule or pharmacophore model [5]. This
data can be used in virtual screening methods to
find substances that are likely to have
pharmacological properties that are
comparable to those of recognized active
substances.

However, ligand efficiency has drawn
interest as a theory for improving the
effectiveness and potency of therapeutic
candidates [6]. In order to find compounds that
attain high potency while having a low
molecular weight, ligand efficiency is defined as
the binding affinity divided by the molecular
weight of a compound [7]. Researchers can
enhance target specificity, decrease off-target
effects, and improve the pharmacokinetic
features of therapeutic candidates by increasing
ligand efficiency [8].

We can Dbetter comprehend the
computation of molecular similarity and its
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implications  for drug discovery by
understanding the relationship between PheSA
scores and ligand efficacy. Scientists can gain
additional insight into how PheSA scores can
guide the selection of compounds with strong
ligand efficiency, ultimately assisting in the
identification of promising antimalarial
possibilities, by looking into this connection. It
is critical to remember that other factors may
affectligand efficiency and that correlation does
not necessarily imply causation.

In order to identify effective antimalarials,
the aim of this study is to look into the
relationship between PheSA scores and ligand
effectiveness. We can examine the extent to
which PheSA scores can be utilized as a
predictive tool for ligand efficiency by looking at
the correlation between these two metrics and
assessing their statistical significance. This
computational viewpoint will offer insightful
information about PheSA's ability to direct the
choice and improvement of promising
antimalarial drug candidates, such as
cycloguanil analogues. The results of this work
will advance the field of computational drug
discovery and aid in the fight against malaria.

2 Methods

2.1 Collection of data and dataset groundwork

From the ChEMBL database, the
insignificant name, structure, place of origin,
and biological activity (Ki) of PEDHFR inhibitors
were obtained. Based on chemical structures
that were accessible and had linked bioactivities
(Ki), ligand efficiencies, and binding efficiencies,
a total of 36PfDHFR inhibitors were discovered
(Figure S1). After that, bioactivities (Ki) were
converted to pKi by using the formula pKi = (-
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log (Ki X)). The ChEMBL database provided the
chemical structures of PfDHFR inhibitors in
smiles format, which Data Warrior v5.0.0
subsequently converted to (3D) SDF format [9].

2.2 Pharmacophore Enhanced Shape

Alignment (PheSA)

Using datawarrior v5, the PheSA algorithm
was used to the 36PfDHFR inhibitors. It begins
by positioning two hard three-dimensional
molecules so that the overlap of their shapes
and pharmacophore features is maximized.
PheSA is comparable to OpenEye's ROCS
technology in this sense. The PheSA similarity, a
value ranging from 0.0 to 1.0 that is composed
of equal contributions from both shape and
pharmacophore similarity, then quantitatively
describes the optimum alignment of both
molecules [10].

2.3 Drug likeness based Pharmacokinetic
Evaluation

Computational technology has become a
crucial tool for identifying therapeutic
candidates since it has reduced the number of
experimental drug trials and raised their
success rate [11]. [t was able to predict the drug-
likeness of 36 PfDHFR inhibitors using
Lipinski's Rule of 5. To set standards for novel
molecular an entity (NMEs) in terms of medicine
similarity, the regulation was developed [12],
[13]. According to the Rule of 5, molecules are
predicted to have poor molecular entity
absorption or penetration if they have more
than five H-bond donors, ten H-bond acceptors,
a molecular weight greater than 500 Da, and a
calculated Log P (Clog P) value greater than five.
Therefore, it is unlikely that a molecule will be
orally accessible as a drug if its properties fall
outside of these ranges.

