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Figure 1: Pictorial summary of different antimalarials that has been developed and
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Figure 2: A schematic illustration of biotransformation/detoxification of

xenobiotics through phase I and phase II reaction mechanisms

Fig. 1. Schematic description of the transformation procedure, recombinant
overexpression, and purification processes of PfGST and PvGST. The construct’s
transformation in BL21(DE3) competent cells were successful as evident from the
yield of single and distinct colonies on the LB plates. The 0.50 mM IPTG
overexpressed protein was successfully purified using a one-step IMAC procedure.
The PfGST and PvGST proteins were found to be pure, and their sizes correspond

to the approximately 25 kDa theoretical sizes.

Fig. 2A. Characterizing PfGST and PvGST with respect to their specific enzymatic
activities through a GSH-CDNB conjugation model assay characteristics of GST in
a reaction buffer containing 100 mM NaH,PO4 at pH 7.2, | mM EDTA, 1 mM DTT,
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5 mM GSH at pH 6.5, 30 mM CDNB. Each sample with varying concentrations
were spectroscopically monitored. PAGST’s specific enzymatic activity (black)
and PvGST’s specific enzymatic activity (green) were determined to be 37.90
pmol/min/mg and 35.33 pmol/min/mg respectively. The R? value of approximately
1 attest to the validity of the standard curve.

Fig. 2B-21. Characterizing the respective PfGST and PvGST’s specific enzymatic
activities with respect to artemisinin (B and C), artesunate (D and E), artemether (F
and G), and pyrimethamine (H and I). These characterizations similarly followed a
GSH-CDNB conjugation model assay, which is typical of a GST enzyme activity
assay. A 1 mM constant concentration of artemisinin, artesunate, artemether, and
pyrimethamine alongside varying concentration of PfGST and PvGST in evaluating
the inhibitory effect of the specific enzymatic activities. The reaction buffer
similarly contains 100 mM NaH>PO4 at pH 7.2, | mM EDTA, 1 mM DTT, 5 mM
GSH at pH 6.5, 30 mM CDNB. The plots show the spectroscopic monitoring of
PfGST’s specific enzymatic activity (black), PfGST’s specific enzymatic activity
in the presence of the drugs (red), PvGST’s specific enzymatic activity (green),
and PvGST’s specific enzymatic activity in the presence of the drugs (blue). The

R? value of approximately 1 attest to the validity of the standard curves.

Fig. 3. A UV-Vis spectrophotometric characterization of PfGST and PvGST’s
respective biotransformation potential towards artemisinin (A and B), artemether
(C and D), artesunate (E and F), amodiaquine (G and H), lumefantrine (I and J),
mefloquine (K and L), and pyrimethamine (M and N). The respective drug spectra
measurements (orange) and the spectra measurements of PfGST and PvGST (dotted
grey lines) showing light absorption at 280 nm are also revealed. The spectra
measurements of GSH-drug incubated samples (purple), PfGST or PvGST
incubated drug samples (black) and P/GST or PvGST and GSH incubated drug

samples (red) are herein figuratively represented.

Fig. 4. Ligandin activity of PfGST and PvGST through ANS fluorescence

spectroscopy towards artemisinin (A and B), artemether (C and D), artesunate (E
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and F), amodiaquine (G and H), lumefantrine (I and J), mefloquine (K and L), and
pyrimethamine (M and N) and their effect on P/GST and PvGST’s tertiary
structural conformation. A spectrofluorometric monitored ANS fluorescence
emission at 395 nm excitation showing the emission spectrum of free ANS (grey
dotted lines), ANS bound PfGST (black) and ANS bound PvGST (green). The
respective antimalarial complexed P/GST’s emission spectrum is represented in
(red), and PvGST complexed antimalarials are (blue). A reduced GSH was added
as a PfGST and PvGST protein in all the samples monitored.

Fig. 1. Schematic description of the recombinant overexpression and purification
processes of PfGST and PvGST. The construct’s transformation in BL21(DE3)
competent cells were successful as evident from the yield of single and distinct
colonies on the LB plates. The 0.50 mM overexpressed was successfully purified
using a one-step IMAC procedure. The PfGST and PvGST proteins were found to

be pure, and their sizes correspond to the approximately 25 kDa theoretical sizes.

Fig. 2. Characterization of P/GST and PvGST in terms of their enzymatic specific
activity in the presence and absence of BSP through a GSH-CDNB conjugation
assay (100 mM NaH,PO4 pH 7.2, I mM EDTA, I mM DTT, 5 mM GSH pH 6.5,
30 mM CDNB, and 1 mM BSP) monitored spectroscopically showing PfGST’s
specific activity (black), PvGST’s specific activity (green), PAGST:BSP’s specific
activity (red), and PvGST:BSP’s specific activity (blue).

Fig. 3. Ligandin activity of PfGST and PvGST through ANS fluorescence
spectroscopy towards BSP and its effect on their tertiary structural conformation. A
spectrofluorometric monitored ANS fluorescence emission at 395 nm excitation
showing (A) emission spectrum of free ANS ( ), ANS bound PfGST (black)
and ANS bound PvGST (green), (B) BSP complexed proteins’ emission spectrum
of PfGST:BSP (red) and PvGST:BSP (blue), (C) reduced GSH incubated protein’s
emission spectrum of PAGST-GSH (black) and PvGST-GSH (green), and (D) BSP
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complexed and GSH incubated proteins’ emission spectrum for PfGST:GSH:BSP
(red) and PvGST:GSH:BSP (blue)

Fig. 4. Profiles for the thermal stability using melting peak temperature of PfGST
and PvGST in the presence and absence of GSH and BSP at temperatures between
25 — 65 °C using a qPCR differential scanning fluorimetry evaluation. The
fluorescence thermal shift assay was carried out in 100 mM NaH>P04, 1 mM DTT,
and 1 mM EDTA, pH £+ 1 mM GSH, + BSP, with the sample monitored in triplicate.
The derived -d(RFU)/dT against temperature (°C) plots showing melting peak
temperature 7m in °C of (A) PfGST (black) and PvGST (green), (B) P/GST:GSH
(black) and PvGST:GSH (green), (C) PfGST:BSP (red) and PvGST:BSP (blue),
and (D) PfGST:GSH:BSP (red) and PvGST:GSH:BSP (blue).

Fig. 5. Plots towards the determination of the steady-state kinetic parameters of
PfGST and PvGST towards GSH in the presence and absence of BSP using
Michaelis-Menten and Lineweaver-Burke models at varying GSH concentrations.
(A). A Michaelis-Menten plot of 300 nM PfGST (black) and PvGST (green), (B).
A Lineweaver-Burke straight line steady-state kinetics plot of P/GST (black) and
PvGST (green), (C). Michaelis-Menten plot of 300 nM PfGST in the presence of
0.5 mM BSP (red) and PvGST in the presence of 0.5 mM BSP (blue), and (D). A
Lineweaver-Burke straight-line steady-state kinetics plot of PfGST in the presence
of 0.5 mM BSP (red) and PvGST in the presence of 0.5 mM BSP (blue),

Fig. 6. Protein-Ligand complex ribbon representation of the induced fit docking
best pose for (A) PfGST:BSP complex, (B) PvGST:BSP, showing BSP binding at
the dimer interphase of P/GST and PvGST. The image is a snapshot from the

induced fit ligand docking algorithm implemented in Schrodinger Maestro v13.0.

Fig. 7. 2-D ligand interaction plot highlighting the side chains involved in the
binding between the interaction of (A) IFD docking pose of BSP with P/GST and
(B) amino acid residue’s position of BSP with P/GST over 500 ns simulation. (C)

IFD docking of BSP with PvGST and (D) amino acid residue’s position of BSP
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with PvGST over 500 ns simulation. Tyr108 is seen as the only non-polar amino
side chains (green) involved in n-n* interaction with BSP’s phenyl moiety in both
PfGST and PvGST, while similar amino residues’ involvement was seen during
docking and the average simulation time. These Images were snapshots from the

Maestro 2D interaction diagram implemented in Schrodinger Maestro 13.0

Fig. 8. PfGST and PvGST’s structural alignment and sequence analysis reveal the
similarity in positions of the amino acid residues taking part in the bonding and
simulation interactions using Expresso™. Lys15, Gln 71, Gln 73, Ser72, Cys101,
Aspl05, Tyr108, and Asnl11 were all conserved in both proteins.

Fig. 9. Simulation event analysis generated profile showing (A) the radius of
gyration (Rg) of the apo systems of P/GST (black) and PvGST (green). (B) the
radius of gyration (Rg) of the protein-ligand complex PfGST:BSP (red) and
PvGST:BSP (blue) throughout the 500 ns simulation time plotted in picoseconds

(ps)

Fig. 10. Analysis of the simulation trajectory showing (A) the RMSD of the Ca
atoms and (B) the RMSF of the side chains as a function of the 500 ns simulation
time for apo-PfGST (black), apo-PvGST (green), PfGST:BSP complex (red),
PfGST:BSP complex (blue).

Fig. 11. The interaction of BSP with PfGST and PvGST in respect of their (A)
MolISA quantitatively revealing BSP’s interaction at both proteins’ molecular
environment, with PfGST:BSP’s trajectory (red) showing a higher MolSA than
PvGST:BSP (blue) and (B) global SASA showing similar binding dynamics of BSP
in the two proteins. The PfGST:BSP’s SASA (red) is however higher than that of
PvGST:BSP (blue).

Fig. 12. Amino acid side chains interactions and types of interactions stacked bar
charts between (A) PfGST:BSP and (B) PvGST:BSP, throughout the 500 ns

simulation. The interaction diagram showed H-bonds are categorized into backbone
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acceptor, backbone donor, side-chain acceptor, and side-chain donor. Hydrophobic
interactions are categorized into m-cation, t-n*, and other non-specific interactions.
The stacked bar charts are normalized throughout the 500 ns trajectory. The images
were obtained with the use of the Ligand Interaction Algorithm implemented in

Maestro v13.0.

Fig. 13. The subspace trajectories projections of the first two principal components
(PC1 and PC2) in respect of their (A) Ca RMSD of PfGST and PfGST:BSP and
(B) Ca PvGST and PvGST:BSP, (C) Ca RMSF of PfGST and PfGST:BSP and (D)
Ca PvGST and PvGST:BSP.

Fig. 1. The 2D chemical structure description of (A) Baicalin, BA and (B) 5,7,3'—
Trihydroxy—6,4',5'—trimethoxyflavone, TTMF, respectively, obtained from the
PubChem database with CID numbers 64982 for BA and 5496475.

Fig. 2. Induced fit docking analysis of the protein-ligand complex ribbon
representation of (A) PfGST:BA complex, (B) PvGST:TTMF, showing BA and
TTMEF respectively binding and sitting tightly at the dimer interphase of PAGST and
PvGST. The image is a snapshot from the induced fit ligand docking algorithm

implemented in Schrodinger Maestro v13.0.

Fig. 3. 2-D ligand interaction plot highlighting the side chains involved in the
binding between the interaction of (A) IFD docking pose of BA with P/GST and
(B) IFD docking of TTMF with PvGST. HID107 is seen as the only amino side
chain involved in n-n* interaction with BA’s phenyl moiety in PfGST and not in
TTMF interaction with PvGST. Not too similar amino acid residues’ involvement
were seen in the induced fir docking process. These Images were snapshots from

the Maestro 2D interaction diagram implemented in Schrédinger Maestro 13.0
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Fig. 4. Analysis of the simulation trajectory showing (A) the Ca-RMSD of PfGST
(black), PfGST:BA (red) and (B) Ca-RMSD of PvGST (green), and
PvGST:-TTMF (blue). Also, the RMSF of the side chains as a function of the 500
ns simulation time for (C) apo-PfGST (black), P/GST:BA complex (red), and (D)
apo-PvGST (green), PvGST:-TTMF complex (blue).

Fig. 5. Amino acid side chains interactions and types of interactions stacked bar
charts between (A) PfGST:BA and (B) PvGST:TTMF, throughout the 500 ns
simulation. The interaction diagram showed that H-bonds are categorized into
backbone acceptor, backbone donor, side-chain acceptor, and side-chain donor.
Hydrophobic interactions are categorized into m-cation, m-n*, and other non-
specific interactions. The stacked bar charts are normalized throughout the 500 ns
trajectory. The images were obtained with the use of the Ligand Interaction

Algorithm implemented in Maestro v13.0.
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Abstract

Plasmodium falciparum (Pf) and Plasmodium vivax (Pv) are parasites that have progressively
resisted existing antimalarial drugs by evading their current therapeutic mode of action. This has
thereby necessitated research into novel therapeutics with a distinct and unique mode of action.
The rapid development of resistance to prophylactic and interventional malaria drugs has
undeniably been a thing of concern to researchers and healthcare practitioners. Glutathione S-
Transferase (GST) as an adept enzyme has been brought to the limelight as a potential target for
developing antimalarial drugs. This is connected to GST’s significant involvement in cellular
processes leading to metabolizing or detoxifying carcinogens, chemotherapeutic drugs,
environmental pollutants, and oxidative stress products. Hence, the accelerated effort to target GST
as a potential drug target in Plasmodium falciparum and Plasmodium vivax, are parasites which
had progressively resisted existing antimalarial drugs. Although, the artemisinin derivatives
antimalarials known as Artemisinin Combination Therapy (ACT) are currently one of the World
Health Organization (WHO) approved drugs against Pf and Pv. Artemisinin-based combination
therapies are currently used as the frontline treatment for malaria, thanks to their rapid action and
high efficacy against Plasmodium parasites. However, the growing problem of drug resistance
necessitates the study of ACTs in the context of protein-ligand interactions to discover their activity
towards the drug target under consideration. It’s also to gain new antimalarial strategies and
enhance existing therapies. The seven selected ACTs used in this study were based on their
reported efficacy and availability. Both Plasmodium falciparum and Plasmodium vivax possess a
versatile enzyme which are respectively known as Plasmodium falciparum Glutathione S-
Transferase (PfGST) and Plasmodium vivax Glutathione S-Transferase (PvGST). This class of
enzyme exogenously and endogenously inactivates toxic molecules, metabolizing, and detoxifying
carcinogens, and chemotherapeutic drugs. This has made these two enzymes catch the attention of
many researchers for drug discovery. This is because the inhibition of PfGST and PvGST will
reduce both Plasmodium falciparum's and Plasmodium vivax'’s detoxification abilities and
weakened their antioxidant ability. Hence, this makes these targets represent a potential target for
developing antimalarial drugs. The biochemistry of the protective role (detoxification of
xenobiotics) being exerted by P/GST and PvGST was thus explored as a potential target for
antimalarial drug development. In this study, the interactions, binding, stability, and inhibition
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potentials by seven selected antimalarials, bromosulfophthalein (BSP) and natural products
(flavonoids) are in this study insightfully considered as potential inhibitors. Computational studies
novelly support all the biophysical characterizations employed in this study.

Spectroscopic analysis of the selected antimalarial drugs for biotransformation by GSH
conjugation of the targets revealed that all the antimalarials are GSH-glutathionylated and GST
biotransformed. Expectedly, while the GSH-CDNB conjugation assay showed that the
antimalarials weakly inhibited the enzymatic activities of PIGST and PvGST, the ANS extrinsic
fluorescence spectrophotometric analysis also revealed the weak binding to the targets. The
quantitative polymerase chain reaction (QPCR) thermal shift stability elucidation shows that the
antimalarial drugs moderately cause thermal instability of the targets. The ligandin properties of
PfGST and PvGST towards the steady-state kinetics and molecular modelling-induced fit docking
all showed that BSP binds more strongly to PIGST and PvGST than the selected ACTs. Steady-
state kinetics evaluation and all the post-dynamic analysis from molecular dynamics simulations
of PfGST and PvGST with BSP are in tandem in demonstrating BSP’s drug-likeness. All the
spectroscopic and spectrofluorometric techniques showed that the selected antimalarials were less
effective as an inhibitor compared to BSP. The various results of molecular dynamics simulations
and other computational studies reveal that BSP impacts the compactness of PfGST and PvGST
in a decreasing manner and decreases their conformational dynamics accordingly more than the
selected antimalarials. On the other hand, the high-throughput virtual computational studies
screening selected baicalin and 5,7,3'-Trihydroxy-6,4',5'-trimethoxyflavone to outperform BSP
and ellagic acid in binding and a better inhibitor of P/GST and PvGST. This study insightfully
elucidated and positioned BSP’s ability as a potential drug candidate to be further developed as an
efficacious antimalarial and advanced a further study on two flavonoids, baicalin and 5,7,3'-

Trihydroxy-6,4',5'-trimethoxyflavone as a better inhibitor of PAGST and PvGST respectively.



Chapter I: Introduction

The infectivity of malaria as an annual three million people-killing disease, has continued to
necessitate the search for new therapeutics with swift efficacy, affordability, and minimal toxicity.
This is because malaria remains both a health burden economically challenging, and thereby
causing significant morbidity cum mortality with grave economic losses (Singh and Rathi, 2023;
Siqueira-Neto et al., 2023). Malaria’s global endemicity, as reported by the World Health
Organization (WHO) in its World Malaria Report for the year 2023, is estimated to be 249 million
malaria cases as of the year 2022 spreading across 84 malaria-endemic countries (World Health
Organization, 2023). This stupefying statistic is unconnected to the COVID-19 pandemic
interruption between 2019-2021, which posed a significant challenge to malaria control efforts.
Other factors include the waning potency of stakeholders’ primary malaria-fighting resources,
climate change, and increased resistance to malaria’s insecticide-treated nets. Most important is
the multidrug resistance phenomenon confronting the front-line antimalarials (Hussein et al., 2022;
Li and Managi, 2022; Li et al., 2022; World Health Organization, 2022). As malaria burden and
its global endemicity linger despite multidimensional and multistakeholder concerted efforts
towards finding treatment, researchers continue to find new drug targets. This is to grapple with

the enormous burden malaria’s morbidity and mortality places on man.

Malaria remains disproportionally high, an infectious disease burden with Plasmodium falciparum
(Pf) and Plasmodium vivax (Pv) causing most morbidity and mortality in sub-Saharan Africa and
Asia, respectively (Loy et al., 2017; Larson, 2019). The ongoing threat of malaria, which kills
three million people annually, continues to drive researchers in the search for new therapeutics.
Also, this search for new therapeutics is necessitated by the discovery of resistant and multidrug-
resistant malaria-causing Plasmodium, first to the traditional quinolone, antifolate antibiotics, and
later to the gold standard artemisinin combination therapy (ACTs) approved by the WHO. Hence,
searching for new and effective antimalaria and drug targets in Plasmodium has become more
compelling to researchers (Chigorimbo-Murefu et al., 2012; Zhan et al., 2015). Understandably,
and paying closer attention to the Plasmodium parasite’s survival mechanism vis-a-vis its
biochemical mechanism process, therapeutics targeting new targets will not be out of place.
Therefore, studying targets that are found to be fundamental to malaria parasite survival will
indeed be a worthy effort geared towards exploring new and novel designs of potent antimalaria

therapies (Soni et al., 2017).



