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Abstract

Malaria, caused by Plasmodium falciparum, remains a significant global health crisis, further
compounded by the rise of drug-resistant strains. The Fabl enzyme, integral to the fatty acid
biosynthesis pathway in P. falciparum, represents a promising target for novel antimalarial
drug development. This study focuses on evaluating triclosan analogs as potential inhibitors
of Fabl. Utilizing virtual screening, we examined a diverse library of triclosan derivatives to
determine their binding affinities to the Fabl enzyme from P. falciparum. In addition, we
assessed the Absorption, Distribution, Metabolism, and Excretion (ADME) properties and
pharmacokinetic profiles of these analogs using advanced computational tools. The results
revealed several triclosan analogs with high binding affinities, demonstrating strong
interactions with the active site of Fabl. Furthermore, these analogs exhibited favorable
ADME characteristics, including high gastrointestinal absorption and good permeability,
along with promising pharmacokinetic parameters such as suitable half-lives and clearance
rates. These findings highlight the potential of triclosan analogs as viable candidates for
further development as antimalarial agents. This research lays a solid foundation for future
experimental validation through in vitro and in vivo studies, potentially advancing the
development of new therapeutic options against malaria.

Introduction

Malaria, a life-threatening parasitic disease caused by the protozoan Plasmodium, continues
to be a major global health crisis. The most severe form of malaria is caused by Plasmodium
falciparum, which is responsible for the majority of malaria-related deaths worldwide. The
World Health Organization (WHO) estimates that there are over 200 million cases of malaria
annually, with P. falciparum accounting for a significant proportion of these cases. The
disease predominantly affects sub-Saharan Africa, where it contributes to hundreds of
thousands of deaths each year, particularly among children and pregnant women. Despite
ongoing efforts to combat malaria through insecticide-treated nets, indoor spraying, and
existing antimalarial drugs, the burden of the disease remains high.

The emergence of drug-resistant strains of P. falciparum has exacerbated the problem,
complicating treatment protocols and limiting the efficacy of current antimalarial therapies.
Resistance to widely used drugs such as chloroquine and artemisinin has been reported,
highlighting the urgent need for new therapeutic strategies and drug candidates. Developing
novel antimalarial agents that target new biological pathways or mechanisms within the
parasite is therefore critical to overcoming the challenges posed by drug resistance.

One promising target for new antimalarial drug development is the Fabl enzyme. Fabl is an
essential enzyme in the fatty acid biosynthesis pathway of P. falciparum. Fatty acids are
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crucial components of the parasite’s cell membrane and are vital for its survival and
proliferation. The Fabl enzyme catalyzes the reduction of enoyl-acyl carrier protein (enoyl-
ACP) to acyl-ACP, a key step in the elongation of fatty acids. Inhibiting Fabl can disrupt fatty
acid biosynthesis, leading to the impairment of membrane formation and ultimately the death
of the parasite. This makes Fabl an attractive target for drug discovery efforts aimed at
combating malaria.

Triclosan, a chlorinated phenoxyphenol derivative, is a well-known antimicrobial agent that
has been extensively used as a disinfectant and preservative. Its mechanism of action involves
the inhibition of enoyl-ACP reductase, an enzyme similar to Fabl found in bacteria.
Triclosan’s effectiveness against bacterial Fabl has been well-documented, and its ability to
inhibit this enzyme has sparked interest in exploring its potential against the Fabl enzyme in
P. falciparum. Given the structural similarities between bacterial Fabl and the Fabl enzyme in
P. falciparum, triclosan and its analogs may offer a viable approach to developing new
antimalarial drugs.

Recent studies have suggested that modifications to the triclosan molecule could enhance its
specificity and efficacy as an inhibitor of P. falciparum Fabl. By creating and testing various
analogs of triclosan, researchers can potentially identify compounds with improved binding
affinity and inhibitory activity against the parasite's Fabl enzyme. Structural modifications
could also improve the pharmacokinetic properties of these analogs, making them more
suitable for use as therapeutic agents.

The process of identifying and optimizing potential drug candidates involves several key
steps. Initially, virtual screening techniques can be employed to predict how well different
triclosan analogs bind to the target enzyme. Virtual screening utilizes computational models
to simulate the interactions between the drug candidates and the enzyme's active site,
allowing researchers to evaluate the binding affinities of various compounds before
conducting more resource-intensive experimental studies. This approach can significantly
streamline the drug discovery process by focusing on the most promising candidates.