3 Results and Discussion

The findings of a virtual screening of
cycloguanil analogs utilizing Pharmacophore
Enhanced Shape Alignment (PheSA) to find
effective antimalarials are shown in Table S2.
The top-scoring compounds are shown in Table
1 alongside the associated PheSA values.
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Table 1: Top hits of compounds with high PheSA scores

CHEMBL ID PheSA score
312235 0.48703
391505 0.48359
157723 0.43697
156818 0.42073
156817 0.39551
157754 0.37235
157754 0.35463

The PheSA score evaluates how closely a
given chemical resembles the well-known
antimalarial drug cycloguanil. In terms of their
pharmacophoric and form characteristics, drugs
with higher PheSA scores are more similar to
cycloguanil and may have comparable
antimalarial efficacy. The compounds with the
highest PheSA scores, according to the
outcomes, are as follows: Based on the results,
the molecules with the highest PheSA scores are
as follows:

1. Molecule 312235 with a PheSA score of
0.48703

2. Molecule 391505 with a PheSA score of
0.48359

3. Molecule 157723 with a PheSA score of
0.43697

The relationship between the PheSA score
and ki measures (dissociation constant) of
Cycloguanil Analogues is described by the
equation 1.

pKi = (-0.013934 * PheSA score) + 0.49032
(Equation 1)

The correlation coefficient (Bravais-
Pearson) between the PheSA score and 0.174.

A correlation coefficient of -0.174 (Figure
1) indicates a weak negative correlation
between the PheSA score and ki values. This
means that as the PheSA score increases, the ki
values tend to slightly decrease, although the
relationship is not very strong. It's important to
note that a correlation coefficient close to zero
suggests a weak linear relationship between the
variables
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Figure 1: Relationship between PheSA score and pKi

The lack of a positive link suggests that the
pKi values and the PheSA score may be related
in some way. It is important to keep in mind that
there may be other factors influencing the link
between these variables, even though
correlation does not always imply causation.

Additionally, the PheSA score and Ligand
Efficiency of Cycloguanil Analogues are related
according to equation 2.

Ligand Efficiency = (0.39435 * PheSA score) + 0.28064
(Equation 2)

The PheSA score and Ligand Efficiency
have a 0.675 Bravais-Pearson correlation
coefficient.

The PheSA score and Ligand Efficiency
show a somewhat positive link with a
correlation coefficient of 0.675 (Figure 2). As a
result, the Ligand Efficiency tends to rise along
with the PheSA score. The positive connection
shows that greater Ligand Efficiency values are
related to higher PheSA scores.

J. Trop. Pharm. Chem. 2024. Vol 8. No. 1.
p-ISSN: 2087-7099; e-ISSN: 2407-6090

048 [ ]
046
® 044
3042
&
? 04
=
® 038
0.36
034 () r=0.675 (Bravais-Pearson)

0.25 03 0.35 0.4 0.45 05 0.556
Ligand Efficiency

[ ————ee—
MMFF94 Energy 10 20 30 40 50 60

Figure 2: Relationship between PheSA score and ligand
efficiency

A ligand binding affinity, in this case
reflected by the PheSA score, is a measure of
how effectively a ligand attaches to its target.
This metric is known as ligand efficiency [14]. A
more potent ligand with stronger binding
characteristics will have a greater Ligand
Efficiency [15].

The PheSA score and Ligand Efficiency
have a positive association, which implies that
compounds with higher PheSA scores are more
likely to have superior binding efficiency. The
fact that raising the PheSA score may improve
ligand efficiency and maybe improve the
therapeutic characteristics of the cycloguanil
analogues makes this knowledge useful in the
drug discovery and optimization processes.

Additionally, the following equation
describes the link between the PheSA score and
the binding efficiency of Cycloguanil analogues
according to equation 3.

Binding Efficiency = (0.0078237 * PheSA score) + 0.28681
(Equation 3)

The PheSA score and Binding Efficiency
have a 0.664 Bravais-Pearson correlation
coefficient.
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The PheSA score and Binding Efficiency
show a moderately positive link with a
correlation coefficient of 0.664 (Figure 3). This
shows that the Binding Efficiency tends to grow
along with the PheSA score. According to the
positive connection, greater PheSA scores
correspond to higher values for binding
efficiency.