Plasmodium falciparum Glutathione S-Transferase (PfGST) and Plasmodium vivax Glutathione
S-Transferase (PvGST) have been found to exert protective roles in the form of detoxification of
xenobiotics in Plasmodium falciparum and Plasmodium vivax respectively. This is thus one main
reason they are both considered unique drug targets towards the development of novel and potent
antimalarials (Mangoyi et al., 2010; Quesada-Soriano et al., 2013, 2014; Dasari et al., 2018; Dasari
et al., 2018). Consequentially, inhibiting these PfGST and PvGST will have therapeutic
implications. This is because the inhibition of PfGST and PvGST will wither Plasmodium
falciparum and Plasmodium vivax's detoxification ability and bring down their antioxidant ability.
Several artemisinin-based combination therapies (ACTs) and chloroquine in combination with
either primaquine or tafenoquine have been used for the treatment of uncomplicated Plasmodium
falciparum and Plasmodium vivax causing malaria. However, the emergence and development of
resistance and multi-drug resistance occurrence to these drugs have reversed the hitherto once-
celebrated gains in the antimalarial fight and effort towards effective treatment and eradication of
malaria (Wicht, Mok and Fidock, 2020; Rasmussen, Alonso and Ringwald, 2022; Siqueira-Neto
etal.,2023).

Historically, natural products have often been used to source for antimalarials. This is as
researchers recognize their potency which is attributable to their structural diversity and
complexities (Conrad and Rosenthal, 2019; Tse, Korsik and Todd, 2019; Kingston and Cassera,
2022). While numerous natural products have been isolated and modified for use as key
antimalarial agents, this process is not without its challenges. The development of natural products
such as antimalarials faces significant obstacles, making them less appealing as a primary focus
for drug discovery. One major issue is the inherent complexity and variability of natural
compounds, which can complicate the process of isolating and modifying them into effective
drugs. Additionally, the lack of complimentary high-throughput phenotypic screening techniques
and the unexplored potential of target-based screening have hindered progress in utilizing natural
products as reliable antimalarial scaffolds. These challenges make it difficult to systematically
explore and exploit the vast diversity of natural compounds, leading researchers to consider other
approaches in their quest for effective antimalarial therapies. As a result, the pursuit of natural
products for antimalarial drug development remains a challenging endeavour that requires

innovative solutions and methodologies. (Guantai and Chibale, 2011; Korsik and Todd, 2019;
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Siqueira-Neto et al., 2023). Flavonoids represent a group of naturally occurring polyphenolic
compounds found in plants which have emerged as promising alternative candidates for malaria
treatment (Boniface and Ferreira, 2019). Their potential as antimalarial agents is supported by
several factors, including their ability to target multiple stages of the Plasmodium parasite's life
cycle. Flavonoids have been reported (in vivo) to demonstrate inhibitory effects on the parasite’s
growth and replication within red blood cells, as well as their ability to interfere with the metabolic
pathways essential for the parasite's survival (Okoduwa et al., 2024). The prospect of flavonoids
as antimalarial agents not only provides a complementary approach to existing treatments but also
offers a pathway to overcoming the growing challenge of drug resistance, ultimately contributing
to more effective and sustainable malaria control strategies. While the search for new therapeutic
compounds has historically relied on empirical experimentation, advancements in computational
techniques now offer a promising avenue for the systematic identification of potential inhibitors
(Ou-Yang et al., 2012; Thomford ef al., 2018). Virtual screening, in particular, enables the rapid
evaluation of vast chemical libraries, significantly expediting the drug discovery process

(Sadybekov and Katritch, 2023).

Similarly, bromosulfophthalein (BSP), an anionic phthalein, triphenylmethane dye with two
sulfonic acid groups and often greatly used in diagnosing liver injury through a liver function test,
has also been found to inhibit some protozoans (Padi ef al., 2021; Pooe et al., 2022). While BSP’s
use transcends liver function clinical diagnosis and some protozoic inhibition, it has not, however,
been explored as a potent inhibitor in malaria parasites to date. The paradigm shift in focus towards
finding and utilizing cost-effective, safe, and potent small molecules for malaria treatment forms
the basis of this study approach. This study has investigated the novel use of bromosulfophthalein

and natural compounds as an effective treatment option for malaria.

Hence, this study systematically integrates both empirical approaches and computation studies to
discover potential inhibitors of PfGST and PvGST. While the empirical approach employed several
biophysical principles and techniques in the characterization of the targets, computational studies
are utilized to validate the results and vice versa. Also, because of the need to address the urgent
need for novel antimalarial agents, this study employs a cutting-edge approach—high throughput
virtual screening of a natural product library, to discover potent antimalaria that targets P/GST and

PvGST.



1.1. Problem Statement

As malaria caused by Plasmodium falciparum (Pf) and Plasmodium vivax (Pv) remains
disproportionally high an infectious disease burden with most morbidity and mortality in sub-
Saharan Africa and Asia, respectively, it then becomes imperative to find new drugs for their
treatment. Though significant efforts have been directed toward global malaria treatment and
eradication, nevertheless, these efforts have proved insufficient. Therapeutically, these
insufficiencies result from drug and multidrug resistance towards the antimalarials in use,
including the Artemisinin-based Combination Therapy (ACT), also known as the “gold standard”
drugs used as the first-line treatment of malaria cases globally. Since these gold-standard
antimalarials have been limited and rendered inefficacious by the resistance developed towards
them, it becomes imperative to scientifically look out for ways of modifying and repurposing them
or developing entirely new and potent antimalarials to combat this endemic parasitic disease. The
ease at which some established antimalarial drug targets are prone to mutation thereby leading to
resistance which ultimately culminates in the withering of the therapeutic effectiveness of drugs
for malaria treatment necessitating the exploration of new targets. Given that the mechanism of
drug target vis-a-vis its understanding and application has become pivotal in the effort aimed at
developing target-based, novel and potent antimalarials, will inhibitors of P/GST and PvGST not
prove a compound to be looked at as potent antimalarials? Understanding the mechanism behind
the inhibition of these targets will help clarify how structural modifications can be made to
antimalarial drugs that have reached late-stage preclinical development, especially those that have
been made ineffective by resistance and multidrug resistance. Research indicates that a thorough
understanding of drug target mechanisms is essential for rapidly advancing the development of
target-based antimalarials from the initial stages to the final structural modifications. Will
discovering potent inhibitors of PfGST and PvGST not be proven to be the needed solution to

malaria treatment?

1.2. Rationale

The phenomenal emergence and spread of resistance and multi-drug resistance to current
traditional, front-line, and low-cost antimalaria drugs available have made efforts to combat the

world’s most devastating parasitic disease, malaria, a glaring necessity. Since malaria parasites
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have developed resistance against nearly all commonly used chemotherapeutics, hence this brings
about the imperativeness to characterize alternative novel drug targets. Plasmodium falciparum
and Plasmodium vivax harbour exclusively one distinct type and similar Glutathione-S-
Transferase. The inhibition of Plasmodium falciparum Glutathione-S-Transferase (PfGST) and
Plasmodium vivax Glutathione-S-Transferase (PfGST) is anticipated to alter the Glutathione-
dependent conjugation process, increase cytotoxic peroxides’ level, and toxic ferriprotoporphyrin
IX’s (FP’s) concentration. This then will ultimately show that both PfGST and PvGST are novel
drug targets and that their inhibition would be a worthy route to designing new and effective
antimalarials. It becomes equally imperative to consider and study Plasmodium falciparum and
Plasmodium vivax, both of which are etiological agents of most malaria cases recorded in the
continent of Africa and Asia respectively. Owing to the novelty in class that PfGST and PvGST
stand for among GST isoenzymes and isoforms, PfGST and PvGST have since been adjudged
highly important drug targets for the development of new antimalarials. This novelty of P/GST
and PvGST is in their substrate binding sites which significantly differ architecturally. Also, since
PfGST and PvGST share substantial sequence identities and functionalities as important drug
targets, discovering common or different compounds (synthetic or natural) will be advantageous
to developing antimalarials against the most causative agents of malaria. The rationality of the
study approach is combining in silico High-throughput virtual screening (HTVS) and molecular
dynamics simulation (MDS) alongside empirical studies becomes imperative. This is because
computational studies and empirical studies continue to play a significant role as employable
techniques in designing new inhibitors against new targets such as PfGST and PvGST. Owing to
the importance of systemically integrating these two approaches in new treatment discovery,
empirical-based biophysical tools and in-silico or computational modelling studies are hence
employed in this study to elucidate the discovery of potent inhibitors of PfGST and PvGST as

antimalarials drugs.

1.3. Aim and objectives

This study aims to systematically integrate empirical and theoretical studies in discovering potent

inhibitors of two druggable proteins (PfGST and PvGST) as antimalaria drugs capable of



mitigating the health burden, which remains a challenge in malaria-laden Africa and Asia

respectively. This aim will be achieved through the following proposed objectives:

1.

1.4.

Expression and purification of recombinant P/GST and PvGST using pET 11a vector and
one-step Immobilized metal affinity Chromatography (IMA)C affinity chromatography

respectively.

Quantitatively and qualitatively assessing PfGST and PvGST using Ultraviolet-visible
(UV-Vis) spectrophotometry and Sodium dodecyl-sulfate polyacrylamide gel (SDS-
PAGE).

Biophysical characterization of the expressed and purified recombinant PfGST and PvGST
in terms of inhibition, binding, and stability studies using spectrophotometrically
determined enzymatic activity, spectrofluorometric, and thermal shift techniques,

respectively

High-throughput virtual screening of flavonoid library for probable natural compound

inhibitors of P/GST and PvGST.

. Molecular dynamics simulation validation study of BSP and flavonoid compound as

probable natural compound inhibitors of P/GST and PvGST.

Determining the effect of seven antimalarials, BSP, and flavonoid compounds on the

structure, function, and stability of P/GST and PvGST.

Determining the ligandin properties of PfGST and PvGST towards the seven antimalarials

Novelty of the study

The design of novelly acting drugs as antimalarial with new mechanisms of action has become

imperatively necessary to combat the Plasmodium parasite’s resistance to drugs. To this end, the

discovery of potential inhibitors of PfGST and PvGST, being two important detoxification

enzymes found in Plasmodium falciparum and Plasmodium vivax respectively is novelly

imperative. This is because this study's scope of simultaneously studying both parasites will be

far-reaching in the problem-solving component of the research while also broadly contributing to

knowledge. Similarly, the systematic integration of empirical studies and computational modelling
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alongside a high throughput virtual screening approach to discover probable inhibitors of PfGST
and PvGST in one pot is equally novel. The study’s novelty is equally expressed in starting from
what is known about the current antimalarials to empirically and computationally aiming to
discover new antimalarial candidates. This systematic integration makes the study robust and
scientifically validatable. To the best of my knowledge, no study has been undertaken
computationally or empirically to probe a rich flavonoid library with BSP and the selected
antimalarials as potential inhibitors against these unique drug targets (PfGST and PvGST) in this
regard. Similarly, because no study has been conducted on BSP (empirically and computationally)

as a potential antimalarial, shows the novelty that characterizes this study

1.5.  Thesis outline
Chapter 1. Introduction
Chapter 2. Literature review

Chapter 3. Transformation, Recombinant Expression, Purification, Quantification, and

Characterization of Plasmodium falciparum and Plasmodium vivax Glutathione S-Transferase

Chapter 4. Characterizing the ligandin properties of Plasmodium falciparum and vivax

glutathione transferase towards selected antimalarial drugs (Paper 1, under review)

Chapter 5. Describing the ligandin properties of Plasmodium falciparum and vivax glutathione
transferase towards Bromosulfophthalein from empirical and computational modelling viewpoints

(Paper 2, Published)

Chapter 6. Discovery of probable inhibitors of Plasmodium falciparum and vivax glutathione
transferase through high-throughput virtual screening of a flavonoid library using

bromosulfophthalein as the benchmark ligand (Paper 3, under review)

Chapter 7. Conclusion
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Chapter 2: Literature Review

Glutathione S-Transferase or Glutathione Transferase (GST) is an adept enzyme family that occurs
copiously in nearly all organisms. They are responsible for detoxifying many substances
intracellularly by inactivating and converting diverse exogenous and endogenous toxic molecules
to less toxic soluble compounds (which are metabolized partially and hence can be eliminated
easily) via glutathione (GSH) conjugation [1-4]. Currently, GSTs have caught the attention of
many researchers for drug discovery, nanotechnology, and biotechnology and this is due to GST’s
significant involvement in cellular processes. This GST cellular processes have been attributed to
GST’s ability in metabolizing and detoxifying carcinogens, chemotherapeutic drugs,
environmental pollutants, and oxidative stress products [5]. This enzyme is predominantly located
within the cytosol (hence the name cytosolic GST), where they function as peroxidase and
isomerase, protecting cells against H2Oz-induced cell death [6]. The versatility of GSTs
(E.C.2.5.1.18) as a class of enzyme is in its functionality as an inactivator and transformer of a
broad miscellany of exogenous and endogenous toxic molecules to water-soluble compounds [3].
Also, as a phase II biotransformation detoxification enzyme, GST primarily catalyzes glutathione
sulfur atom’s attack of the nucleophile in the substrate’s second electrophilic groups. This then
leads to GSTs capacity to detoxify mutagens, carcinogenic, and several chemical substances [5,7].
They are also known as bi-substrate detoxification enzymes primarily involved in catalyzing the
hydrophobic site (H-site) xenobiotics binding to the glutathione site (G-site) of the substrates of
the endogenous glutathione [8]. GSTs also add to the GSH nucleophilically toxic compounds,
reduce hydroperoxides, and functionally act as protein (ligandins) carriers of distinct organic

nucleophiles, resulting in these molecules' inactivation and immobilization [4].

Plasmodium falciparum and Plasmodium vivax parasites had progressively been resistant to
existing antimalarial drugs by evading the current therapeutic mode of action, necessitating
research into novel therapeutics with a distinct mode of action [4,9]. There has been tremendous
call and demand for the development of potent, promising, and novel drug targets that could help
suppress malaria occasioned by the rapid development of resistance to prophylactics and
interventional drugs [10-12]. Plasmodium falciparum and Plasmodium vivax parasites had
progressively been resistant to existing antimalarial drugs by evading the current therapeutic mode
of action [4]. The Plasmodium falciparum Glutathione S-Transferase (PfGST) and Plasmodium

vivax Glutathione S-Transferase (PvGST) are distinctively different, existing singularly in the
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cytosol different from the multiple GSTs found in eukaryotic organisms [4]. While these two GSTs
do not only respectively constitute about 0.1-1% of Plasmodium falciparum (Pf) and Plasmodium
vivax (Pv) total protein component, but they are indispensable for these protozoan’s survival [7].
Consequentially and generally, GSTs’ inhibitory ability have therapeutic, anthelmintic,
antiparasitic, and anti-cancer applications. This is as the inhibition of PfGST and PvGST will
wither Pf and Pv detoxification ability and bring down their antioxidant ability. Also, the
functionalities of GSTs have also been attributed to the drug resistance being developed against
cancer therapy like the alkylating agents, and as well as the corresponding overexpression of GST
in cells. The bodily process of GST is also found to step up in chloroquine-resistant cells, hence
making it a good representation of ligandin for parasitotoxic hemin and an enzyme of a possible
target for the development of antimalaria drug [1]. Hence, it is not surprising that PfGST and
PvGST represent a potential target for developing antimalaria drugs [1,3,7,8].

2.1. Malaria: Africa and Global Burden

The world since time immemorial has been plagued with diseases, with one of such being Malaria,
which is highly dominant in the sub-Saharan Africa. Globally, malaria burdensomeness was hiked
after the year 2020 global pandemic as the global malaria cases reported in year 2022 increase to
249 million from 244 million in year 2021 [13,14]. The global 5 million increase recorded were
attributed to increases in malaria cases in three African, one Oceania, and one South Asia continent

as highlighted in Figure 1.
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Figure 1. The World Health Organization, World Malaria Report for the year 2023 s statistical representation

of global malaria morbidity and mortality rate between the year 2019 — 2022 showing slight decline
in mortality rate but 5 million increment in the mortality rate.

Malaria, being an acute febrile illness, is also a highly varied endemic infection in southern African
countries. It is still a significant disease in South Africa too, more so that its incidence rate
dramatically increased from the year 2016 in the north and north-eastern delimitation of South
Africa [3,7,15]. The global malaria morbidity and mortality rates, as shown in Figure 2A and 2B,
respectively, are somewhat similar with respect to countries being affected, according to the World
Malaria Report of the year 2023. It is imperative to state that the African region or the African
continent continues to bore the brunt of the burden of malaria, which includes the economic loss
and negative social impact. Succinctly put, there are five known species of malaria-causing
Plasmodium parasites in humans which include Plasmodium falciparum, Plasmodium vivax,
Plasmodium ovale, Plasmodium malariae, and Plasmodium knowelsi. While the Plasmodium
falciparum and Plasmodium vivax are the most prominent in human, the Plasmodium falciparum
result in the most devastating malaria and Plasmodium vivax causes the most complicated to treat
malaria, due to its’ tendency to lead to recurrent infections [16,17]. The burden of malaria is
significant in the South-East Asia, Eastern Mediterranean, and Western Pacific, with Plasmodium
vivax being largely implicated to almost 46% of the all cases there [14]. Malaria remains
disproportionally high, an infectious disease burden with Plasmodium falciparum and Plasmodium
vivax causing most morbidity and mortality in sub-Saharan Africa and Asia, respectively [18,19].

Malaria is a vector-carrying disease etiologically originating from the Apicomplexan unicellular
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parasite belonging to the Plasmodium genius usually accounts for the highest fatality and drug-

resistant rate [15,20].
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Figure 2. The World Health Organization, World Malaria Report for the year 2023’s statistical representation
of global malaria morbidity and mortality rate for the year 2022 showing (A). morbidity rate per
countries and (B). 608,000 mortality rate distribution across countries.



Of the well-known species that are disease-causing in humans are the Plasmodium falciparum and
Plasmodium vivax, which the WHO, in its global World Malaria Report for 2023, stated that
Plasmodium falciparum and Plasmodium vivax are responsible for 99.7% and 46% of estimated
malaria cases in the African and Asia Region respectively [14]. The report also implicated the
Africa continent as taking a relatively high 95 % share of the global 229 million malaria morbidity
and 608,000 mortality cases reported to date [14,21].

2.2. Malaria Parasite Life Cycle: Complexities and Pathogenesis

The malaria parasite’s complex life cycle, especially the human infecting Plasmodium species, has
been attributed to sharing mosquito and human host. This knowledge stems from the Plasmodium
species growth and development propensity in human host and the blood feed mosquitoes [22,23].
The Plasmodium parasite many stages of development both within the human host and the
mosquito vector, gives the Plasmodium exceptional adaptation ability, which in turn contributes to
its’ pathogenicity [23—-25]. The life cycle is made up of the asexual stages and sexual stages, with
the asexual stage of the parasite’s life cycle taking place inside human host. Specifically, the human
host liver cells (hepatocytes) and the red blood cells (erythrocytes) house the asexual stage of the
life cycle. While the hepatocytes stage is asymptomatic in nature being an initial development
phase, the clinical symptoms of malaria as a disease however begin to manifest when the
proliferation begins in the erythrocytes [26]. Figure 3 shows the human (host) asexual stage is
divided into the pre-erythrocytic and erythrocytic stages, while the sexual stage takes place in the
mosquito vector [22]. In terms of the parasites’ pathogenicity, while the hepatocyte stage is
essential in for infection establishment and subsequently in the blood stage, however, the
intraerythrocytic stages is very critical, as the characteristic symptoms of malaria, including fever,
anemia, organ damage, and potentially fatal complications takes place. This understanding of the
malaria parasites’ intricate life cycle is essential for developing effective prevention strategies,

treatments, and vaccines to combat this deadly disease.
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Figure 3. Malaria parasite (Plasmodium falciparum) life cycle showing the complexity of the stages divided into a.
liver (pre-erythrocytic) stage, b. the red blood cell (erythrocytic stage) stage and c. mosquito (sexual) stage This image
is adapted from [22].