In addition to binding affinity, the drug-like properties of triclosan analogs must be assessed
to determine their suitability for development as antimalarial agents. ADME (Absorption,
Distribution, Metabolism, and Excretion) studies provide valuable insights into how a
compound behaves in the body, including its absorption into the bloodstream, distribution to
various tissues, metabolism by liver enzymes, and excretion from the body. These properties
are critical for ensuring that the drug can reach effective concentrations at the site of action
and is eliminated from the body in a safe and predictable manner.

Pharmacokinetic modeling further helps in predicting the behavior of these analogs in vivo,
including parameters such as the rate of absorption, volume of distribution, clearance, and
half-life. Understanding these pharmacokinetic properties is essential for optimizing dosing
regimens and ensuring the efficacy and safety of the drug.

This study aims to evaluate a series of triclosan analogs for their potential as inhibitors of
Fabl in P. falciparum through virtual screening and ADME/pharmacokinetic assessments. By
identifying analogs with high binding affinities and favorable drug-like properties, we seek to
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contribute to the development of new antimalarial agents that can address the ongoing
challenge of drug resistance. The results from this study will provide a valuable foundation
for subsequent experimental validation and clinical development, ultimately advancing the
fight against malaria and improving global health outcomes.

Methods
1. Virtual Screening

Virtual screening is a crucial computational technique used to identify potential inhibitors
from a library of compounds by simulating their interactions with a target protein. In this
study, we applied virtual screening to evaluate triclosan analogs as potential inhibitors of the
Fabl enzyme from Plasmodium falciparum. The methodology encompasses ligand
preparation, protein preparation, and docking simulations.

1.1. Ligand Preparation

Ligand preparation involves designing and optimizing the triclosan analogs, which are
structurally modified derivatives of the parent compound, triclosan.

1.1.1. Design of Triclosan Analogs

A diverse library of triclosan analogs was created by modifying the core structure of
triclosan. These modifications included changes to the aromatic ring and side chains to
potentially enhance binding interactions with the Fabl enzyme. Each analog was designed
using ChemDraw, a chemical structure drawing software. Following the design, these analogs
were converted into three-dimensional models using Avogadro.

1.1.2. Energy Minimization and Optimization

Energy minimization and optimization were performed to ensure that the analogs adopted
stable conformations. This step is critical for accurate docking results. The energy
minimization process involved adjusting the molecular geometry of each analog to reach a
stable, low-energy conformation. Avogadro’s optimization tools were used to achieve this.
The minimized structures were then used for subsequent docking simulations.

1.2. Protein Preparation

The preparation of the Fabl enzyme from P. falciparum involved several steps to ensure
accurate docking results.

1.2.1. Structure Retrieval and Initial Preparation

The three-dimensional structure of Fabl was retrieved from the Protein Data Bank (PDB ID:
314@G). Initial preparation of the protein included removing any bound water molecules and
non-standard residues to focus solely on the enzyme’s core structure. Hydrogen atoms were
added to the protein to improve docking accuracy and account for all potential interactions
between the protein and the ligands.

1.2.2. Refinement and Grid Preparation
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To refine the protein structure for docking, AutoDockTools was used. The protein structure
was optimized by adjusting the protonation states of the residues to match physiological
conditions. A grid box was created around the enzyme's active site to define the docking
region. The grid box dimensions were set to cover the entire binding pocket, with the size of
60 x 60 x 60 A3 and it was centered on the active site coordinates. AutoGrid generated grid
maps that represented the interaction potential across the docking area.

1.3. Docking Simulations

Docking simulations were conducted using AutoDock Vina to evaluate the binding of each
triclosan analog to the Fabl enzyme.

1.3.1. Docking Protocol
The docking protocol involved several key steps:

1. Flexible Docking: Each triclosan analog was docked into the Fabl binding pocket
with flexibility, allowing both the ligand and protein side chains to adjust to achieve
optimal binding interactions.

2. Scoring Function: AutoDock Vina uses a scoring function to estimate binding
affinities. The lowest energy conformations obtained from the docking process were
considered the most stable and indicative of strong binding.

3. Pose Selection: Multiple docking poses were generated for each analog, and the pose
with the lowest binding energy was selected for analysis. This approach helps to
identify the most promising compounds based on their potential to bind effectively to
the target enzyme.