@]
o r=0.664 (Bravais-Pearson)

12 14 16 18 20 22 24 26 28
Binding Efficiency

[ — |
MMFF94 Energy 10 20 30 40 50 60

Figure 3: Relationship between PheSA score and binding
efficiency

Binding Efficiency is the ligand's
effectiveness in binding to its target, quantified
as the binding affinity (represented by PheSA
score) divided by the ligand's molecular weight

[16]. Higher Binding Efficiency indicates
stronger interactions and more potent
compounds [17]. The positive correlation

between PheSA score and Binding Efficiency
suggests that increasing PheSA score could
enhance binding interactions and therapeutic
effects for Cycloguanil Analogues.

Finally, the relationship between the
PheSA score and Surface Efficiency of
Cycloguanil Analogues is described by the
equation 4.

Surface Efficiency = (0.010995 * PheSA score) + 0.34244
(Equation 4)

The PheSA score and Surface Efficiency
show a weakly positive link with a correlation
coefficient of 0.34 (Figure 4). This implies that
although there isn't a particularly significant
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correlation, Surface Efficiency tends to rise as
the PheSA score does. The positive correlation
suggests a relationship between greater Surface
Efficiency values and higher PheSA scores, but
the connection is not very strong or constant.

0.48 % o © eo00 ®
0.46 PY
® 044 o [5)
3042 e © o® o
<
‘é’ 0.4 ® "X
= 0]
0.38 " o " o Y " "
0.36 o)
0.34 o) r=0.34 (Bravais-Pearson)
5 6 7 8 9 10

Surface Efficiency

=
MMFF94 Energy 10 20 30 40 50 60

Figure 4: Relationship between PheSA score and surface
efficiency

Surface Efficiency is the ligand's ability to
optimize its molecular surface characteristics
for efficient binding to its target [18]. It
considers the ligand's surface area to molecular
weight ratio, with higher values indicating
optimized surface qualities for its size,
potentially leading to better binding
interactions [19].

The PheSA score and Surface Efficiency
exhibit a small positive correlation, suggesting
that compounds with higher PheSA scores tend
to have slightly higher Surface Efficiency values.
However, the correlation coefficient of 0.34
indicates that variations in Surface Efficiency
among the Cycloguanil Analogues are
influenced by factors beyond the PheSA score.
Despite having slightly lower PheSA scores than
the top three, these compounds still exhibit
cycloguanil-like characteristics, warranting
further investigation for potential antimalarial
activity.

To generate new compounds with
potentially superior structures, Data Warrior
v5.0.0 [20] was used with a de novo design
approach. DataWarrior =~ employed an
evolutionary strategy, simulating nature, by
randomly modifying well-known chemical
configurations with minor changes [21]. The
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most advantageous structures from each
generation served as starting points for
subsequent generations after being evaluated
for resilience using adjustable principles [22].

The mutation algorithm introduces
changes like substituent migrations, ring
aromatization, atom replacements, and bond
order modifications [23]. Each structure
undergoes a thorough assessment to gauge how
changes would affect drug-likeness [24].
Mutations that align with desired directions are
given greater likelihood than those diminishing
drug likeness [25]. To ensure structural
integrity, mutations that could result in
significant ring tension are excluded. Through
this process, 447 structures were created,
maintaining the cycloguanil scaffold with the
required fitness values (Figure S1).

The mutagenicity, tumorigenicity,
reproductive effect, and irritating effects of
these new structures were also tested for
toxicity (Figure S2). Two hundred and fifty
seven new compounds were not discovered
with any related risk, for this reason.

Using the virtual screening method PheSA,
the 257 new compounds were assessed for their
similarity to cycloguanil (Table S2). Compounds
with higher PheSA similarity scores, such as C1
to C10 (Figure S3), displayed a strong
resemblance and potential as antimalarial
candidates. While scores declined in C11 to C70,
they still showed moderate to high similarity.
Lower similarity scores were observed in C71 to
C160, suggesting less resemblance but possible
pharmacophoric similarities worth
investigating or optimizing for future research.

Compounds C161 to C257 (Figure S3) have
demonstrated lower PheSA similarity scores,
indicating less structural resemblance to
cycloguanil. However, it is crucial to remember
that lower similarity scores do not necessarily
imply inefficiency or unsuitability for
antimalarial activity. These compounds may
possess distinctive structural characteristics or
employ various mechanisms of action that
warrant investigation in the search for new
drugs.