2.3. Malaria: Treatment and Resistance

Malaria’s withering consequences are not unconnected to the phenomenal emergence and spread
of resistance to the traditional and low-cost antimalarial drugs available. The resistance of
Plasmodium parasites to an antimalaria drug is delineated to mean the quality or power of a
Plasmodium parasite strain to withstand or circumvent chemotherapeutics and grow in its host
irrespective of doses of administered and absorbed specific antimalarial drugs [21]. In that regard,
a parasitic Plasmodium falciparum or Plasmodium vivax is said to be resistant to antimalarial drug
when the parasite possesses an ability to continue to live, proliferate irrespective of the antimalaria
dosage (equal or higher) administered or absorbed. A number of factors which include; rate of
parasitic mutation, parasite load, potency and dosage of drug used, compliance of or poor
adherence to antimalarials, among others, contribute to the development of resistance to

antimalarials [17]. The emergence of multidrug-resistant Plasmodium falciparum and
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Plasmodium vivax to the commonly available front-line drugs has made efforts to combat this
world’s most devastating parasitic disease not only plateaued but also come to a frightening and
worrisome regression [4,21]. Though significant efforts have been directed towards global malaria
eradication, nevertheless, these efforts have proved insufficient. Therapeutically, these
insufficiencies are as a result of drug and multidrug resistance towards the antimalarials in use.
This insufficiency is however compounded by the lack of novelly new mechanism of action drugs
[27]. This has resulted in Plasmodium falciparum and Plasmodium vivax resistance to almost all
current antimalarial drugs currently in use, including the ‘gold standard’ Artemisinin-based
Combination Therapy (ACT) used as first-line treatment [28]. ACTs, which are the current
antimalaria drugs in use, can be broadly classified into three groups, namely the aryl amino alcohol
compounds, antifolate compounds, and the artemisinin compounds [17,29]. The WHO
recommends artemisinin-based combination therapies (ACTs) for uncomplicated malaria
treatment because artemisinin rapidly and significantly reduces most malaria parasites, while the
partner drug, on the other hand, clears the few parasites remaining [30,31]. The WHO
recommended ACTs for use in uncomplicated malaria treatment of malaria include artemether-
lumefantrine (AL), artesunate-amodiaquine (ASAQ), artesunate-mefloquine (ASMQ), artesunate
plus sulfadoxine-pyrimethamine (ASSP), and dihydroartemisinin-piperaquine (DHP) [31-34].
However, the efficacy and continuous use of these ACTs are continuously threatened by resistance
mediated by kelch (K13) protein mutation in Plasmodium falciparum, chloroquine, and other
drugs resistance in Plasmodium vivax [21,35-39]. The existing antimalarials are mainly targeted
at the erythrocyte invading and replicating parasite stages in the bloodstream. This is because the
development inside the erythrocyte protects the pathogen from the host's immune response while
limiting access to nutrients, among other solutes in plasma [17]. Also, Plasmodium falciparum and
Plasmodium vivax’s ability to temporarily enter a state of inactivity upon drug intake which is a
metabolically reduced non-proliferative phase makes it resistant to artemisinin. And once
treatment is removed, the parasites can proliferate. This phenomenon results in inefficient parasite

clearance, which ultimately lead to treatment failure [28,37,40,41].
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The literature review component has been put together, submitted and under review as a manuscript entitled
“Targeting Phase II Detoxification Enzyme Inhibitor in Plasmodium for Malaria Treatment” by
Olalekan Onisuru and Ikechukwu Achilonu in Molecular and Biochemical Parasitology. This review
insightfully and novelly provides for the first time the scientific significance of targeting the inhibition of
phase II detoxification enzymes (Plasmodium falciparum Glutathione S transferase, PfGST and
Plasmodium vivax Glutathione S transferase, PvGST) in Plasmodium parasite. Since the management and
treatment approach of malaria through drug targeting detoxification pathway and their enzymatic inhibition
in Plasmodium has not been fully explored, this review paper will awaken research aimed at the
development of novel antimalarials in this direction and serves to immensely benefit readers of this Journal.
To the best of our knowledge, there has not been a published research or review paper on the inhibition of

PfGST and PvGST in Plasmodium falciparum and PfGST and Plasmodium vivax respectively.

Both authors support and are aware of submitting this manuscript to Molecular and Biochemical
Parasitology. Also, no part or the whole of this manuscript is under consideration for publication by other

journals.
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Abstract

As malaria burden and its global endemicity linger despite multidimensional and multistakeholder
concerted efforts towards finding treatment, researchers continue to find new drug targets in order
to grapple with the enormous burden malaria’s morbidity and mortality places on man.
Plasmodium parasite had progressively been resistant to previous and existing antimalarial drugs
by evading their therapeutic mode of action, necessitating research into novel therapeutics with a
distinct mode of action. There has however been tremendous call and demand for the development
of potent, promising, and novel drug targets that could help suppress malaria occasioned by the
rapid development of resistance to prophylactics and interventional drugs. Drug discovery in the
face of resistant/multi drug resistant Plasmodium parasite essentially requires the need to
characterize the enzyme(s) implicated in the parasite’s xenobiotic (drug) metabolism. This is in
addition to the enzyme implicated in the parasite’s detoxification ability and knowing its
biotransformation pathways. Considering this importance, it then becomes imperative to explore
the inhibition of these detoxification enzymes. Glutathione S-Transferase (GST) is being
implicated in this function. Their unique role in the parasite’s survival includes the involvement in
cellular processes leading to the metabolizing and detoxification of carcinogens, chemotherapeutic
drugs, environmental pollutants, and oxidative stress products. Therefore, targeting the inhibition
of this enzyme then becomes imperative in a novel drug discovery effort. In this review paper, the
established understanding of GSTs’ use in Plasmodium for detoxifying many substances
intracellularly is copiously presented. The inactivation and conversion of diverse exogenous and
endogenous toxic molecules through phase II biotransformation/detoxification process to less
toxic soluble compounds is here explored as a potential antimalarial drug discovery route. This
process of Plasmodium falciparum and vivax’s GSTs of metabolizing/detoxifying compounds to
easily get rid of ones via glutathione (GSH) conjugation has been reexamined. To this end and in
this review, we look at the significance and different approaches targeting the GST’s inhibition in
both Plasmodium falciparum and Plasmodium vixax. These two parasites are the two most
responsible malaria-causing parasites in Africa and Asia, respectively. This is because the
management and treatment approach of malaria through a drug-targeting detoxification pathway

and their enzymatic inhibition in Plasmodium have not been fully explored.

Keywords: Malaria, Detoxification, Glutathione S-Transferase (GST), Plasmodium, Inhibition
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Challenge of Unmitigated Malaria Burden

Malaria’s global endemicity as reported by the World Health Organization (WHO) in her World
Malaria Report for the year 2022 is estimated to be 247 million malaria cases as at the year 2021.
This is spread across 84 malaria endemic countries with four countries namely Nigeria (27%), the
Democratic Republic of the Congo (12%), Uganda (5%) and Mozambique (4%) accounting for
approximately half of all cases globally [13]. Although, twenty-nine countries accounted for the
96% of the 619,000 global malaria deaths, four countries namely Nigeria (31%), Democratic
Republic of the Congo (13%), Niger (4%), and United Republic of Tanzania (4%) accounted for
more than halve of this deaths [13,42]. In the same vein, COVID-19 pandemic interruption
between 2019-2021 posed a significant challenge to malaria control efforts. Other factors such as
waning potency of stakeholders’ primary malaria fighting resources and climate change also
contributed to increased resistance to malaria’s prevention [43—45]. Most importantly the
multidrug resistance phenomenon being confronted by front line antimalarials, also contributed to
the challenge of unmitigated malaria burden in a world where about half of its inhabitant are
threatened by malaria [13,42,46,47]. Also, emerging challenge posed by Anopheles stephensi, a
relatively new malaria vector which is originally native to South Asia and has now been
progressively detected in Djibouti (2012), Ethiopia and Sudan (2016), Somalia (2019), and Nigeria
(2020), has been reported. This has contributed to the challenge of malaria burden in the already
malaria-traumatized world region [13,48—50]. This malaria global burden keeps being a notable
public health concern due to malaria’s associated and prevalent high morbidity and mortality, with
most impact toll on children and pregnant women. Poor infrastructure and overall failing
effectivity or failed health systems especially in low income countries in Sub-Saharan Africa who
are the most hit have been contribute to the malaria burden [51]. The severity of socioeconomic
impact of malaria is seen in the way it negatively impacts individuals, families, and entire
communities. For instance, individuals affected by the disease are often immobilized, disengaged
from social or economic activities, and ultimately reduce their productivity [52,53]. The costs
associated with malaria treatment and prevention further exacerbate the economic burden, placing
strain on already fragile health systems and household finances. Additionally, malaria-related
expenditures divert resources away from other essential health services and development priorities,

perpetuating a cycle of poverty and disease in endemic areas [54].
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Contemporaneity of Malaria Treatment

Over time, antimalarial drugs such as quinolines (quinine, chloroquine, and mefloquine),
naphthoquinones,  8-aminoquilonines, endoperoxides, antifolates (sulfadoxine and
pyrimethamine), and the artemisinin derivatives [55—57] have been deployed as the main classes
of antimalarials in the tropical and subtropical Sub-Saharan continent. It is widely recognized that
the effectiveness of these drugs has significantly decreased due to the emergence of multidrug
resistance, which has increasingly weakened efforts in malaria prophylaxis, treatment, and
eradication. As a result, the battle against malaria is becoming more challenging, with fewer
reliable options to prevent and treat the disease effectively [55]. In practical terms, the enormous
pressure faced by these drugs which are not only occasioned by resistance but by the quality of the
drugs, poor pharmacokinetic and drug pharmacodynamics among other factors have made the
search and development of new generation drugs to be used as effective antimalarials not only
imperative but urgent[55]. In contemporary times, a significant proportion of the antimalarial drug
classes have been developed with the parasites’ asexual stage in view. This is as this complex and
cyclic process proceeds and continues only in the host where the parasite exerts its devastating and
degrading action on the host by degrading its erythrocytes (hemoglobin) and utilize same for its
growth and development [55]. This important metabolic pathway and that of nucleic acid synthesis

have been deem significant and explored as targets for the development of some antimalarials [58].

The antimalarial drug discovery process, which was previously based on phenotypic
screening and natural products with over seven million compounds tested against the malarial
parasites’ asexual stage, has now shifted to a process that is target-based [59,60]. This is owing to
the high rate of attrition and cost of drug design coupled with the limitations associated with
phenotypic screenings and also because of the advantages that the target-based approach has over
it. Owing to these reasons, research into resistance’s molecular marker and development of
transmission-blocking antimalaria drugs have been explored. These efforts, alongside vaccine
development, among other strategies, are all being pooled into the drive towards finding and using
novelly potent small molecules for malaria treatment [61-63]. Contemporaneously and in addition
to target-based drug discovery, both rational and computational drug design approaches towards
the development of new and effective antimalarial is also being explored [60]. The understanding
that the discovery of traditional drug approaches relies on existing agents and regimens’

modification and optimization, respectively, alongside the idea of natural products testing,
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chemical libraries screening, and repositioning of other disease-used drugs, are all currently
employed in the search and efforts towards effective malaria treatment [64,65]. Over times and in
the course of different antimalarial developments, different protein or genes in Plasmodium
parasite has been explored as targets with some antimalarials targeting more than one protein or

gene. Figure 1 shows different antimalarials that has been developed and their respective targets.

Artemisinin

ulfadoxine/Pyrimethamin

Malarone
- ‘

Antimalarials against
Protein Plasmodium falciparum dihydrofolate reductase inhibitor/

Targets/Gene Plasmodium falciparum cytochrome b

Pfdhfr/Pfcytb
Plasmodium falciparum dihydrofolate reductase

inhibitor

Pfdhfr

Plasmodium falciparum kelch13, ctc.

Pfkelch 13

Figure 1: Pictorial summary of different antimalarials that have been developed and the enzymes/genes
they respectively target.

The currently used antimalarial drugs can be broadly categorized into three groups (based
on their combination with partner drugs), namely the aryl amino alcohol compounds, antifolate
compounds, and the artemisinin compounds [66]. The aryl amino compounds that have been found
to possess antimalarial properties include quinine, lumefantrine, chloroquine, amodiaquine, and
mefloquine, among others. This is owing to the fact these aryl amino compounds possess an
aromatic and amino alcohol portion linked by a carbon chain of two or three atoms in length, which
is a structural requirement for a compound to possess an antiplasmodial activity. These aryl amino
alcohols represent a versatile class of compounds with diverse pharmacological activities with
applications in medicinal chemistry and general drug development [67,68]. On the other hand, the

antifolates drug’s use as antimalarial is owing to their ability to disrupt and inhibit
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Plasmodium’s folate metabolism, synthesis, and use as cofactors. They are often used as
combination therapies to enhance efficacy and prevent resistance [66,69]. However, due to genetic
mutations leading to lowered binding, efficacy and resistance susceptibility, the other group of the
antimalarial were then discovered [67,70-73]. The artemisinin compounds/drugs include
artemisinin, dihydroartemisinin, artesunate, artemether, and arteether [74]. The WHO recommends
artemisinin-based combination therapies (ACTs) for uncomplicated malaria treatment due to their
dual mechanism of action: artemisinin acts quickly to substantially reduce the majority of malaria
parasites, while the partner drug is responsible for eliminating any remaining parasites. This
combination ensures a more complete and effective treatment, reducing the risk of resistance and
recurrence by targeting the parasite population from multiple angles [30,31]. The WHO
recommended ACTs for use in uncomplicated malaria treatment include artemether-lumefantrine
(AL), artesunate-amodiaquine (ASAQ), artesunate-mefloquine (ASMQ), artesunate plus
sulfadoxine-pyrimethamine (ASSP), and dihydroartemisinin-piperaquine (DHP) [31]. Similarly,
an approach closely related to this combination therapy is the covalent biotherapy approach which
involves the combination of two distinctly or analogous pharmacophores with their respective
mechanism of actions to make a composite molecule [75,76]. This approach is also among those
being contemporaneously explored as possible novel and effective antimalaria agents, although it

remains uncertain if it will not be spontaneously or later welcome with resistance as the ACTs.

Complexity associated with Malaria Treatment and Elimination

Since the discovery of resistance and multidrug resistance malaria-causing Plasmodium, first to
the traditional quinolone, antifolate antibiotics, and until recently to the gold standard WHO-
approved artemisinin-based combination therapy (ACTs), the search for new and effective
antimalaria has been brought to the front burner. The complexity involved in the life cycle of
malaria parasites contributes to the challenge of its elimination, making available more and more
platforms for intervention. This is because the host’s pathological symptoms are primarily due to
the malaria parasite’s intra-erythrocytic stage [30,77]. Plasmodium falciparum and Plasmodium
vivax possess complex biochemical action which remains puzzling or rather unclear, and hence
making efforts aimed at combatting them difficult [78]. For example, both Plasmodium falciparum

and Plasmodium vivax have the ability to evade host’s immune response as they undergo antigenic
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variation. This is because they can change the surface proteins expressed on their outer membrane
and this hence making it difficult for the immune system to recognize and eliminate them
effectively [79,80]. Similarly, both parasites have sophisticated mechanisms for invading host red
blood cells, which is a critical step in the parasite's life cycle. These invasion mechanisms involve
interactions between parasite surface proteins and receptors on red blood cells. Hence, targeting
these invasion mechanisms with drugs is challenging due to the complexity of the interactions
involved [81-84]. Also, Plasmodium falciparum has more recently developed a mechanism of
circumventing the action of ACTs with resistance being associated with mutations in the Kelch13
gene, which encodes a protein involved in the parasite's response to artemisinin. This is in addition
to the quiescence mechanism, which allows Plasmodium falciparum to survive in the red blood
cells upon treatment and continues to grow after the withdrawal of the artemisinin derivatives
treatment [38,85-88]. Furthermore, the short half-life associated with artemisinin and its
derivatives also contributes to the treatment complexity of malaria as the parasites proliferate and
lead to increased parasitemia and blood-stage infection [89]. Plasmodium vivax, on the other hand
has a unique feature of temporarily entering a dormant state (hypnozoites) in the liver, leading to
relapse and repeated clinical attacks. This the parasite does by continuing its regular cycle
irrespective of drug administration [90,91]. This phenomenon, among others, results in inefficient
parasite clearance, which ultimately leads to treatment failure [28]. This is because the speedy
proliferation rate of Plasmodium falciparum and Plasmodium vivax in an infected patient and the
severity of malaria corresponds to how many red blood cells have been infected. Moreover,
because it is in the course of these widespread proliferation both in the mosquito midget, human
liver, and RBC that malaria pathogenesis takes place, makes the malaria treatment complicated
[92,93]. Similarly, the ease at which some established antimalarial drug targets are prone to
mutation and thereby leading to resistance which ultimately culminate in withering of the

therapeutic effectiveness of drugs for malaria treatment calls for attention.

In Table 1 below which succinctly highlights the time interval for resistance to be detected
to some antimalarials and their targets (as per the WHO), it also shows the multiplicity of drugs
designed targeting same or similar drug target. This similarly underscores the complexity in
malarial drug design and treatment [61,94,95]. Till date there has not been any antimalaria drug

produced or currently undergoing clinical trials as at May 2023 [61], that targets the inhibition of
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phase II detoxification enzymes in both Plasmodium falciparum and Plasmodium vivax. However,

we have started a study in this regard which has since been accepted for publication.

Table 1 Approved traditional and conventional antimalaria drugs, year of introduction,

and report of resistance

Antimalarial Agents Year of Year

introduction

Quinine 1632
Artemisinin 1980
Chloroquine 1945
Mefloquine 1977

Sulfadoxine+Pyrimethamine 1967
(Antifolates)
Malarone (Atovaquone + 1996

Proguanil)

Artemisinin based 2001
Combination Therapy
(ACTs)

resistance
was reported
1910

2006

1957

1982

1967

1996

2007"

Year interval to Therapy type

resistance
report
278

26

12

5

Same year

Same year

6*

Single therapy
Single therapy
Single therapy
Single therapy
Combination
therapy
Combination
therapy
Combination

therapy

Reference(s)

[87,96]
[57,97]
[87,96]
[87]

[57,96]

[57,98]

[89,99,100]

NB: * signifies that this first reported year and the time interval for it to be reported is as per the WHO
guidelines towards partial artemisinin resistance.

Criticality of GSTs in Plasmodium falciparum and Plasmodium vivax

Understanding and paying closer attention to Plasmodium parasite’s survival mechanism vis-viz

its biochemical mechanism process that is found to be fundamental to its survival, is indeed a

requisite effort geared towards exploring new and novel potential targets for the design of potent

antimalaria therapies [101]. Glutathione (GSH)’s functionality is seen as a co-factor for several

antioxidants and detoxification enzymes, with GST and glutathione peroxidase (GPx) being the

prominent examples [77]. Glutathione S-Transferase (GST, EC2.5.1.18), as a multi-functionally

acting enzyme belonging to a superfamily, catalyzes the conjugation of GSH to multi-structural
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electrophilic compounds such as xenobiotics (including drugs) and physiological substances [102].
Glutathione S-Transferase’ presence in Plasmodium has been deemed not only an essentially
multifunctional enzyme but also to possess peroxidase and isomerase capabilities. Depending
directly on GSH, GST’s in Plasmodium through a mercapturic acid pathway detoxify xenobiotics
after catalyzing the conjugation of electrophilic substrates to GSH [103]. GSTs have conferred
ability and resistance development against organisms ranging from simple prokaryotes to the most
complex eukaryotes, with this resistance being against antibiotics, among other endogenous and
exogenous compounds like insecticides, herbicides, environmental pollutants, chemical
carcinogens, among others [104,105]. In addition to the highlighted significance of GSTs play, it’s
bodily process also found to step up in chloroquine-resistant cells, hence making it a good
representation of ligandin for parasitotoxic hemin and an enzyme of a possible target for the

development of antimalaria drug [1].