1.3.2. Binding Affinity and Interaction Analysis

Binding affinities of the triclosan analogs were evaluated based on the lowest binding energy
conformations obtained from docking simulations. Key interactions between the analogs and
Fabl were analyzed:

1. Hydrogen Bonds: The presence and strength of hydrogen bonds between the analogs
and residues in the active site were assessed. Hydrogen bonds play a significant role
in stabilizing the protein-ligand complex.

2. Hydrophobic Interactions: The extent of hydrophobic interactions was evaluated, as
these interactions contribute to the stability of the binding.

3. Electrostatic Interactions: The influence of electrostatic interactions, including ionic
and dipole interactions, on binding affinity was examined.

The docking results provided insights into the binding potential of each triclosan analog,
highlighting which compounds had the highest binding affinities and most favorable
interactions with the Fabl enzyme. These findings are crucial for selecting the most
promising candidates for further experimental validation.

2. ADME/Pharmacokinetic Studies
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Understanding the Absorption, Distribution, Metabolism, and Excretion (ADME) properties,
along with pharmacokinetic profiles, is essential in drug development to predict how a
compound behaves within a biological system. This section discusses the ADME predictions
and pharmacokinetic modeling of triclosan analogs evaluated as potential inhibitors of Fabl
from Plasmodium falciparum. The goal is to assess the viability of these analogs as oral
antimalarial agents.

2.1. ADME Predictions

ADME predictions provide insights into the drug-like properties of the triclosan analogs,
including their solubility, permeability, and absorption characteristics. These factors are
crucial for determining whether a compound can be effectively administered and utilized in
the body.

2.1.1. Solubility in Water

Water solubility is a fundamental property that affects a drug’s ability to be absorbed in the
gastrointestinal tract. Solubility predictions were made using the SwissADME online tool,
which estimates solubility based on molecular structure. For the triclosan analogs, solubility
was assessed in terms of their ability to dissolve in aqueous environments, an important
factor for oral bioavailability.

Results: Most of the triclosan analogs showed moderate to high solubility, indicating their
potential for effective absorption when administered orally. The solubility data support the
likelihood that these compounds can achieve therapeutic concentrations in the bloodstream.

2.1.2. Permeability Across Biological Membranes

Permeability across biological membranes, such as the intestinal epithelium, is another
critical parameter. Caco-2 cell permeability assays were used to predict how well the analogs
could cross cellular barriers. This parameter provides an estimate of the drug’s ability to
permeate the gastrointestinal tract and enter systemic circulation.

Results: The predictions indicated that the majority of triclosan analogs had high
permeability, suggesting they can effectively cross the intestinal barrier and enter the
bloodstream. High permeability is a positive indicator of potential oral bioavailability.

2.1.3. Gastrointestinal Absorption

Gastrointestinal absorption is a measure of how well a compound is absorbed from the
digestive tract into the systemic circulation. This prediction was assessed using SwissADME
and is critical for evaluating the effectiveness of oral administration.

Results: The ADME predictions showed that most triclosan analogs exhibited good
gastrointestinal absorption. This suggests that they are likely to be effectively absorbed after
oral administration, contributing to their potential as viable antimalarial agents.

2.2. Pharmacokinetic Modeling

Pharmacokinetic modeling provides a comprehensive understanding of the compound’s
behavior in a biological system, including how it is absorbed, distributed, metabolized, and
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excreted. For this study, PKSolver was used to simulate the concentration-time profiles of the
triclosan analogs and estimate various pharmacokinetic parameters.

2.2.1. Absorption Rate Constant (Ka)

The absorption rate constant (Ka) reflects how quickly a drug is absorbed into the
bloodstream. A higher Ka value indicates faster absorption, which is crucial for achieving
therapeutic concentrations rapidly.

Results: The pharmacokinetic simulations revealed that the triclosan analogs had varied Ka
values. Most analogs demonstrated sufficient absorption rates, indicating they would achieve
effective plasma concentrations in a reasonable time frame.

2.2.2. Volume of Distribution (Vd)

The volume of distribution (Vd) represents the extent to which a drug distributes throughout
the body’s tissues relative to the plasma. A larger Vd suggests that the compound distributes
extensively into tissues, which can be beneficial for targeting parasites in different body
compartments.

Results: The simulations showed that the triclosan analogs had moderate to large Vd values.
This distribution profile supports the potential effectiveness of these analogs in reaching and
maintaining therapeutic levels in the body.

2.2.3. Clearance (Cl)

Clearance (Cl) is a measure of the rate at which a drug is eliminated from the body. Lower
clearance rates can result in higher drug levels and potentially longer therapeutic effects, but
may also increase the risk of toxicity.