To evaluate the potential of a chemical
becoming a drug candidate, drug-likeness is a
crucial concept [26]. The assessment involves
evaluating various physicochemical features of
the molecule to determine its resemblance to

J. Trop. Pharm. Chem. 2024. Vol 8. No. 1.
p-ISSN: 2087-7099; e-ISSN: 2407-6090

well-known medications [27]. Important
qualities taken into account include topological
polar surface area (TPSA), number of hydrogen
bond acceptors (H-Acceptors), number of
hydrogen bond donors (H-Donors), and
lipophilicity (cLogP). The novel compounds
(Figure S3) exhibit positive cLogP values,
indicating moderate lipophilicity, which is
essential for drug distribution and absorption in
the body [28]. Conversely, they show negative
cLogS values, suggesting potential challenges in
water solubility, a crucial factor for drug
formulation and bioavailability [29]. The
presence of three to six H-Acceptors in the new
compounds (Figure S3) may imply possible
interactions with target proteins but could also
raise the risk of non-specific binding. Typically,
the new compounds have between two and four
H-Donors, indicating potential for both
hydrogen bonding and binding interactions. The
range of TPSA values (59.14 to 123.882)
suggests increased polarity, which may
facilitate interactions with biological targets.
However, it is essential to acknowledge that
drug-likeness assessment considers several
factors beyond these characteristics, such as
molecule weight, toxicity, structural warnings,
and specific target requirements.

Ligand efficiency is another important
consideration to enhance the effectiveness and
potency of a therapeutic candidate [30]. It is
determined by dividing the binding affinity by
the compound's molecular weight, commonly
represented by the dissociation constant, Kd
[31]. Ligand efficiency seeks therapeutic
candidates with high potency and low molecular
weight, which can improve pharmacokinetics
and minimize off-target effects [32].

Interestingly, the PheSA score and Ligand
Efficiency show a strong and positive
association, as indicated by the correlation
coefficient (Bravais-Pearson) of 0.675. This
suggests that compounds with higher PheSA
scores are more likely to have higher Ligand
Efficiency, offering valuable information for the
search and development of effective
antimalarials. However, it is essential to note
that correlation does not imply causation, and
Ligand Efficiency is influenced by various other
factors.
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While PheSA does not directly assess
ligand efficiency, it can be utilized as a guide to
select cycloguanil analogs with potentially
advantageous ligand efficiency. For instance, if a
molecule exhibits high similarity to a known
active substance (e.g., Cycloguanil) according to
PheSA, it indicates comparable pharmacophoric
and shape aspects, suggesting potential for
similar binding interactions and positive ligand
efficiency.

4 Conclusions

It's crucial to realize that causality is not
always implied by correlation. Ligand Efficiency
may also be influenced by other factors and
variables, and the PheSA score may not be the
sole one, despite the statistical correlation
between PheSA scores and Ligand Efficiency.
The pharmacophore enhanced shape alignment
(PheSA) computational method provides a
useful tool for assessing the similarity of
compounds based on their pharmacophoric and
shape characteristics. Even while PheSA does
not directly evaluate ligand efficiency, it can aid
in the identification of molecules that share
structural and pharmacophoric characteristics
with known active substances. This might have
an impact on ligand efficiency.

The main goal of virtual screening utilizing
PheSA is to find molecules that are highly
similar to already-known active substances. By
using PheSA, scientists can give priority to
Cycloguanil Analogues that resemble the
reference compound closely, indicating
probable shared pharmacophoric and structure
properties and showing favorable ligand
efficiency.

To develop a more precise and situation-
specific link between PheSA and ligand
efficiency, additional research and experimental
studies, such as biological activity assays, are
required. In spite of this, the virtual screening of
cycloguanil analogs based on PheSA similarity
scores offers a useful initial assessment of
structural similarity, directing subsequent
experimental studies towards the identification
of promising substances with the potential to
develop powerful antimalarial drugs.
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