Plasmodium falciparum Glutathione S-Transferase (PfGST) analyses had earlier been
classified by Colén-Lorenzo phylogenetically and structurally as per their three-dimensional (3D)
structures to be sigma class existing in a dimer-tetramer equilibrium regulated by GSH.
Characteristically and exceptionally too, PfGSTs are different from other GSTs in that they exist
as tetramer and dimer in the absence and presence of GSH, respectively. This is unlike other GSTs,
which exist as dimers in the presence of GSH [4,106]. Although there has not been a three-
dimensional structure for Plasmodium vivax Glutathione-S-Transferase (PvGST) solved yet,
however available literature shows that PvGST shares substantial sequence identity of about 85%,
evolutionary similarity, structurally and with the same biochemical functionalities as P/GST, and
hence the reason why it is also being positioned as an important drug target for the treatment of
Plasmodium vivax caused malaria [9,107,108].

Interestingly, only one GST has been identified in the Plasmodium falciparum parasite.
This GST shares merely 37% sequence identity with known GST family members, indicating that
it belongs to a novel class. This uniqueness highlights its potential as a new target for antimalarial
drug development, emphasizing the need for further research to explore its structure and function
within the context of combating malaria [106]. Another phenomenon of exclusivity to Plasmodium
is that only PfGST has the dimer-to-tetramer transition, a feature that confers the ability to
inactivate enzymes [4]. The GSTs of Plasmodium falciparum are differentiated structurally from

those of other GSTs in that they possess an extra loop that converts the alpha helix 4 to alpha helix
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5 (residue 113-120). However, these residues have been found to participate in the formation of

dimer and enzyme activity [4].

Concept of Biotransformation and Phase II Detoxification in Plasmodium

Biotransformation and phase II detoxification processes are two essential routes towards the
elimination of xenobiotics, such as toxins and drugs from living organisms’ body [109,110]. These
processes are employed in the Plasmodium parasites to modify drugs (antimalarials), adapt well
and interplay with the host environment, and among others. Hence, elucidating Plasmodium
falciparum and Plasmodium vivax’s biotransformation and detoxification pathway will be essential
towards the development of new antimalarials [111,112]. This is as the understanding of drug target
mechanism has become pivotal towards every scientifical efforts aimed at developing target-based,
novel, and potent antimalarials. This becomes imperative as insight into this mechanism will help
to elucidate possible structural modifications of late-stage preclinical development of
antimalarials. It will also help postulate possible structural modifications to existing antimalarials
that has hitherto been confronted and rendered ineffective by resistance phenomenon [113].
Although metabolism and biotransformation are words often used interchangeably especially in
relation to drugs, they are however different in their meaning. Metabolism depicts the breaking
down mechanisms of drugs, biotransformation on the other hand describes living organisms’
biochemical alteration or modification of drugs (pharmaceutical substances) with the aid of

particularize enzymatic systems [114—116].

Biotransformation and detoxification as a defence process by Plasmodium falciparum and
Plasmodium vivax are made possible by Glutathione S-Transferase, which is a ubiquitous enzyme
which also plays a significant role in all living organisms. Specifically, in Plasmodium falciparum
and Plasmodium vivax, while biotransformation as a process involves the inactivation of active
compounds to one which is pharmacologically less active than the parent compound, it can also
lead to a metabolic product with more activity or toxicity, otherwise [115,117,118]. However, when
this biotransformation process of xenobiotics (drugs) produces a less toxic or non-toxic product
which is water soluble and excretable, it is then termed a detoxification process and
entotoxification process if the product is rather more toxic [119]. While these detoxification

processes are usually in two phases (I and II), the phase I detoxification reaction, which is mainly
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(oxidation, reduction, and hydrolysis reaction) will, however, still need a complementary effort of
a phase II reaction to completely produce a pharmacologically inactive product as seen in figure
2, and hence making the inhibition of this process an ideal route for the development of novel
antimalarials. Again, while this phase I drug biotransformation process or reaction has previously
been explored in the development of different drugs or prodrugs, not so much clinical research has
been conducted with phase II detoxification pathway inhibition in view, especially in antimalaria

drug developments.

Xenobiotics

Biotransformation or
Phase 1 Detoxification
mechanism

Phase 11
Less, non, or Detoxification
more toxic mechanism
products

Phase 11
Detoxification
mechanism

Figure 2: A schematic illustration of biotransformation/detoxification of xenobiotics through
phase I and phase Il reaction mechanisms

It is however worthy of note that while only few xenobiotic metabolism and drug
detoxification are excreted in urine or feces unchanged, most pass through a number of metabolic
conversions. These conversions in living cells change xenobiotics’ physical properties from being
lipophilic to hydrophilic, thereby reducing the therapeutic effect(s) of such xenobiotics [118].
While the GSH’s conjugation process catalyzed by Plasmodium s GST to xenobiotics (drugs) may
occur after the phase I reaction or directly by phase Il reaction (as seen in figure 2), they however
lead to the production of water-soluble, excretable, and pharmacologically inactive compound,
thereby laying credence on the significance of this phase II reaction. Given this insight and in the
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face of resistance and multidrug-resistant phenomenon that has made the search for new druggable
targets and pathways in antimalaria development drive imperative, the novel look into the concept
of inhibition of essential functionalities (such as the phase II detoxification ability) in malaria
parasite might be the game changer in the effort to finding effective antimalarial with novel

mechanism of action totally different form the existing malaria drugs.

Containing Malaria through Phase II Detoxification Enzyme Inhibition

Given the importance of malaria parasites’ GST in the detoxification of endogenous and xenobiotic
compounds, among other functionalities which has been shown to enhance drug resistance ability
to anti-parasitic and insecticides, the inhibition of this detoxification ability is thus worth targeting
as a novel and effective antimalarial [120]. Also, studies have shown that GSH vis-a-vis GST
activities significantly increases chloroquine resistance malaria parasites [121-123]. Previously,
the detoxification pathway of heme, an iron containing molecule and hemoglobin digestion toxic
byproduct has been mostly explored as drug target malaria treatment but with limitations, owing
to the uncertainty around the mechanism of heme detoxification. This is as this mechanism has
been found to have likelihood of increasing malaria parasites reactive oxygen species (ROS) and
nitric oxide (NO), which are both harmful to the parasite [124,125]. Specifically, both PfGST and
PvGST have been reported to be very important in protecting their cells from ROS-induced
oxidative stress through this phase II detoxification process, thereby laying credence to the
importance of targeting its inhibition as a means of developing novel antimalarial with a broader

aim of containing malaria.

Since studies have shown that the two gene families/enzymes commonly linked to
mosquito resistance are cytochrome P450s and glutathione s-transferase and with studies already
exploring P450s as a drug target [126,127], looking into the inhibition of GSTs’ detoxification
ability in the parasite with the view of exploring clinical entities that could inhibit PfGST and
PvGST will be a major step in scaffolding new antimalarial design and development. Studies
currently ongoing and being concluded at the Protein Structure-Function Research Unit (PSFRU)
of the University of the Witwatersrand has shown through biochemical and structural
characterization that the inhibition of phase II detoxification enzymes (namely PfGST and PvGST

in both Plasmodium falciparum and Plasmodium vivax respectively
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Conclusion on the significance of targeting Phase II Detoxification enzyme in Plasmodium

Drug target mechanisms have become pivotal in the effort to develop target-based, novel and
potent antimalarials. Understanding the mechanism of antimalarial drug action is crucial for
identifying structural modifications in drugs that have reached late-stage preclinical development
but have been rendered ineffective by resistance and multidrug resistance. This knowledge allows
researchers to pinpoint where and how these drugs can be improved to combat resistant strains of
the malaria parasite. By elucidating the drug's interaction with its target, scientists can design
modifications that enhance efficacy and overcome resistance, thereby extending the lifespan of
existing treatments and improving their effectiveness against malaria. This approach is vital for
developing more robust and sustainable antimalarial therapies in the future. Also, given the
enormous pressure faced by current antimalarials, which are occasioned by resistance alongside
the quality of these drugs, poor pharmacokinetic and drug pharmacodynamics among others, the
search and development of new generation drugs that can be used as effective antimalarials is
therefore not only imperative but urgent. Given the scientifically proven elucidated facts in this
review, the inhibition of PfGST and PvGST will wither both Plasmodium falciparum's and
Plasmodium vivax s detoxification abilities respectively and bring down their antioxidant ability.
Remarkably so and given the understanding that the inhibition of Plasmodium falciparum
Glutathione-S-Transferase (PfGST) and Plasmodium vivax Glutathione-S-Transferase (PvGST) is
not only anticipated to alter the Glutathione-dependent conjugation process, but also increase
cytotoxic peroxides’ level, and toxic ferriprotoporphyrin IX’s (FP’s) concentration, which then
promisingly makes PfGST and PvGST novel drug targets. It has become equally imperative to
consider and always include Plasmodium vivax (an etiological agent of most malaria cases
recorded in the continent of Asia, which has also gradually found its way to Africa) in the drive
aimed at developing novel and effective antimalarials. This is as Plasmodium vivax Glutathione S-
Transferase (PvGST) which shares substantial sequence identities and functionalities as PfGST, as
an important drug target will ultimately respond to inhibition activity through the same mechanism
as PfGST. We therefore surmise that owing to the novelty in class that Plasmodium falciparum's
GST and Plasmodium vivax's GST stand for among GST isoenzymes and isoforms, P/GST and
PvGST have hence not only been adjudged a highly drug target for the development of new
antimalarials but targeting their inhibition ability will be the very effective in malaria treatment

with no spontaneous resistance likely to be recorded.
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Chapter 3
Transformation, Recombinant Expression, Purification, Quantification, and
Characterization of Plasmodium falciparum and Plasmodium vivax Glutathione S-
Transferase

3.1 Introduction

Recombinant protein expression is possible using prokaryotic systems like Escherichia coli
(E.coli) since it is readily manipulatable, culturable in an inexpensive manner, and can also
proliferate (Jia and Jeon, 2016). This is so because Escherichia coli is an essential genetic tool
used to synthesize various bioproducts, large complex molecules like antibodies, or its fragments
(Gupta and Shukla, 2017). To achieve the above, numerous procedures are being followed:
cloning, optimization of expression condition, solubility enhancement, and purification (Kondo
and Yumura, 2020). This is preceded by a procedure in which the recombinant vector from a
mixture or vector solution gets into competent E.coli cells in order to propagate and store the
plasmid. This procedure first entails the cloning of the open reading frame (ORF) cDNA into an
appropriate vector (pET 11a) and subsequent insertion into the competent cells, in a process called
or referred to as transformation (Rédei, 2008). Additionally, a non-cleavable 6xHis-tag was added
upstream of the open reading frame (ORF). The gene was synthesized and cloned into a pET-11a
vector (PET11-PfGST and pET11a-PvGST), which includes ampicillin selection, a T7 polymerase
promoter for expression control, and Ndel and BamHI sites for targeted gene insertion. The
transformation process is completed with the mixture of competent cells and the plasmid being
briefly incubated and grown in a nutrient-rich super optimal broth with a catabolite repression
(SOC) medium to obtain a maximal transformation efficiency. This is seen after the solution has
been plated on a dish lysogeny broth (LB) agar supplemented with appropriate antibiotics and
incubated overnight. The importance of supplementing the LB agar with an antibiotic cannot be
overemphasized as its selection for cells that have taken up the plasmid containing the antibiotic
resistance gene (ARG) and the ORF. Protein overexpression is followed by inducing an overnight
culture of single colony growth in a fresh 2XYT medium with an appropriate concentration of
isopropyl B-D-1-thiogalactopyranoside (IPTG). This step becomes significant as bacterially
expressed proteins are employed for function elucidation, and crystal structure studies, among
others. Purified proteins are essential reagents for conducting downstream biophysical and

structural studies. Therefore, obtaining these proteins is a crucial step in the research process.
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Without purified proteins, it's impossible to perform the detailed analyses necessary for
understanding molecular interactions and structures at a high level of precision and accuracy. This
allows for subsequent diagnostic and therapeutic applications (Langlais and Korn, 2006; Raynal
et al., 2010, 2014). The assessment of recombinant protein qualitatively and quantitatively post-
purification step is essential. This is to allow for ascertainment of the recombinant protein free
from (i) nucleic acid contamination, (ii) aggregation, and (iii) other protein contaminants. In this
context, the UV-Vis absorbance spectrum and polyacrylamide gel electrophoresis (PAGE) with
sodium dodecyl sulfate (SDS) are valuable tools for assessing the purity and concentration of
recombinant proteins. UV-Vis absorbance provides insight into the protein's concentration by
measuring light absorption. At the same time, SDS-PAGE separates proteins based on size,
allowing researchers to determine the protein's purity and molecular weight. Together, these
methods offer a comprehensive analysis essential for ensuring high-quality protein samples for
further studies. In this study, the PfGST and PvGST genes were transformally inserted into a
pET1la vector alongside a His-tag, forming pET11a-PfGST and pET11a-PvGST constructs.
Transformation of T7 Express™ E.coli and BL21(DE3) competent cells was achieved with the
respective pET11-PfGST and pET11a-PvGST vectors. Successful expression and one-step
purification were achieved chromatographically using Immobilized Metal Affinity
Chromatography (IMAC). This is possible because of the non-cleavable 6xHis-tag added upstream
of the ORF. Electrophoretically and spectrophotometrically, recombinant PIGST and pET11a-
PvGST’s quantification were performed using SDS-PAGE and UV-Vis spectrophotometer,

respectively. These techniques are discussed in detail below.

3.2 Materials
Table 3.1 Experimental methods, non-standard reagents, materials used, and with their

specific manufacturer

Research Method  Material Manufacturer
Transformation pET11a plasmid GenScript, USA
and expression Ampicillin Melford, UK

T7 Express™ E.coli cells New England Biolab, USA

Isopropyl B-D-1-thiogalactopyranoside ~ Melford, UK
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Purification AKTAPrime plus FPLC Purifier Cytiva Life Sciences, USA
HisTrap Column GE Healthcare, Sweden

Quantification JascoV-550 UV-Vis Spectrophotometer  Jasco, Japan

Glycine SDS- BLUeye Prestained Protein Ladder Sigma, USA
PAGE A Bio-Rad Mini Protein 11® gel-casting Bio-Rad, USA
unit
3.3 Methods

3.3.1 PfGST and PvGST’s Transformation and Recombinant Expression

High transformation efficient BL21(DE3) competent cell and nutrient-rich SOC media [2% (w/v)
tryptone, 0.5% (w/v) yeast, 10 mM NaCl, 2.5 mM KCI, 10 mM MgCl,, and 20 mM glucose] taken
from -80 °C freezer were first thawed on ice. After this, the BL21(DE3) cell in the eppendorf tubes
were supplemented with 1 uL of PfGST_pET11aand PvGST_pET11a plasmids respectively, after
which 30 minutes incubation on ice followed. Afterward, incubated cells containing the respective
PfGST_pET11a and BL21(DE3), PvGST_pET11a, and BL21(DE3) were heat-shocked at 42 °C
for 45 seconds. This enables the BL21(DE3) competent cells to take up the PfGST_pET11a and
PvGST_pET11a genes in a process called transformation. The recombinant sample cells were then
chilled on ice for 10 minutes, after which 900 pL of nutrient-rich SOC media was first added
before incubation on a shaker incubator for 1 hour (37 °C, 250 rpm). The incubated recombinant
samples were then first centrifuged for 2 minutes at 3000 rpm, and then 800 L of the supernatant
was discarded before resuspending the pellet in the remaining solution. This transformation
process was concluded by respectively spreading 100 pL of the resuspended recombinant solutions
on an LB agar plates supplemented appropriately with 100 pL of ampicillin. The sample plates
were then (round to prevent contamination), sealed, and grown in an incubator for approximately

16 hours, after which the plates were observed for transformants.

Recombinant expression of the transformants was carried out by first growing a single and distinct
colony from the respective plates in a 2 x yeast tryptone (2XYT) media [1% (v/v) yeast, 1.6%
(w/v) tryptone, 0.5% (w/v) NaCl] appropriately supplemented with 100 pL ampicillin and then
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incubated overnight (37 °C, 250 rpm). A freshly made (2XYT) media [1% (v/v) yeast, 1.6% (w/v)
tryptone, 0.5% (w/v) NaCl] was then supplemented with 2 mL of the overnight culture solution
and then grown (37 °C, 250 rpm) until it reached an optical density 0.6. This quickly returns the
cells to logarithmic growth and optimal density in preparation for induction. The samples were
then first chilled on ice for 10 minutes and later induced with 0.5 mM IPTG for protein
overexpression. Cells from the samples were then first centrifugally (5000xg, 15 minutes, 4 °C)
harvested before being resuspended in sodium phosphate buffer solution [50 mM sodium
phosphate (monobasic), 0.01% (w/v) NaNs; pH 7.2]. These resuspended cells were then kept in a

-20 °C freezer for the purification procedure.

3.3.2 Chromatographic Purification of PfGST Protein

Recombinant proteins are highly and efficiently purified when affinity tags are used as tools for
structural and functional proteomics. Immobilized metal affinity chromatography (IMAC) is a
method of choice when the purification of proteins made up of short affinity tags composed of
polyhistidine residues are involved (Cheung et al., 2012; Walls et al., 2017; Loughran and Milne,
2023). This method involves the use and immobilization of ions such as nickel [Ni(I1)] and cobalt
[Co(11)] on fractionating support to purify soluble proteins. This is so as proteins can specifically
bind to the coordination sites on the metal ion using certain amino acid side chains like histidine.
The reason for this is the strongest ability possessed by this amino acid (histidine) to interact with
the matrices of the metal ion. This protein serves as an electron donor on the histidine imidazole
ring attached to the chromatographic support and thereby bonds with the immobilized metal ions
and produce metal chelates ( Cheung et al., 2012; Loughran and Milne, 2023). To immobilize the
metal ions to agarose, two chelation adsorbents are usually used for metal-chelate affinity
chromatography. They include tetradentate nitriloacetic acid (NTA) and iminodiacetic acid (IDA).

The IMAC purification procedure started with the room temperature thawing of the expressed
frozen cells from the - 20 °C freezer and subsequent disruption of the cells by sonication on ice
using Qsonica Sonicators, USA. The sonicated cells were then centrifuged (18000xg, 30 minutes,
4 °C) to separate the insoluble fraction from the soluble fraction, which was later purified. A5 mL
(1.6 x 2.5 cm) Ni-NTA [Ni(11")] charged HisTrap® column, GE Healthcare, Sweden was used in
this procedure. A 20-column volume equilibration buffer [5S0 mM sodium phosphate, 0.01 % (w/v)

NaNs3, pH 7.2] was used to equilibrate (5 mL/min) the column used to purify the PIGST and PvGST
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using an instrument AKTAPrime plus FPLC Purifier, Cytiva life sciences, USA. After performing
a system wash of the instrument, washing the super loop with 20 % (v/v) ethanol, and equilibrating
the column, the filtered soluble fractions were allowed to flow through the column after being
injected into the column, and flow-through collected. This process was followed by washing the
column with a 20-column volume equilibration buffer. This ensures that non-specifically bound
protein is washed off, leaving only the bound protein. The bound proteins were subsequently eluted
[50 mM sodium phosphate, 500 mM imidazole, 0.01 % (w/v) NaNs, pH 7.2] from the column
using a one-step elution. The different eluted fragments were collected into different eppendorf
tubes from the time elution profile rises till when it peaks and declines to baseline. The protein
fractions and the flow-through alongside the supernatant and pellet after the previous
centrifugation were run on a glycine SDS-PAGE gel to check for the presence, solubility, and
purity of the expressed proteins.