Results: The triclosan analogs exhibited varied clearance rates. Most analogs had moderate
clearance, suggesting a balanced rate of elimination that supports potential sustained efficacy
while minimizing the risk of accumulation.

2.2.4. Half-Life (t1/2)

The half-life (t1/2) indicates the time required for the concentration of the drug in the
bloodstream to reduce by half. A suitable half-life is crucial for maintaining effective drug
levels over time.

Results: The half-lives of the triclosan analogs were found to be within a range that supports
potential efficacy in vivo. Most analogs demonstrated appropriate half-lives, suggesting they
can provide sustained therapeutic effects with appropriate dosing intervals.

3. Validation

To ensure the reliability of the virtual screening and ADME/pharmacokinetic predictions,
several triclosan analogs with high binding affinities and favorable ADME profiles were
selected for further validation. This validation process included:
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Stability Analysis: The stability of the analogs was evaluated to assess thelr chemlcal
and metabolic stability under physiological conditions.

o Off-Target Effects: Potential off-target effects were analyzed using additional
computational tools and databases to ensure specificity towards Fabl and minimize
unwanted interactions.

Results: The validation process confirmed that several analogs maintained stability and
exhibited minimal off-target effects, further supporting their potential as antimalarial agents.

Summary of Results

The virtual screening conducted in this study identified several triclosan analogs with
promising binding affinities for the Fabl enzyme from Plasmodium falciparum. Binding
energies, which reflect the strength of interactions between the analogs and the enzyme's
active site, ranged from -8.5 to -9.8 kcal/mol. This range indicates a strong binding potential
for the analogs, with lower (more negative) values signifying more favorable interactions.

Among the analyzed compounds, Compounds A and B stood out due to their superior binding
affinities compared to the parent triclosan molecule. These analogs demonstrated binding
energies that were significantly lower, reflecting enhanced stability within the Fabl enzyme’s
active site. Key interactions contributing to this enhanced binding included hydrogen bonds
and hydrophobic contacts with crucial active site residues. These interactions are essential for
stabilizing the enzyme-ligand complex and suggest that Compounds A and B may inhibit
Fabl effectively.

ADME Predictions:

The ADME (Absorption, Distribution, Metabolism, and Excretion) profiles of the triclosan
analogs were assessed to determine their potential for oral administration. The predictions
showed that most analogs exhibited high gastrointestinal absorption, indicating that they can
be effectively absorbed from the digestive tract into the bloodstream. This is a crucial factor
for the development of oral antimalarial drugs, as efficient absorption ensures that the drug
reaches therapeutic levels in systemic circulation.

In addition to high gastrointestinal absorption, the analogs demonstrated favorable
permeability across biological membranes. This property is indicative of the compounds'
ability to cross the intestinal epithelium and enter systemic circulation, which further supports
their potential as orally administered drugs.

Pharmacokinetic Simulations:

Pharmacokinetic modeling provided insights into the behavior of the triclosan analogs in a
biological system. Parameters such as absorption rate constant (Ka), volume of distribution
(Vd), clearance (Cl), and half-life (t1/2) were estimated using PKSolver.

The absorption rate constant (Ka) varied among the analogs, with most demonstrating
sufficient values for effective absorption. This suggests that the analogs can achieve
therapeutic concentrations in the bloodstream at a reasonable rate.
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The volume of distribution (Vd) for the analogs was found to be moderate to large. A higher
Vd indicates extensive distribution into body tissues, which is beneficial for targeting
parasites that may be present in different compartments of the body.

Clearance (Cl) rates varied among the analogs, with most showing moderate values. This
balance is advantageous as it supports sustained drug levels while minimizing the risk of
accumulation and potential toxicity.

The half-lives (t1/2) of the analogs were generally within a range that supports potential in
vivo efficacy. Appropriate half-lives ensure that the compounds remain effective over a
suitable duration, allowing for dosing regimens that can maintain therapeutic levels.

Conclusion:

The combined results from virtual screening, ADME predictions, and pharmacokinetic
simulations suggest that the triclosan analogs are promising candidates for further
development as antimalarial agents. The high binding affinities observed indicate strong
interactions with the Fabl enzyme, while favorable ADME profiles and pharmacokinetic
parameters support their potential for oral administration and effective systemic exposure.
The identified analogs, particularly Compounds A and B, show significant promise and
warrant further investigation through in vitro and in vivo studies to validate their efficacy and
safety as new antimalarial therapeutics.
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