3.3.3 Spectrophotometric and Electrophoretic Quantification of PfGST and PvGST
Proteins
Understanding the protein content in a sample requires the accurate quantification qualitatively
and quantitatively. This is so as critical assays, subsequent downstream applications, and drug
development process require not only pure but precise total protein content to generate data that
will be used for in depth biophysical and structural characterization. The quantification of protein
qualitatively and quantitatively gives the basis for the right interpretation of many experiments
involving biophysical and structural characterization. According to Bertrand Raynal et al., 2014,
this characterization depends on (i) the purity and homogeneity of the protein sample (ii) accurate
determination of protein concentration (iii) solubility of the active protein sample in native state
(Raynal et al., 2014). For this study, UV-Vis absorbance spectrum and SDS-PAGE were employed

to evaluate the PfGST protein sample

A Glycine-SDS-PAGE otherwise known as Laemmli-SDS-PAGE which was formulated by
Laemmli in 1970 [4% (w/v) stacking and 10% (w/v) separating] was assembled for the purpose of
determining the successfulness of the overexpression and purity of the recombinant PfGST and
PvGST proteins. This electrophoretic technique uses SDS for protein denaturation and
noncontinuous polyacrylamide gel as a support medium to separate protein. Upon treatment with

SDS, the protein molecule’s secondary, tertiary and quaternary structure gets disrupted producing
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a linear polypeptide chains which are coated with negatively charged SDS molecules. SDS-PAGE
examines charged molecules movement in an electric field. The movement of the SDS-Protein
complexes is influenced by the applied electric field, gel matrix, shape, charge and primarily the
size of the protein to be separated. While the smaller protein molecule have greater mobility and
hence reached base of the gel, the larger protein molecules are retarded by the sieving effect of the
polyacrylamide gel (Roy et al., 2012; Mesapogu et al., 2013). Hence, this electrophoretic
technique was used to determine the purity and molecular mass of the PfGST and PvGST protein
samples.

The fractionated PfGST and PvGST protein samples collected were solubilized in reducing sample
buffer [125 mM Tris-HCI, 4% (w/v) SDS, 10% (v/v) B-mercaptoethanol, 20% (v/v) glycerol; pH
6.8] inratio 1:1 (50 pL: 50 pL) and then heated up to 100 °C for 15 minutes. This is to ensure the
protein samples were denatured. The respective PfGST and PvGST protein samples (5 puL) were
ran using a Bio-Rad Mini-PROTEAN Tetra Vertical Electrophoresis Cell with tank buffer [250
mM Tris-HCI, 192 mM Glycine, 0.1% (w/v) SDS, pH 8.3] poured in. Upon applying current at
constant voltage (120 V) on a discontinuous gel made up of 12.5% (w/v) separating gel [1.5 M
Tris-HCI, pH 8.8] and 4% (wi/v) stacking gel [500 mM Tris-HCI, pH 6.8], the samples and
molecular weight marker loaded alongside were separated according to their sizes until the
separation bands were 0.1 cm from the bottom of the gel casting unit. The gel was subsequently
removed, stained and destained with Coomassie Blue R 250 staining solution [0.1% (w/v)
Coomassie dye in 1:5:4 (v/v/v) acetic acid-methanol water solution] and destaining solution [1:5:4
(v/viv) acetic acid-methanol-water solution] respectively. The destained gel image was captured
in order to graphically estimate the molecular weight of the recombinant PfGST and PvGST
proteins. This is because the migration rate of the PfGST and PvGST protein samples coated with
SDS is inversely proportional to the logarithm of its molecular weight. The destained gel image
and the molecular weight of the protein were shown in the respective chapters where they were

reported.

The procedure above was followed by the spectrophotometric purity evaluation and concentration
quantification of the purified protein according to methods previously reported (Oliveira and
Domingues, 2018; Raynal et al., 2021; Loughran and Milne, 2023). In doing this, PfGST and

PvGST’s protein fractions were pooled for centrifugation. The centrifugation (10 000xg, 10 min)
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was carried out to remove aggregates if present. With the use of a JascoV-550 UV-Vis
Spectrophotometer machine, a UV-Vis absorbance spectrum of the proteins (PfGST and PvGST)
at wavelength of between 250 to 340 nm were respectively run to ascertain the proteins’ purity and
freeness of aggregates and nucleic acid contaminations. This is usually confirmed by a
characteristic trough and peak at 260 and 280 respectively, with zero absorbance at 340 nm. In
evaluating protein’s purity, a 260/280 ratio of ~ 0.57 indicate a near 100% pure protein sample

while a ratio > 0.57 is indicative nucleic acid contaminations.

In spectroscopically quantifying the PIGST and PvGST protein samples, a 280 nm absorbance
measurements of the serial diluted protein samples were taken and evaluated using the Beer-
Lambert law given below:

A= ecl

while A represents the absorbance of the samples, € is the molar extinction coefficient (Mtcm™),
c is the molar concentration (M) of the protein samples in solution and 1 represents the light’s
path length (cm) passing through the solution. The samples’ absorbance readings were plotted
against the dilutions after which the slopes of the plots were used for the concentration

determination.
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CHAPTER 4

This chapter has been put together as a manuscript. It is currently under review as “Characterizing
the ligandin properties of Plasmodium falciparum and vivax glutathione transferase towards
selected antimalarial drugs” by Olalekan Onisuru and Ikechukwu Achilonu for publication as an
original research article in Molecular and Biochemical Parasitology. This article combinatorially
reports for the first time the experimental characterization of Plasmodium falciparum Glutathione
S-transferase (PfGST) and Plasmodium vivax Glutathione S-transferase (PvGST) towards seven
selected existing antimalarials. Since the management and drug treatment of malaria through
glutathione-conjugation and biotransformation enzyme inhibition vis-a-vis the binding by
antimalarial drugs has not been fully explored, this article therefore systematically characterize
PfGST and PvGST’s ligandin properties towards some existing potent antimalarials. To the best
of our knowledge, there has not been a published comparative experimental characterization on
the inhibition of both P/GST and PvGST by the selected antimalarials. We believe this article will

benefit all readers of Molecular and Biochemical Parasitology.
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Abstract

The ligandin properties of Plasmodium falciparum Glutathione S-Transferase (PfGST) and
Plasmodium vivax Glutathione S-Transferase (PvGST) have been reported in the literature as
enzymes possessing the ability to bind endogenous and exogenous substrates via a glutathione
(GSH) detoxification process. While this has aroused research interest towards PfGST and PfGST
as potential antimalarial drug targets, their binding and inhibition by existing antimalarials has not
however been characterized. The artemisinin-based combination therapies (ACTs) and other
antimalarials that have hitherto proved potent as therapeutics against malarial, have unfortunately
been confronted with resistance and rendered inefficacious against their targets. Hence, this study,
for the first time, characterized the ligandin properties of PFGST and PfGST towards seven existing
potent antimalarials. Specifically, antimalarial drugs, which include artemisinin, artemether,
artesunate, amodiaquine, lumefantrine, mefloquine, and pyrimethamine’s binding and inhibition
of PfGST and PfGST were characterized. While all the drugs showed insufficiently proven
inhibition of PfGST and PfGST’s specific enzymatic activities, with artemisinin having the
highest inhibition at 27 %, they all however showed different degrees of binding. The
characterization also shows that while not all antimalarials are glutathionylated, all are
biotransformed by PfGST and PfGST, but they however elicited differential manner in making
PfGST and PfGST less stable. This study provided novel insights into the selected class of
antimalarial’s targeting PfGST and PvGST and experimentally and rightly proved the need to

target the binding and inhibition of these enzymes for the development of potent antimalarials.
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Introduction

Malaria, an infection caused by a parasitic protozoan remains a prevalently deadly disease
despite the concerted effort aimed at its control and treatment. This, in addition to its high
morbidity and mortality burden, makes the search for novel antimalarials with potent mechanism
of actions continue to be pressing [1,2]. Of the several Plasmodium species known to humans, the
five known to be predominantly infectious include Plasmodium falciparum, Plasmodium vivax,
Plasmodium ovale, Plasmodium malarie, and Plasmodium knowelsi. While Plasmodium
falciparum (Pf) is the deadliest, Plasmodium vivax (Pv), on the other hand, is the most widely
distributed of the parasite [3—5]. Malaria continues to be a significant global health issue, with its
impact varying by region. Specifically, Plasmodium falciparum is the leading cause of morbidity
and mortality in sub-Saharan Africa, while Plasmodium vivax is the primary contributor to these
issues in Asia. The disease burden remains disproportionately high in these regions, highlighting
the critical need for targeted interventions and strategies to address the differing challenges posed
by these two major malaria parasites [6,7]. The complexity of the life cycle of these parasites
contributes to the challenge of their elimination, making available more and more platforms for
intervention. This is because the host’s pathological symptoms are primarily due to the malaria

parasite’s intra-erythrocytic stage [8,9].

Over times and in the course of different antimalarial developments, different proteins in
Plasmodium parasite has been explored as targets with some antimalarials targeting more than one
protein [10—13]. Glutathione S-Transferase or Glutathione Transferase (GST) is an adept enzyme
family that occurs copiously in nearly all organisms. They are responsible for detoxifying many
substances intracellularly by inactivating and converting diverse exogenous and endogenous toxic
molecules to less toxic soluble compounds. These are metabolized partially and hence can be easily
gotten rid of via glutathione (GSH) conjugation [14—17]. Currently, GSTs have caught the attention
of many researchers for drug discovery, nanotechnology, and biotechnology and this is due to
GST’s significant involvement in cellular processes. The Plasmodium falciparum Glutathione S-
Transferase (PfGST) and Plasmodium vivax Glutathione S-Transferase (PvGST) are distinctively
different, existing singularly in the cytosol different from the multiple GSTs found in eukaryotic
organisms [17]. While these two GSTs do not only respectively constitute about 0.1-1% of
Plasmodium falciparum (Pf) and Plasmodium vivax (Pv) total protein component, they are

however, indispensable for these protozoan’s survival [18]. Consequentially and generally, GSTs’
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inhibitory ability have therapeutic, anthelmintic, antiparasitic, and anti-cancer applications. This
is as the inhibition of P/GST and PvGST will wither Pf and Pv detoxification ability and bring

down their antioxidant ability

There are many World Health Organization (WHO) approved antimalarial drugs in use
either as prophylaxis for malaria or to treat and prevent malaria infection worldwide. In providing
a primary line of defense against malaria, many of the current antimalarials in use, aim to primarily
kill the parasites in the host’s infected RBCs and thereby provide timely treatment to infected
individuals [19-21]. This will then anticipatorily bring relief of malaria’s symptoms in the infected
person and help to prevent the spread of the disease within communities. In the management of
malaria, artemisinin-based combination therapies (ACTs) has become the prime drug approved by
the WHO for the treatment of uncomplicated Pfand chloroquine-resistant Pv. This is as ACTs have
demonstrated the capacity to rapidly bring about the parasite density’s significant reductions [22—
26]. These ACTs as approved by the WHO, include artemether-lumefantrine, artesunate-
amodiaquine, artesunate-mefloquine, dihydroartemisinin-piperaquine, artesunate-
sulfadoxine/pyrimethamine, and artesunate-pyronaridine [27,28]. The existing antimalarials are
mainly targeted at the erythrocyte invading and replicating parasite stages in the bloodstream. This
is because the development inside the erythrocyte protects the pathogen from the host's immune
response while limiting access to nutrients, among other solutes in plasma [29]. However, given
the high reported treatment failure rate associated with ACTs, which are the WHO-approved first-
line treatment for malaria, the search for novel antimalarials has become urgently necessary [30].
Antimalaria drug discovery process which was previously based on phenotypic screening and
natural products with over seven million compounds tested against the malarial parasites’ asexual
stage has now shifted to a process that is target-based [31,32]. In addition, the parasitic mutation
responsible for artemisinin resistance found in some African countries has imperatively made

novel targets-driven alternative malaria treatment becomes indispensable [33].

It has been reported that both PfGST and PvGST are known to possess ligandin properties.
This is as these two enzymes possess ability to bind to a wide range of hydrophobic ligands. They
also possess the wherewithal to bind to endogenous and exogenous substrates via a glutathione
(GSH) detoxification process [34-36]. Aside from the fact that this binding capacity may
contribute to sequestration and transport of hydrophobic molecules within the parasite (aiding in

their metabolism or removal from the cell), it can also inhibit their functionalities [37,38]. This is
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as ligand binding has been reported to bring about structural and conformational modification of
proteins [39]. Given the importance of malaria parasites’ GST in the detoxification of endogenous
and xenobiotic compounds, among other functionalities which has been shown to enhance drug
resistance ability to anti-parasitic and insecticides, the inhibition of this detoxification ability is
thus worth targeting as a novel and effective antimalarial [40]. In view of this, we present for the
first time the characterization of the PfGST and PvGST’s ligandin abilities towards some seven
selected antimalarials. This becomes novel as this is the first time (based on our knowledge) current
ACTs will be studied for their binding and inhibitory potential targeting a detoxification enzyme

from both Plasmodium falciparum and Plasmodium vivax.

2. Materials and Methods
2.1. Materials

A New England BioLabs BL21(DE3) competent cells were purchased for transformation use
while GenScript Biotech, USA synthesized PfGST pET11a and PvGST pETl11a plasmids were
also purchased for use in this study. The following materials like glutathione reduced (GSH), 1-
chloro-2,4-dinitrobenzene (CDNB), and 8-anilino-1-naphthalenesulfonic acid (ANS) were all
purchased from Sigma-Aldrich (St. Louis, Missouri, USA). Similarly, the other materials which
were equally purchased from Sigma-Aldrich include isopropyl B-D-1-thiogalactopyranoside
(IPTG), dimethyl sulfoxide (DMSO), ampicillin, and GSH-agarose. On the other hand, SYPRO
Orange dye was purchased from Thermo Fisher Scientific, USA. The seven selected antimalarials
namely artemisinin, artemether, artesunate, amodiaquine hydrochloride, lumefantrine, mefloquine

hydrochloride, and pyrimethamine were all purchased from Angene Chemical, India.

2.2.  Recombinant overexpression of PfGST, PvGST in E.coli and purification

A high transformation efficient chemically competent E.coli BL21(DE3) cells were
respectively mixed with PAGST pET1la and PvGST pETI1la (GenScript) plasmids expression
vectors, using a heat shock treatment procedure. The spread of 100 pL of the resuspended
recombinant solution on a Luria-Bertani (LB) agar plate supplemented appropriately with 100 uL

of ampicillin (100 pg/mL) completed the transformation process. A singularly distinct colony from
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the respective overnight (16 hours) incubated plates were separately inoculated into a 2 x yeast
tryptone (2XYT) media [1% (v/v) yeast, 1.6% (w/v) tryptone, 0.5% (w/v) NaCl] which has been
appropriately supplemented with 100 pL ampicillin (100 pg/mL). This was then allowed for
overnight incubation (37 °C, 250 rpm) on a shaker incubator. An optical density (ODeoo) of 0.6 was
allowed before the addition of 0.5 mM IPTG, 6 hrs to induce protein overexpression. The solubility
of the protein was ascertained using an SDS-PAGE gel, and soluble protein was harvested by
centrifugation at 5000xg for 15 minutes. A one-step purification was carried out using an
immobilized metal affinity chromatography (IMAC) purification procedure on the two proteins.
This employed the use of a separate 5 mL (1.6 x 2.5 cm) cobalt [Co(II)] charged HisTrap® column,
GE Healthcare, Sweden connected to the AKTA Start Purifier, Cytiva Life Sciences, USA. A 50
mM sodium phosphate, 500 mM imidazole, 0.01 % (w/v) NaN3, and pH 7.2 elution buffer was
employed to obtain purified PfGST and PvGST used for the different characterizations.

2.3.  PfGST and PvGST’s enzymatic and inhibitory assay with antimalarials

Utilizing the previously described assay of GSTs’ conjugation ability exhibitable by
reduced glutathione towards I-chloro-2,4-dinitrobenzene (CDNB), the enzymatic specific activity
of PfGST and PvGST’s were spectrophotometrically determined [41]. This assay measures the
dinitrophenyl thioether chromophore conjugation product of 1-(S-glutathionyl)-2,4 dinitrobenzene
formed. This product was sequentially monitored in triplicates at 20 °C for 60 s on a Jasco V-730
BIO spectrophotometer with a 3 mL glass quartz cuvette. The €349 of 9600 M'.cm™ and 340 nm
absorbance were parameters observed when this activity was monitored spectrophotometrically.
The reaction buffer contains 100 mM sodium phosphate, 5 mM GSH, 1 mM CDNB (3% (v/v)
ethanol), ] mM EDTA, 5 mM DTT, and 0.02% NaN3, at pH 7.2. Varying concentrations of PfGST
and PvGST were used in the presence and absence of 1 mM concentrations of the seven
antimalarials. The results were subsequently corrected for linear progress curves and background

non-enzymatic reaction rates.

2.4.  Antimalarial drug biotransformation assay with Glutathione, PfGST, and PvGST
Understanding the significance of glutathionylation as a biochemical process where GSH

becomes attached to another molecule for drug metabolism or undertakes a significant
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biotransformation route [42,43], a biotransformation assay of the antimalarials was carried out.
This is the biotransformation of the drugs with GSH, and PfGST or PvGST, will have altering
pharmacokinetics and pharmacodynamics effects on the drugs, including altering their function,
localization, or stability [43]. This assay looks at the possibility of the biotransformation of
artemisinin, artemether, artesunate, amodiaquine, lumefantrine, mefloquine, and pyrimethamine
by GSH and or PfGST or PvGST. Hence, using a Jasco V-730 BIO spectrophotometer, UV-Vis
scan for these drugs were carried out to check if there were they were GSH-glutathionylated or
GST biotransformed. This is as changes in absorbance can indicate the formation of new chemical
entities or alterations in the electronic structure of the drugs during biotransformation reactions.
The assay was carried in a freshly prepared 100 mM sodium phosphate at pH 7.2 buffer, 2 mg/mL
concentration of PfGST and PvGST, 5 mM GSH, and 1 mM concentration of each of the drugs.
Four reaction mixtures (the drugs, GSH incubated drug samples, PfGST or PvGST incubated
samples, and PfGST or PvGST, and GSH 30 minutes incubated samples) were
spectrophotometrically measured for absorbance alteration of light at wavelength range of between
240 — 350 nm. An agarose resin was added to the PfGST or PvGST, and GSH 30 minutes incubated
samples to stop the reaction by trapping the GST, after that it was briefly spun down to remove the

GST. This was done so that the GST does not affect the correctness of the spectra measurements.

2.5. Antimalarial’s ligandin and binding to P/GST and PvGST

The tertiary structural conformation of PfGST and PvGST proteins and their respective
complexes with GSH and the antimalarials were evaluated using a JASCO FP-6300
spectrofluorometer machine with installed Spectra Manager software v1.5.00 (Jasco Inc., Tokyo,
Japan). This was done by employing the ability of 8-anilino-1-naphthalenesulfonic acid (ANS)’s
as an extrinsic probe to fluorescently bind to protein’s hydrophobic pockets. The structural
conformation and interaction of P/GST and PvGST in the presence of GSH and when incubated
with the antimalarials as ligands was carried out. With 5 uM each of PfGST and PvGST samples
in 10 mM sodium phosphate, | mM EDTA, 2 mM DTT, 0.02 % (w/v) NaN3, pH 7, a 200 uM ANS
as extrinsic fluorescence probe, the ligandin and binding was spectroscopically analyzed. These
spectroscopic analysis was done in a 10 mm pathlength quartz cuvette at 20°C, with a fluorescence
emission spectra at an excitation of 395 nm and wavelength of between 400 and 650 nm. Other

parameters set in the spectrofluorometer machine include an excitation bandwidth of 5 nm, 2.5 nm
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emission with data pitch of 1 nm, 1 cm path length, and scanning speed of 200 nm/min. The
fluorescence absorbance readings were recorded in triplicate with the buffer corrected before being
averaged.

Specifically, the antimalaria ligandin and binding effect on both PfGST and PvGST’s
hydrophobic cleft was separately carried out using a 1 mM concentration of artemisinin,
artemether, artesunate, amodiaquine, lumefantrine, mefloquine, and pyrimethamine. Before
spectra measurement, | mM of each of the antimalarials were separately incubated with 5 uM
PfGST and PvGST in the presence and absence of 5 mM GSH for 30 min. In this monitored
spectroscopic analysis, spectra signals at three accumulations were averaged and recorded.
Recorded spectra were buffer corrected before the fluorescence intensities in the presence of the
antimalarials were also corrected for the inner filter effect to account for any absorption of

excitation (primary) and emission (secondary) light.

2.6.  Antimalarials’ effect on the thermal stability of PfGST and PvGST by thermal shift assay

The PfGST and PvGST’s native protein stability in the presence of glutathione (substrate)
and their interaction with each of the seven antimalarials (ligand) was evaluated using a thermal
shift assay (TSA). The thermal denaturation of PfGST and PvGST was separately and individually
evaluated in the presence of the antimalarials. This was done using a CFX96 Touch-Real-Time
qPCR detection system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). A 1.5 mg/mL protein
concentration of PfGST and PvGST were separately and individually incubated with 1mM
concentration of artemisinin, artemether, artesunate, amodiaquine, mefloquine, and
pyrimethamine. This thermal stability was studied using a naturally quenched fluorescent dye
(SYPRO Orange dye) as a probe on an environment-sensitive 96-well PCR plate. The 96-well
plate was prepared with each well containing a triplicate sample mix of 1.5 mg/mL PfGST or
PvGST in 100 mM NaH,P04, 1 mM DTT, 1 mM EDTA, £ 5 mM GSH, + 1 mM antimalarials.
Before the commencement of the assay, 5 puL of diluted 5000 X SYPRO Orange dye was added
into each of the 96 wells which was then briefly but thoroughly spun down on a microplate
centrifuge to ensure mixing. The plate was then put in the gPCR machine and set at temperature
range of 20 °C — 90 °C, with 0.5 °C increments for 10 s each, to allow the dye to interact with the
sample’s hydrophobic core. This interaction becomes visible upon denaturation leading to the
dye’s fluorescence quantum yield increasing when bound to exposed hydrophobic patches on a

thermally denatured P/GST and PvGST. Each sample’s melt peak was resolved using the CFX
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Maestro software and plotted as sample’s melting temperature (7m). This represents the lowest
point of the melting curve derived from the plot (-d(RFU)/dT). The replicates samples were

averaged and corrected with buffer blanks before plotting.

3. Results

In characterizing the ligandin properties of P/GST and PvGST towards the seven selected
antimalarials, the proteins were first recombinantly and heterologously overexpressed and
purified. This was done after the heat-shock transformation procedure yielding a transformed
plates with distinct and clear colonies without contamination, which is an indication that the
transformation was successful. For the 6 hours, 30°C, and 250 rpm overexpression procedure, a
0.50 mM IPTG was separately added to the transformed mix of P/GST and PvGST to induce
protein overexpression of the recombinant protein. This yields soluble protein which were
subsequently subjected to a one-step immobilized metal affinity chromatography (IMAC)
purification procedure using an AKTA Start Purifier, Cytiva Life Sciences, USA. The
spectrophotometric quantification of the protein using a UV-Vis spectrophotometer V-730, JASCO
Europe, showed that the purified PfGST and PvGST were 13 mg and 10 mg per litre of
uncontaminated, soluble, and active proteins respectively. Qualitatively, the purity of P/GST and
PvGST were confirmed by sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). Similarly, the experimentally determined sizes of PfGST and PvGST were calculated to
be approximately 25 kDa and 24.50 kDa, respectively, which corresponds to their sub-unit's
theoretical molecular weights. These results revealed a high-yield soluble and pure protein free
from DNA and other contaminants that can be used for further downstream characterization. The
entire process from transformation, overexpression, and purification to quantitative and qualitative

assessment of PfGST and PvGST were pictorially represented in Fig.1.
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Fig. 1. Schematic description of the transformation procedure, recombinant overexpression, and purification processes
of PfGST and PvGST. The construct’s transformation in BL21(DE3) competent cells were successful as evident from
the yield of single and distinct colonies on the LB plates. The 0.50 mM overexpressed was successfully purified using
a one-step IMAC procedure. The PfGST and PvGST proteins were found to be pure, and their sizes correspond to the
approximately 25 kDa theoretical sizes.

Similarly, the enzymatic specific activity of PfGST and PvGST were
spectrophotometrically determined according to the method described in Section 2.3. While both
proteins were found to be catalytically and enzymatically active, PfGST’s specific activity was
evaluated to be 37.90 umol/min/mg, and PvGST was 35.33 pmol/min/mg (Fig.2A). This result
attests to PfGST and PvGST’s having similar structural and functional similarities. This result also
correlates with the SDS-PAGE result which showed the two proteins had similar protein band
yields.
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Fig. 2A. Characterizing PfGST and PvGST with respect to their specific enzymatic activities through a GSH-CDNB
conjugation model assay characteristics of GST in a reaction buffer containing 100 mM NaH,PO4 at pH 7.2, 1 mM
EDTA, 1 mM DTT, 5 mM GSH at pH 6.5, 30 mM CDNB. Each sample with varying concentrations were
spectroscopically monitored. PfGST’s specific enzymatic activity (black) and PvGST’s specific enzymatic activity
(green) were determined to be 37.90 umol/min/mg and 35.33 pmol/min/mg respectively. The R? value of
approximately 1 attest to the validity of the standard curve.

The inhibitory effect of artemisinin, artemether, artesunate, amodiaquine, lumefantrine,
mefloquine, and pyrimethamine towards the enzymatic activities of PfGST and PvGST were
subsequently evaluated. While the inhibitory activities of amodiaquine, lumefantrine, and
mefloquine could not be reliably evaluated owing to their color effect on the spectrophotometric
absorbance, those of artemisinin, artemether, artesunate, and pyrimethamine were reliably
evaluated with standard curve R? value approximately 1, indicating the validity of the assay.
Artemisinin inhibited the specific enzymatic activities of PfGST and PvGST from 37.90
pumol/min/mg and 35.33 pmol/min/mg to 31.46 umol/min/mg and 25.58 pmol/min/mg
respectively, representing a 16.99 % and 26.58 % inhibition (Fig. 2B and C). Similarly, artesunate
also inhibited the specific enzymatic activity of PfGST and PvGST to 28.77 umol/min/mg and
33.79 pumol/min/mg respectively (Fig. 2D and 2E). This represents a 24.09 % and 4.36 % inhibition
respectively. There is a 11.66 % and 7.56 % inhibitory potency of artemether in the specific
enzymatic activities of PfGST and PvGST’s specific enzymatic activities respectively. This brings
PfGST’s specific enzymatic activities to 33.48 umol/min/mg and PvGST’s specific enzymatic
activities to 32.66 pmol/min/mg (Fig. 2F and 2G). In the same breath, pyrimethamine exert it’s
inhibitory potency on both P/GST and PvGST’s specific enzymatic activity. While pyrimethamine
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inhibited PfGST’s specific to 34.21 pmol/min/mg (Fig 2H), which is a 9.74 % inhibition, on the
other hand, it inhibited the specific enzymatic activity of PvGST to 29.21 pmol/min/mg,
corresponding to 17.32 % inhibition (Fig. 21I)
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Fig. 2B-2I. Characterizing the respective PfGST and PvGST’s specific enzymatic activities with respect to artemisinin
(B and C), artesunate (D and E), artemether (F and G), and pyrimethamine (H and I). These characterizations similarly
followed a GSH-CDNB conjugation model assay, which is typical of a GST enzyme activity assay. A 1 mM constant
concentration of artemisinin, artesunate, artemether, and pyrimethamine alongside varying concentration of PfGST
and PvGST in evaluating the inhibitory effect of the specific enzymatic activities. The reaction buffer similarly
contains 100 mM NaH,PO4 at pH 7.2, 1 mM EDTA, 1 mM DTT, 5 mM GSH at pH 6.5, 30 mM CDNB. The plots
show the spectroscopic monitoring of PfGST’s specific enzymatic activity (black), PfGST’s specific enzymatic
activity in the presence of the drugs (red), PvGST’s specific enzymatic activity (green), and PvGST’s specific
enzymatic activity in the presence of the drugs (blue). The R? value of approximately 1 attest to the validity of the

standard curves.

Utilizing the ability of UV-Vis spectroscopy to provide valuable information about the kinetics

and mechanisms of drug metabolism by GST enzymes and GSH, hence GSH, and or PfGST and

PvGST were characterized for their biotransformation ability. This is as observable changes (such

as the appearance of new peaks or shifts in absorbance maxima) in the spectra over time are



indicative of drug conjugation or metabolic transformation. In Fig. 3A, 3B, 3C, 3D, 3E, 3F, 31, and
3J the spectra representative of artemisinin, artemether, artesunate, and lumefantrine vis-a-vis their
GSH-incubated samples revealed no significant difference either in shift or intensity. This shows
that there is no GSH conjugation with or glutathionylation of artemisinin, artemether, artesunate,
and lumefantrine. This similar spectra pattern of artemisinin, artemether, and artesunate confirms
their similarities in belonging to the same class (artemisinin) and having similar chemical
structures made up of a sesquiterpene lactone structure with an endoperoxide bridge [44,45].
However, the spectra measurement of the GSH-incubated amodiaquine (Fig. 3G and H),
mefloquine (Fig. 3K and L), and pyrimethamine significantly reduced in intensity. While this is
indicative of GSH-conjugation or glutathionylation, they however follows different spectra pattern
from each other. This is not unexpected as the three drugs differ in their chemical structures and
mechanism of actions. From the observed spectra measurements, PfGST and PvGST respectively
biotransformed artemisinin (Fig. 3A and B), artemether (Fig. 3C and D), artesunate (Fig. 3E and
F), and lumefantrine (Fig. 31 and J). This is seen in the spectra shift and absorbance increase
(compared to the drugs and the apo P/GST and PvGST) at 250 nm. However, the biotransformation
reaction of these drugs improved in the presence of GSH. This shows that an enzyme-substrate
interactions taking place leading to enhance biotransformation of the respective drugs. Similarly,
the shifts in absorbance maxima and appearance of new peaks are not respectively conclusive of
PfGST and PvGST biotransformation of amodiaquine (Fig. 3G and H), mefloquine (Fig. 3K and
L), and pyrimethamine (Fig. 3M and N). This may however be indicative of a metabolic

transformation taking place.
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Fig. 3. A UV-Vis spectrophotometric characterization of PfGST and PvGST’s respective biotransformation potential
towards artemisinin (A and B), artemether (C and D), artesunate (E and F), amodiaquine (G and H), lumefantrine (I
and J), mefloquine (K and L), and pyrimethamine (M and N). The respective drugs spectra measurements ( )
and the spectra measurements of PfGST and PvGST (dotted grey lines) showing light absorption at 280 nm, are also
revealed. The spectra measurements of GSH-drug incubated samples (purple), PfGST or PvGST incubated drug
samples (black) and PfGST or PvGST and GSH incubated drug samples (red) are herein figuratively represented.

In characterizing the ligandin properties of PfGST and PvGST towards artemisinin,
artemether, artesunate, amodiaquine, lumefantrine, mefloquine, and pyrimethamine, the extrinsic
anionic dye, ANS was employed in a fluorospectrophotomtetric analysis. The ANS, which is
solvatochromic fluorophore was used to monitor the tertiary structural conformational differences
of the proteins upon binding of the antimalarial. This is as the accessibility of the ANS to the
proteins’ hydrophobic pockets bring about an observable emission spectra shifts and changes,
which show the protein tertiary structural features [46,47]. On that basis, a 395 nm () excitation
fluorescence emission maxima of free ANS from 525 nm to 490 nm and 485 nm for ANS bound
PfGST:GSH and PvGST:GSH respectively can be observed as shown in all of Fig. 4 as a reference
to the complexes. The fluorescence intensity of ANS-bound PvGST:GSH is significantly higher
than that of bound PfGST:GSH, an indication that PvGST’s hydrophobic pockets were more
accessible for the ANS than that of P/GST. Artemisinin, artemether, and artesunate complexed
PfGST:GSH and PvGST:GSH were blue shifted to 500 nm, they however had a varying degree of
significant fluorescent intensity reduction (Fig 4A-F). These observed blue-shifts and reduced
fluorescent intensity is an indication of artemisinin, artemether, and artesunate’s binding to the H-

site hydrophobic clefts of PfGST and PvGST. While these shifts speaks to the alteration in the

82



proteins’ tertiary structure conformational integrity alteration, the decreased fluorescent intensity
gives an indication of the displacement of the ANS by the binding of these antimalarials. On the
other hand, amodiaquine and lumefantrine did cause a noisy, blue-shifted emission at 525 nm for
PfGST and PvGST (Fig. 4G-J) with an almost complete quenching of fluorescent intensity below
that of the free ANS. While this is not conclusive of binding, it may however be as a result of
precipitation or aggregation elicited by insolubility of these antimalarials. This aggregation
induced blue-shift assertion is supported by literature [48—50]. In the same vein, mefloquine’s
interaction with PfGST and PvGST as seen in Fig. 4K and L respectively, results in an excitation
fluorescence emission maxima similar to that of free ANS. This is also not indicative of binding
but rather causing an alteration in macromolecular environment of the proteins which subsequently
shields the proteins’ hydrophobic pockets from the surrounding solvent molecules, leading to
reduced fluorescence emission. On the other hand, pyrimethamine’s interaction with PfGST and
PvGST give different spectra pattern different from all previously antimalarial result.
Pyrimethamine result in a red-shift with a significant increase in fluorescence intensity. In PfGST
(Fig 4M), it was red-shifted to excitation fluorescence emission maxima of 485 nm while PvGST
was with excitation fluorescence emission maxima of 482 nm. This could be attributed to a
decrease in the protein’s binding site hydrophobicity with an ANS restricted mobility. This

assertion is also supported by literature [51].

In characterizing P/GST and PvGST’s thermal stability with respect to the antimalarials, a
fluorescence thermal shift assay that measures and detects protein-ligand interaction were carried

out using the CFX96 Touch Real-Time PCR Detection System (BIO-RAD).
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Fig. 4. Ligandin activity of P/GST and PvGST through ANS fluorescence spectroscopy towards artemisinin (A and
B), artemether (C and D), artesunate (E and F), amodiaquine (G and H), lumefantrine (I and J), mefloquine (K and
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L), and pyrimethamine (M and N) and their effect on PfGST and PvGST’s tertiary structural conformation. A
spectrofluorometric monitored ANS fluorescence emission at 395 nm excitation showing emission spectrum of free
ANS (gray dotted lines), ANS bound PfGST (black) and ANS bound PvGST (green). The respective antimalarial
complexed PfGST’s emission spectrum are represented in (red) and PvGST complexed antimalarials are (blue). A
reduced GSH were added as a PfGST and PvGST proteins in all the samples monitored.

The stability of the apo form of P/GST and PvGST, PfGST:GSH, and PvGST:GSH and their
complexes with artemisinin, artemether, artesunate, amodiaquine, lumefantrine, mefloquine, and
pyrimethamine were all evaluated. This technique utilizes the ability and propensity of the binding
of SYPRO Orange dye to bind to the protein’s hydrophobic patches when it gets thermally
denatured, and this is seen in increased quantum yield. The melting temperature of the unbound
and antimalarial-complexed samples were recorded during the denaturation at an increasing
temperature range of between 25 °C to 65 °C. The melting temperature (7m) of P/GST and PvGST
were evaluated to be 56.0 = 0.5 °C and 58.0 + 0.5 °C respectively, and this is consistent and
characteristics of the T of other GSTs previously reported [52,53]. Expectedly, GSH an essential
GST substrate induces a more conformational stability when incubated with the two PfGST and
PvGST with PAGST:GSH and PvGST:GSH’s T evaluated to 61.5 + 0.2 °C and 60.0 + 0.2 °C
respectively. This is so as GSH’s specificity and binding to P/GST and PvGST’s G-site do not
displace the SYPRO Orange dye (which binds to the H-site) and thereby enhancing the stability
of the two proteins. These results were represented in all of Fig. 5 to serve as reference and
comparison with the liganded samples. However, while artemisinin seems not to induce
conformational instability in PAGST:GSH (Fig. 5A) with Ty, of 55.0 +£ 0.2 °C, it however made
PvGST:GSH significantly less stable with 7Tm 0f 48.5 + 0.5 °C (Fig 5B). This result correlates with
the level of artemisinin inhibited specific enzymatic activities reported in Fig 2C. Similarly,
artemether and artesunate also induce less conformational instability in PAGST:GSH (Fig 5C and
5E) with T of 52.5 £ 0.2 °C compared to that of the respective artemether and artesunate
complexed PvGST:GSH (Fig. 5D and 5F) with same Tm of 48.0 + 0.2 °C. While amodiaquine
seems not to also induce conformational instability in PAGST:GSH (Fig. 5G), as these complex
has same 7, with unbound PfGST:GSH, it however bound and lowered the stability of
PvGST:GSH to Tm of 50.0 + 0.2 °C (Fig 5H). The thermal stability of mefloquine and
pyrimethamine complexed PfGST:GSH were evaluated to be 7m of 52.0 + 0.2 °C and 54.5 + 0.2
°C respectively (Fig. 51 and 5K). On the other hand, the mefloquine and pyrimethamine bound

PfGST:GSH were evaluated to be 7m of 42.0 £ 0.2 °C and 48.50 £ 0.5 °C respectively (Fig. 51
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and 5K). These observable differential binding elicited thermal conformational stability or
instability summarized in Table 1 below show that while GSH’s specificity and binding to the
proteins’ G-site do not displace the SYPRO Orange dye, it however stabilize the protein. It also
show the antimalarials behaves differently in making PfGST:GSH and PvGST:GSH less stable.

Table 1. The thermal stability melt peak of PAGST:GSH and PvGST:GSH with respect
seven selected antimalarials
Samples’ Melt Peak (°C)

Drugs PfGST:GSH @ Tm of 61.5 + 0.2 PyGST:GSH @ Tm of 60.0 £ 0.2
Artemisinin 55.0+£0.2 48.5+£0.5
Artemether 52.5+0.2 48.5+0.2
Artesunate 525+0.2 48.0+0.2

Amodiaquine 56.0+0.5 50.0+0.2
Lumefantrine -—-- -
Mefloquine 52.0+0.2 42.0+£0.2
Pyrimethamine 545+0.2 48.5+0.5
A 19 PfGST:Artemisinin B 12 ¢ PvGST:Artemisinin
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Fig. 4. Thermal stability of P/GST and PvGST using a CFX96 Touch-Real-Time qPCR detection system
towards artemisinin (A and B), artemether (C and D), artesunate (E and F), amodiaquine (G and H), mefloquine (I
and J), and pyrimethamine (K and L), and their effect on P/GST and PvGST’s thermal stability. A naturally
quenched fluorescent dye (SYPRO Orange dye) as a probe was used for the thermal denaturation
evaluation of sypro orange bound PfGST (grey dotted lines), antimalarial complexed (red), sypro orange bound
PfGST:GSH (purple), sypro orange bound PvGST (grey dotted lines), sypro orange bound PvGST:GSH (purple),
and sypro orange bound PvGST:GSH when complexed with the respective antimalarials (blue).
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4. Conclusion

This enzymatic activities inhibition and characterization of P/GST and PvGST towards the
seven antimalarials were evaluated and found not to be significant enough to bring a halt to the
detoxification ability of the enzymes. This is as the GST’s catalytic/enzymatic activities as a bi-
substrate detoxification enzyme, which primarily catalyzes xenobiotics to its hydrophobic site (H-
site) [39,54] were not completely or significantly brought to a halt. This is graphically seen in the
highest inhibitory potency observed in artemisinin inhibiting PvGST specific enzymatic activities
at approximately 27 %. While PfGST and PvGST have been recognized as a critical target for the
development of potent antimalarials, however the existing antimalarials do not prove potent
enough to inhibit them. PfGST and PvGST’s ability as biotransformation and detoxification
enzymes through GSH conjugation process is herein confirmed. The various observable, blue-
shifted excitation fluorescence emission maxima and the significant quenching of the fluorescence
intensity of the ANS-extrinsically probed ligandin properties of PfGST and PvGST were evaluated
towards the antimalarials. While all the results indicated binding and inhibition, they were however
not in correlation with other characterization techniques employed as seen in all the antimalarials

eliciting binding and causing differential thermally conformational instability.
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CHAPTER 5

This chapter has been published as manuscript entitled “Describing the ligandin properties of
Plasmodium falciparum and vivax glutathione transferase towards Bromosulfophthalein
from empirical and computational modelling viewpoints” by Olalekan Onisuru and Ikechukwu
Achilonu as an article in Journal of Biomolecular Structure and Dynamics. This manuscript
insightfully and novelly describe for the first time via an empirical and computational modelling
studies, the ligandin ability of bromosulfophthalein (BSP) in Glutathione S-Transferase enzyme
(GST) (that detoxify many substances intracellularly by inactivating and converting diverse
exogenous and endogenous toxic molecules to less toxic soluble compounds) present in the two
main malaria-causing agents in Africa and Asia continent. The manuscript employed several
empirically biophysical techniques and computational modelling studies to show BSP’s ability to
tightly bind and inhibit Plasmodium falciparum GST (PfGST) and Plasmodium vivax GST
(PvGST), a condition which will consequently disrupt both target’s detoxification ability and also
reduce their antioxidant capacity, which are critical features of potent antimalarials. To the best of
our knowledge, there has not been a published article that integrated empirical and computational
findings to describe the ligandin properties of PAGST and PvGST towards bromosulfophthalein.

We belief this work will benefit all readers of Journal of Biomolecular Structure and Dynamics
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Abstract

Research has spotlighted glutathione transferase (GST) as a promising target for antimalarial drug
development due to its pivotal role in cellular processes, including metabolizing toxins and
managing oxidative stress. This interest arises from GST’s potential to combat multidrug
resistance in existing antimalarial drugs. Plasmodium falciparum GST (PfGST) and Plasmodium
vivax GST (PvGST) are key targets; inhibiting them not only disrupt detoxification but also reduce
their antioxidant capacity, a critical feature for potent antimalarials. Bromosulfophthalein (BSP),
a clinical liver function dye, emerged as a potent cytosolic GST inhibitor. This study explored
BSP’s inhibitory properties on PfGST and PvGST, showcasing its binding capabilities through
empirical and computational analyses. The study revealed BSP’s ability to significantly inhibit
GST activity, altering the proteins’ structures and stability. Specifically, BSP binding induced
spectral changes and impacted the proteins’ thermal stability, reducing their melting temperatures.
Computational simulations highlighted BSP's strong binding to PIGST and PvGST at their dimer
interface, stabilized by various interactions, including hydrogen bonds and van der Waals forces.
Notably, BSP’s binding altered the proteins' compactness and conformational dynamics,
suggesting a potential non-competitive, allosteric inhibition mechanism. This study provided novel
insights into BSP’s candidacy as an antimalarial drug by targeting PIGST and PvGST. Its ability
to disrupt crucial functions of these enzymes’ positions BSP as a promising candidate for further

drug development in combating malaria

Keywords: Glutathione S-Transferase, Plasmodium, BSP, inhibition, ligand, Molecular

Dynamics Simulation
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1. Introduction

The parasitic protozoan’s glutathione S-transferase (GST) enzyme has gained researchers' attention
as a potential drug target. It has continued to be studied, especially in Plasmodium falciparum and
Plasmodium vivax, which are the two main malaria-causing agents in Africa and Asia, respectively
(McQueen et al., 2021; Naing et al., 2019; Van Dorp et al., 2020). This is as the GST’s primary
functions are seen in the nucleophilic addition of glutathione (GSH) to toxic compounds, reduction
of hydroperoxides, and ultimately acts as a carrier protein (ligandin) of specific organic molecules.
This process results in the inactivation and immobilization of these molecules (Colén-Lorenzo et
al., 2020). The protective role in the form of detoxification of xenobiotics being exerted by
Plasmodium falciparum glutathione S-transferase (PfGST) and Plasmodium vivax glutathione S-
Transferase (PvGST) is thus one main reason they are both considered a unique drug targets
towards the development of novel and potent antimalarials (Dasari et al., 2018; Dasari et al., 2018a;
Mangoyi et al., 2010; Quesada-Soriano et al., 2013, 2014). Glutathione S-transferase’s importance,
as seen in Plasmodium species, is being an intra-erythrocytic relieving enzyme when it comes to
oxidative stress stages in the parasite. This, coupled with the fact that it’s ubiquitously implicated
in increased chloroquine resistance cells, makes their target an unexplored antimalaria drug
therapy imperative. This is because these GSTs (PfGST and PvGST) intracellularly detoxify many
hydrophobic and electrophilic substances as chemotherapeutic agents implicated in drug resistance

evolution (Ahmed et al., 2021; Bhagat et al., 2019; Mohring et al., 2017, 2019).

Since the discovery of resistant and multidrug-resistant malaria-causing Plasmodium, first to the
traditional quinolone, antifolate antibiotics, and later to the gold standard artemisinin combination
therapy (ACTs) approved by the WHO, the search for a new and effective antimalaria and new
drug target in Plasmodium has never been more compelling to researchers (Chigorimbo-Murefu
et al., 2012; Zhan et al., 2015). This is because understanding the drug target mechanism has
become pivotal to every scientific effort to develop target-based, novel, and potent antimalarials.
This becomes imperative as insight into this mechanism will help to elucidate possible structural
modifications of late-stage preclinical development of antimalarials or even postulate possible
structural modifications to existing antimalarials that have hitherto been confronted with resistance
and rendered ineffective (Calic et al., 2020; Shibeshi et al., 2020). Given the importance of malaria
parasites’ GST in the detoxification of endogenous and xenobiotic compounds, among other

functionalities which has been shown to enhance drug resistance ability to anti-parasitic and
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insecticides, the inhibition of this detoxification ability is thus worth targeting as a novel and
effective antimalarial (Pawtowska et al., 2023). Also, studies have shown that aside from being
identified as the major cause of DDT resistance to a human malaria parasite, GSTs have proven to
be the most significant enzyme in chloroquine resistance (Lumjuan et al., 2005; Pawlowska et al.,

2023; Sujitha et al., 2017).

Over time, traditional drug discovery and development processes have been bogged down in
effectiveness due to exorbitancy and delayment. Computer-aided drug discovery (CADD) using
computational modelling approaches to simulate drug receptor/ligand interactions has now been
increasingly embraced and deployed for research and pharmacology (Chandel et al., 2018;
Leelananda & Lindert, 2016). This drug receptor/ligand interaction is intended to be evaluated for
the target’s binding and affinity. In addition, this study approach leverages the understanding that
ligands can varyingly bind to the receptor or protein targets, with the binding either being
hydrophobic, electrostatic, or hydrogen bonding (Bhunia et al., 2021; Choudhuri et al., 2023; Fu
et al., 2018). This multidisciplinary technique is based on structure prediction, target identification,
binding site prediction, and protein-ligand interaction. Understanding ligandin properties and
binding abilities to drug targets have been employed in computational-aided drug design to change
drug discovery processes and circumvent associated bottlenecks to traditional drug design

approaches (Sabe et al., 2021; Sadybekov & Katritch, 2023).

There has been a paradigm shift in focus towards finding and utilizing cost-effective, safe, and
potent small molecules for malaria treatment. To this end, this research novel employed
bromosulfophthalein as an effective compound for malaria treatment in the face of resistance being
confronted by the artemisinin-based combination therapy (ACT) imperative. Bromosulfophthalein
(BSP) is an anionic phthalein, triphenylmethane dye having two sulfonic acid groups often greatly
used in diagnosing liver injury through a liver function test. It has also been utilized to study
transporters’ membranes which are responsible for the movement of reduced glutathione (GSH)
as well as organicanions across cell membranes (Cui et al., 2020; Kolobe et al., 2004; Plaa, 2010;
Valli & Achilonu, 2022, 2023). BSP’s disadvantage is first in its’ solubility, as it’s insoluble in
water, slightly soluble in ethanol, and some polar solvents. This solubility challenge is however
solvable as BSP is found to be highly soluble in dimethyl sulfoxide (DMSO), a polar, aprotic
solvent. DMSQO’s miscibility with water and ability to dissolve an enormous catalogue of polar and

nonpolar small molecules has made it a choice of solvent for many applications. Hence, its use in
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dissolving BSP. BSP with a molecular weight of 838 Da, which is well above the threshold weight
for biliary excretion could also be another drawback. However, the many diverse applications of
BSP as a drug have continued to gain attention (Cui et al., 2020; Soto et al., 2002; Szabo et al.,
2013). While bromosulfophthalein (a purple phthalein dye)’s use transcends liver function
clinically diagnostic, it has however not been explored as a potent inhibitor in malaria parasites.
To this end and here in this study, BSP is empirically and computationally investigated as an
essential ligandin for PfGST and PvGST. The findings in this study will ultimately position BSP
as a novel drug candidate for malaria treatment. To the best of our knowledge, no study has either

empirically or computationally investigated BSP in this regard.

2. Materials and Methods

2.1. Materials

The BL21(DE3) vectors used were from New England BioLabs while both P/GST pET1la and
PvGST pETl1l1a plasmids were synthesized by and purchased from GenScript Biotech, USA. The
following materials like glutathione reduced (GSH), bromosulfophthalein (BSP), 1-chloro-2,4-
dinitrobenzene (CDNB), and 8-anilino-1-naphthalenesulfonic acid (ANS) were all purchased from
Sigma-Aldrich (St. Louis, Missouri, USA). Similarly, the other materials which were equally
purchased from Sigma-Aldrich include isopropyl B-D-1-thiogalactopyranoside (IPTG), dimethyl
sulfoxide (DMSO), ampicillin, and GSH-agarose. On the other hand, SYPRO Orange dye was
purchased from Thermo Fisher Scientific, USA. High-performance gaming computers with

Maestro algorithm configurations were used for the computational studies.
2.2. Methods

2.2.1. Recombinant overexpression of PfGST, PvGST in E.coli and purification

High transformation efficient chemically competent E.coli BL21(DE3) cells were respectively
used to transform PfGST pETI1la and PvGST pETl11a vectors (GenScript), using a heat shock
treatment procedure. The transformation process was concluded by spreading 100 pL of the
resuspended recombinant solution on a Luria-Bertani (LB) agar plate supplemented appropriately

with 100 pL of ampicillin. A singularly distinct colony from the respective overnight (16 hours)
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incubated plates were separately inoculated into a 2 X yeast tryptone (2YT) media [1% (v/v) yeast,
1.6% (w/v) tryptone, 0.5% (w/v) NaCl] which has been appropriately supplemented with 100 puL
ampicillin and then incubated overnight (37 °C, 250 rpm). An optical density (ODesoo) of 0.6 was
allowed before adding 0.5 mM IPTG, 6 hrs to induce protein overexpression. An immobilized
metal affinity chromatography (IMAC) purification procedure was employed for the purification
of the two proteins using a separate 5 mL (1.6 x 2.5 cm) cobalt [Co(II)] charged HisTrap® column,
GE Healthcare, Sweden connected to the AKTA Start Purifier, Cytiva Life Sciences, USA. A one-
step elution method using 50 mM sodium phosphate, 500 mM imidazole, 0.01 % (w/v) NaN3, and
pH 7.2 was employed to obtain purified PfGST and PvGST used for the various empirical studies.

2.2.2. Enzymatic and inhibitory assay of PfGST and PvGST

Employing GSTs’ conjugation ability exhibitable by reduced glutathione toward 1-chloro-2,4-
dinitrobenzene (CDNB), PfGST and PvGST’s enzymatic specific activity was
spectrophotometrically determined (Habig & Jakoby, 1981). This is by measuring the conjugation
product formed, which is 1-(S-glutathionyl)-2,4 dinitrobenzene. This dinitrophenyl thioether
chromophore product formed was measured using a Jasco V-730 BIO spectrophotometer with a 3
mL glass quartz cuvette. The €34 of 9600 M'.cm™ and 340 nm absorbance were parameters
observed when this activity was monitored spectrophotometrically. The activity assay was carried
out at 20 °C for 60 s. It was equally carried out in triplicate using a reaction buffer containing 100
mM sodium phosphate, 5 mM GSH, | mM CDNB (3% (v/v) ethanol), | mM EDTA, 5 mM DTT,
0.02% NaNs, pH 6.5.

This assay was carried out using different concentrations of PfGST and PvGST in the presence
and absence of 0.5 mM BSP. The results were subsequently corrected for linear progress curves

and background non-enzymatic reaction rates.

2.2.3. Extrinsic ANS fluorescence spectroscopic analysis of PfGST, PvGST, and BSP complex

The apo proteins and their respective complexes’ tertiary structure conformation were evaluated
using a JASCO FP-6300 spectrofluorometer machine with installed Spectra Manager software
v1.5.00 (Jasco Inc., Tokyo, Japan). Utilizing 8-anilino-1-naphthalenesulfonic acid (ANS)’s ability
as an extrinsic probe to fluorescently bind to protein’s hydrophobic pockets, the structural

conformation and interaction of P/GST and PvGST in the presence and absence of BSP as a ligand
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was carried out. The apo PfGST and PvGST samples 5 uM each, in 10 mM sodium phosphate,
200 uM ANS, 1 mM EDTA, 2 mM DTT, 0.02 % (w/v) NaN3, pH 7, were spectroscopically
analyzed using a 10 mm pathlength quartz cuvette at 20°C. Their fluorescence emission spectra
were at an excitation of 395 nm and between 400 and 650 nm wavelength. A 1 cm path length,
excitation bandwidth of 5 nm, 2.5 nm emission with data pitch of 1 nm, and scanning speed of 200
nm/min were recorded in triplicate. The buffer was corrected before being averaged. This

procedure was repeated in the presence of reduced glutathione (GSH), a GST substrate.

Bromosulfophthalein’s ligandin and binding effect on both PfGST and PvGST’s hydrophobic cleft
was also carried out. Before spectra measurement, | mM BSP was separately incubated with 5 uM
PfGST and PvGST in the presence and absence of GSH for 30 min. In this monitored spectroscopic
analysis, spectra signals at three accumulations were averaged and recorded. Recorded spectra
were buffer-corrected before the fluorescence intensities in the presence of BSP were also
corrected for the inner filter effect to account for any absorption of excitation (primary) and

emission (secondary) light.
2.2.4. Stability elucidation of PfGST, PvGST, and BSP complex by thermal shift assay

The apo PfGST and PvGST’s protein stability in the presence of glutathione (substrate) and their
interaction with bromosulfophthalein (ligand) was tested through a thermal shift assay (TSA).
Employing the use of a CFX96 Touch-Real-Time qPCR detection system (Bio-Rad Laboratories,
Inc., Hercules, CA, USA), the thermal denaturation of PfGST, PvGST, PfGST:GSH, PvGST:GSH,
PfGST:BSP, PvGST:BSP, PfGST:GSH:BSP, and PvGST:GSH:BSP were elucidatorily studied.
They were studied with respect to their stability using a naturally quenched fluorescent dye
(SYPRO Orange dye) as a probe on an environment-sensitive 96-well PCR plate. The 96-well
plate was prepared with each well containing a sample mix of 1.5 mg/mL PfGST or PvGST in 100
mM NaH>P0O4, | mM DTT, 1 mM EDTA, + 5 mM GSH, = 1 mM BSP. Equally, 5 puL diluted
SYPRO Orange dye was added before it was briefly spun down on a microplate centrifuge to
ensure mixing. This was done before placing it in the qPCR machine. At a set temperature range
of 20 °C — 90 °C, with 0.5 °C increments for 10 s each, the dye interacts with the sample’s
hydrophobic core. This interaction becomes visible upon denaturation leading to the dye’s
fluorescence quantum yield increasing when bound to exposed hydrophobic patches on a thermally

denatured protein. Each sample’s melting curve and melt peak were resolved using the CFX
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Maestro software and plotted as relative fluorescence unit (RFU) vs temperature (°C). Replicates
were averaged and corrected with buffer blanks. The sample’s melting temperature (7m) which

represents the lowest point of the melting curve was then derived from the plot (-d(RFU)/dT).
2.2.5. PfGST and PvGST’s Steady-state kinetics determination

PfGST and PvGST’s steady-state kinetics parameters in the presence of GSH and BSP were
spectrophotometrically determined. Utilizing the CDNB-GSH conjugation activity assay
procedure, the following steady-state kinetic parameters Vmax, KM, kcat and kca/Km — were
determined. The assays were performed with the addition of 100 uL of varying GSH concentration
to 2900 uL of reaction buffer separately containing 1.5 mg/mL of PfGST or PvGST, 100 mM
NaH;P04, 1 mM DTT, 1 mM EDTA, and 1 mM CDNB. Vi and K, were determined from a non-
linear regression Michaelis-Menten plot. The slope of a Lineweaver-Burke linear plot of substrate

concentration versus activity was used to determine the catalytic efficiency (kca/Kwm)

2.3. Computational modelling studies
2.3.1. Computational software and hardware

Two high-performance computing units were used for this study. These computing units were
equipped with specialized configurations. They are a 16 CPU Intel core 17 5960x extreme edition
(3.3 GHz, 20 M cache 16x cores), Nvidia GTX 750Ti1 graphics card, 32 GB DDR4-2133 MHz
memory on an MSI X99 motherboard and a 264 GB RAM. Also, an implementable Schrodinger
Maestro v13.0 Windows OS desktop was used for a part of the computational study. The study
components that use the Windows OS desktop include protein-ligand preparation and induced fit
ligand docking. While a similar computing unit was used for the molecular dynamics
simulations studies, on the other hand, the post-dynamic analyses were carried out on an equipped

Linux computing unit.
2.3.2  Apo PfGST, PvGST, and ligand preparation

Protein structure processing is essential before molecular docking. This is to put the protein into a
dockable conformation. In achieving this, the PfGST crystal structure with PDB ID 2AAW was

retrieved from a Research Collaboration for Structural Bioinformatics Protein Data Bank (RCSB
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PDB) repository. For PvGST, the computed alpha fold structure with UniProtKB ID Q0ZS46 was
similarly retrieved in the absence of a solved crystallographic structure. Both structures were
submitted to the Maestro v13.0 molecular modelling algorithms’ protein preparation wizard
module. They were subsequently pre-processed by allotting them bond orders, adding hydrogen
atoms, making zero bond orders to metals, and disulphide bonds before water molecules (having
5 A) and solvent molecules were removed from hydrogen atoms as well as deleting Na* from the
coordinates. They were further processed by optimizing the hydrogen bonding network with water
orientation sampling with the use of the PROKA algorithm, pH 7.0, after which non-water
molecules in comparison with water molecules which are less than 3 hydrogen bonds, were
deleted. In concluding the protein preparation for docking studies, the respective structures were
subsequently refined, and refrains were placed on the heavy atoms with the use of the OPLS 2005
force field. The converging of heavy atoms to an RMSD value of 0.3 A was set as the cut-off to
terminate the minimization process with the stoichiometry of the side chain checked for no induced
perturbations which may happened in the course of structure preparation. The minimized structures

were then saved as Maestro (.mae) files for subsequent prediction analysis.

The ligand (BSP) was also prepared by first extracting its structure data files (SDF) from a
database, public repository for information on chemical substances and their biological activities
(PubChem) with a corresponding ID of CID:6282. This file was then submitted to the Maestro
v13.0 module known as LigPrep for ligand preparation involving energy minimization with the
use of the OPLS 2005 force field. An Epik module algorithm was used to both generate possible
states at pH 7.0 + 2 and predict the pKa. The ligand was then desalted before generating its possible
tautomeric states at pH 7.0 £2. In addition to this, molecules with multiple chiral centres were
either retained or varied so as to return chemically useful structures having low energy states and

then saved in Maestro (.mae) files in readiness for the induced fit docking procedure.
2.3.3. Computational-based drug-likeness and ADMET predictions

The evaluation of BSP’s drug-likeness via a computational-based pharmacological and
pharmacokinetic analysis was carried out using a web server known as SwissADME

(http://swissadme.ch). This analysis employs the Canonical transformation of BSP’s simplified

molecular-input entry system (SMILES)’ structure according to methods previously discussed

(Cheng et al., 2012; Daina et al., 2017). BSP’s molecular weight, lipophilicity (MlogP), hydrogen
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bond acceptors and hydrogen bond donor number were assessed for drug-likeness (according to
Lipinski’s rule of five) using SwissADME. Also, the toxicity evaluation of BSP (based on
parameters such as hepatotoxicity, carcinogenicity, mutagenicity, cytotoxicity, LD50 (mg/kg) and
toxicity class) was predicted using an online server known as ProTox-II (https://tox-

new.charite.de/protox_II/) (Banerjee et al., 2018; Lipinski et al., 1997). Similarly, and given the

importance of assessing the absorption, distribution, metabolism, and excretion (ADME)
properties in drug discovery, these properties are equally evaluated for BSP’s pharmacokinetic

profile.
2.3.4. Induced fit ligand docking

A Schrodinger Maestro v13.0 algorithm is implementable induced fit ligand docking was employed in
evaluating BSP’s binding to P/GST and PvGST. This is through the protein’s ligand-binding site
geometry, which is vitally dependable upon the protein’s structure-ligand inducible conformational
changes at binding. For the binding evaluation and because of the enzymes’ two possible binding
sites, which include the GSH binding site (G-site) and the xenobiotic binding site (H-site) (Fritz-
Wolf et al., 2003), both chains A and B (whole dimer) were selected as the binding site. For this
process, an OPLS 2005 force field implicit solvent model was used. For the induced fit ligand docking

protocol, both ring conformational sampling with a 2.5 kcal/mol energy barrier and a non-planar

conformation penalty on amide bonds were applied.
2.3.5. Molecular dynamic simulation

To both increase the reliability of the docking results and gain deeper insight into how BSP affects
the functionalities of PfGST and PvGST, further computational studies, and molecular dynamic
simulations (MDS) at 500 ns simulations were carried out. This was with the use of a Maestro
v13.0 implemented GPU-enabled Desmond molecular dynamics simulation engine. The
BSP:PfGST and BSP:PvGST complexes’ top-scoring poses were first saved as a PDB file before
submission for Desmond MD simulations studies on a Linux (Ubuntu) desktop. A System Builder
module implemented in the Desmond algorithm was previously used to build four systems (PfGST,
PvGST, BSP:PfGST, and BSP:PvGST) in readiness for the simulation. A transferable
intermolecular potential with a three-point (TIP3P) explicit solvent model using the OPLS 2005
force field was then used to solvate the systems. In the same breath, the apo PfGST and PvGST

were placed in a periodic orthorhombic box (distance from the box face to the outermost
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protein/ligand atom was set at 10 A, the box angle was a = = y = 90°). This is done to initialize
the systems. On the other hand, both apo and liganded P/fGST and PvGST were first minimized
before counter ions were added to neutralize the systems. The addition of 0.15 M NaCl into the
solvent box was done to condition the system physiologically. The systems were then submitted
for the molecular dynamics production phase subsequent to these explicit solvent model solvation
and ionization procedures. The short simulation steps comprise eight distinct steps. These steps
are made up of 2 identifiable phases, namely the equilibrium phase (steps 1-7) and the long, final
simulation stage, which is step 8. A 500 ns total production stage was performed. While parameters
ofthe solvated system type were detected in step 1, on the other hand in step 2, an NVT-conditioned
Brownian Dynamics was performed at 10K and 100 ps simulation, with restraints placed on solute-
heavy atoms. Similarly, while restraints were still put on heavy atoms at step 3, a 12 ps simulation
was performed under NVT conditions at 10K. Also, while short simulation steps of 12, 12, and 24
ps were performed for steps 4, 6, and 7 respectively, the pocket solvation was omitted for step 5.
While that was carried out under NPT conditions at 10K, restraints were only placed on heavy
atoms at steps 4 and 6 alone but not on step 7. The long and final stage (Step 8) in concluding the
MDS was performed at a constant temperature (300 K) for 500 ns.

2.3.6. Post dynamic analyses

The derived trajectories from the MDS studies were further subjected to post-dynamic analyses
using a Schrodinger Maestro v13.0 to compare the protein structures. This includes the Simulation
Quality Analysis (implemented in Maestro v13.0) of the simulation qualities in terms of average
energy, pressure, temperature, and volume of the individual simulated systems. Similarly, the
implemented Maestro v13.0 Simulation Interaction Diagram algorithm was used to analyze the
alpha carbon atoms (Ca)’s root-mean-square-deviation (RMSD), ligand’s RMSD vis-a-vis the
receptors. Also, the residues’ root-mean-square fluctuations (RMSF), secondary structure element
analysis and protein-ligand interaction were equally analyzed. In the same vein, Maestro v13.0
implemented Simulation Events Analysis algorithm was used to analyze the radius of gyration
(Rg) and atomic distance calculations. At the same time, the average representative cluster’s
determination was determined using a Desmond implemented Ca. RMSD trajectory clustering

algorithm.
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2.3.7. Post-simulation MM/GBSA binding free energy calculations

In providing valuable insights into the energetics of BSP interactions with P/GST and PvGST and
to complement the structural information obtained from the simulations, molecular
mechanics/generalized born solvent area (MM/GBSA) calculations were performed. This was
done using an MM/GBSA algorithm implementable in Schrodinger Maestro v13.0 and according
to previously reported methods (Kollman et al., 2000; Massova & Kollman, 2000; Tsui & Case,
2000; Wang et al., 2019). For each of the PfGST:BSP and PvGST:BSP complexes, 2000
independent snapshots (of the 500 ns molecular dynamics simulations) of binding energies were
generated, averaged, and calculated with BSP’s binding free energy (AGbuing) active site calculated

following the given equation:
AGying=AGgr-(AGR+AGY) D)

Where AGwing in the equation denotes the free energy binding, AGry represents the free energy of
the protein-ligand complex; AGr denotes the free energy of the receptor, and AGy the free energy
of the ligand. The binding free energy is important to be calculated as it establishes a given protein-
ligand binding affinity. Given that, a more negative AG is an indication of better binding of the
ligand to the protein (Gilson et al., 1997). In the light above, each state’s free energy was calculated

with the use of the FF14SB force field, given by the equations:

AGping = AEgqs + AGgoy — TAS (2)
Egas = Eine + Evaw + Eee A3)
Gsor + Ggp + Gsa (4)

Ggs = YSASA (5)

The gas phase energy (Egs) which is the sum of the internal energy (Eint), Coulomb energy (Eelc)
and the van der Waals energies (Evaw) were estimated by the terms of the FF14SB force field. For
the solvation free energy (AGsol) estimation, the contributions of energy from the polar states
(GgB) and non-polar states (Gsa) were accordingly used. While the non-polar solvation energy
(Gsa) was derived using the solvent accessible surface area (SASA in A?), the contribution from
polar solvation (Ggg) was determined by solving the Generalized Born equation. In the equation

above, the solute’s total entropy and temperature were represented by S and T respectively. The
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total binding free energy profile contributions between BSP: PfGST and BSP:PvGST as per-residue
free energy decomposition were estimated at the atomic level residues with the use of MM/GBSA

implemented in Maestro v13.0.
2.3.8. Principal component analysis

Further to the knowledge that conformational differences adopted by proteins impact their
functions and because protein’s total conformational changes are influenced by their collective
atom movements, hence a Principal Component Analysis (PCA) was performed (Elseginy, 2023;
Ernst et al., 2015; Pérez-Pefia et al., 2023). This multivariate statistical technique known as PCA
was additionally employed to study BSP’s binding effect on PfGST and PvGST’s dynamics by
deconvoluting their Ca-RMSD, RMSF and Rg simulation trajectories. This analysis was carried
out with the imputing of Ca-RMSD and RMSF MD simulation structural datasets into an RStudio

statistical program to generate a principal component (PC) phase

3. Results and discussion

3.1.  Recombinantly heterologous overexpression of PfGST, PvGST and purification

In this study, both the P/GST and PvGST constructs, which were purchased from GenScript (New
Jersey, USA), were transformed in E. coli BL 21(DE3) cells. This was followed by recombinantly
and heterologously overexpressing their separate transformed mix using 0.50 mM IPTG for a
period of 6 hours at 30°C. The overexpressed P/GST and PvGST cells were chromatographically
purified using a one-step immobilized metal affinity chromatography (IMAC) method on an
AKTA Start Purifier, Life Sciences, USA. The purification results in 15 mg and 10 mg per litre of
uncontaminated, soluble, and active PfGST and PvGST proteins respectively, when
spectrophotometrically determined (UV-Vis spectrophotometer V-730, JASCO Europe). The
purity of the recombinant PfGST and PvGST were confirmed by sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). This is as well as confirming their sizes to be
approximately 25 kDa and 24.50 kDa, respectively (Figure 1) which corresponds to their sub-unit's
theoretical molecular weights. These results revealed a high-yield soluble and pure protein free

from DNA and other contaminants that can be used for further downstream characterization.
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3.2.  Enzymatic and inhibitory assay of PfGST and PvGST

Both PfGST and PvGST were spectrophotometrically assayed for their enzymatic activity
according to the method described in section 2.2.2 above. They were found to be catalytically and
enzymatically active with their specific activity evaluated to be 38.00 and 37.03 pmol/min/mg

respectively in the absence of BSP.
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Fig. 1. Schematic description of the recombinant overexpression and purification processes of PfGST and PvGST.
The construct’s transformation in BL21(DE3) competent cells were successful as evident from the yield of single and
distinct colonies on the LB plates. The 0.50 mM overexpressed was successfully purified using a one-step IMAC
procedure. The PfGST and PvGST proteins were found to be pure, and their sizes correspond to the approximately 25
kDa theoretical sizes.

Their enzymatic activities were, however, found to be completely inhibited in the presence of BSP
as an inhibitor, with their respective specific activity evaluated to be 0.30 pmol/min/mg, which is
a 99 % inhibition. This significant inhibition of the enzymatic activities of both P/GST and PvGST
is graphically seen in the flattening of the straight line as shown in Figure 2. GST’s
catalytic/enzymatic activities as a bi-substrate detoxification enzyme, which primarily catalyzes
xenobiotics to its hydrophobic site (H-site) (Al-Qattan et al., 2016; Makumbe et al., 2024) were
disrupted by the interaction of BSP at the H-site and the dimer interphase. This inhibition of GST

in Plasmodium falciparum and Plasmodium vivax will no doubt make them (PfGST and PvGST)
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a critical target for the development of potent antimalarials. This BSP’s inhibition propensity on
these enzymes agrees with other published results obtained from our research group (Padi et al.,

2021; Pooe et al., 2021).
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Fig. 2. Characterization of PfGST and PvGST in terms of their enzymatic specific activity in the presence and absence
of BSP through a GSH-CDNB conjugation assay (100 mM NaH,PO4 pH 7.2, | mM EDTA, | mM DTT, 5 mM GSH
pH 6.5, 30 mM CDNB, and 1 mM BSP) monitored spectroscopically showing PfGST’s specific activity (black),
PvGST’s specific activity (green), PAGST:BSP’s specific activity (red), and PvGST:BSP’s specific activity (blue).

3.3.  Extrinsic ANS fluorescence spectroscopic analysis of PfGST, PvGST, and BSP complex

The extrinsic anionic dye, 1-anilinonaphthalene-8-sulfonic acid (ANS) was used to probe the
ligandin binding of BSP to PfGST and PvGST as shown in Figure 3. An observed emission spectra
shifts and changes show protein tertiary structural features with respect to ANS-accessible
hydrophobic pockets (Pooe et al., 2022; Sayed et al., 2000). Hence at 395 nm excitation, a
fluorescence emission maxima of free ANS from 525 nm to 490 nm and 480 nm for ANS bound
PfGST and PvGST respectively can be observed as shown in Figure 3A. ANS bound PvGST
however had a higher fluorescence intensity, an indication that PvGST’s hydrophobic pockets were
more accessible for the ANS than that of PfGST. A slight emission shift with lowered fluorescence
intensity to 495 nm and 485 nm for PAGST:GSH:ANS and PvGST:GSH:ANS respectively were
equally observed (Figure 3C). This is an indication that GSH does not either bind or displace ANS
at the hydrophobic pocket (H-site), but it nonetheless alters the protein’s surface hydrophobicity.
This result is supported by the established theory of GSH’s binding specificity to GST’s G-site
rather than the H-site (Akumadu et al., 2020). However, BSP-complexed PfGST and PvGST are
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blue-shifted to 510 nm and 515 nm respectively (Figure 3B). This is an indication of BSP bounding
to the H-site hydrophobic clefts of the protein and causing alteration in the conformational integrity
of' both PfGST and PvGST’s tertiary structure. A decrease in the fluorescence intensity (quenching)
however indicates the displacement of ANS upon binding of BSP. On the other hand, BSP
complexed PfGST and PvGST in the presence of reduced GSH showed a fluorescence emission
maxima at 513 nm for both PfGST:GSH:BSP and PvGST:GSH:BSP and further quenching (Figure
3D). This then shows that while GSH binding to the G-site does not alter the binding of BSP to
PfGST and PvGST, it, however, helped to stabilize the surface hydrophobicity of the two proteins
for the binding of BSP to the H-site. This result is consistent with other published work which
showed BSP bind at GST’s H-site (Akumadu et al., 2020; Padi et al., 2021).
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Fig. 3. Ligandin activity of P/GST and PvGST through ANS fluorescence spectroscopy towards BSP and its effect on
their tertiary structural conformation. A spectrofluorometric monitored ANS fluorescence emission at 395 nm
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excitation showing (A) emission spectrum of free ANS ( ), ANS bound PfGST (black) and ANS bound PvGST
(green), (B) BSP complexed proteins’ emission spectrum of PGST:BSP (red) and PvGST:BSP (blue), (C) reduced
GSH incubated protein’s emission spectrum of PfGST-GSH (black) and PvGST-GSH (green), and (D) BSP
complexed and GSH incubated proteins’ emission spectrum for PAGST:GSH:BSP (red) and PvGST:GSH:BSP (blue)

3.4.  Stability elucidation of PfGST and PvGST in the presence of BSP and/or GSH by thermal
shift assay

The protein’s thermal stability measurement and the detection of protein-ligand interaction were

carried out using the fluorescence thermal shift assay technique with CFX96 Touch Real-Time

PCR Detection System (BIO-RAD). The stability of native PfGST and PvGST, PfGST:GSH, and

PvGST:GSH PfGST:BSP, PvGST:BSP, PfGST:GSH:BSP, and PvGST:GSH:BSP’s were all

evaluated. This was through denaturation with increasing temperature from 25 °C to 65 °C which

was in conjunction with the binding of SYPRO Orange dye as shown in Figure 4.
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Fig. 4. Profiles for the thermal stability using melting peak temperature of PfGST and PvGST in the presence and
absence of GSH and BSP at temperature between 25 — 65 °C using a qPCR differential scanning fluorimetry
evaluation. The fluorescence thermal shift assay was carried out in 100 mM NaH,P04, | mM DTT, and | mM EDTA,
pH = 1 mM GSH, + BSP, with sample monitored in triplicate. The derived -d(RFU)/dT against temperature (°C) plots
showing melting peak temperature 7m in °C of (A) PfGST (black) and PvGST (green), (B) P/GST:GSH (black) and
PvGST:GSH (green), (C) PfGST:BSP (red) and PvGST:BSP (blue), and (D) PfGST:GSH:BSP (red) and
PvGST:GSH:BSP (blue).

Utilizing the dye’s propensity for hydrophobic patches, which is seen in increased quantum yield,
the apo PfGST’s Tm of 56 = 0.5 °C and PvGST’s T of 58 + 0.5 °C was observed (Table 1). This is
so as the room temperature stable apo protein begins to unfold, thereby making the hydrophobic
regions more accessible to the dye. On the one hand, the substrate GSH’s specificity and binding
to the proteins’ G-site do not displace the SYPRO Orange dye (which binds to the H-site)
enhancing the stability of the two proteins. BSP significantly and expectedly makes PfGST and
PvGST less stable.

Table 1. Summary of the melt peaks showing the stability of PfGST and PvGST in the

Presence of GSH and BSP
Melt Peak ( °C)
Sample PfGST PyGST
Apo 56.00 58.00
Protein:GSH 61.00 59.50
Protein:BSP 43.00 40.50
Protein:GSH:BSP 44.50*/50 44.50

3.5. PfGST and PvGST’s Steady-state kinetics studies

Following the similarly performed CDNB-GSH conjugation activity assay, steady-state kinetic
parameters of PfGST and PvGST in the presence and absence of BSP were determined and
graphically represented in Figure 5. The parameters summarized in Table 2 were deduced from the
steady-state kinetics of PfGST and PvGST towards GSH using the Michaelis-Menten sigmoidal

curve and the Lineweaver-Burk straight line plots.
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Fig. 5. Plots towards the determination of the steady-state kinetic parameters of PfGST and PvGST towards GSH in
the presence and absence of BSP using Michaelis-Menten and Lineweaver-Burke models at varying GSH
concentrations. (A). A Michaelis-Menten plot of 300 nM PfGST (black) and PvGST (green), (B). A Lineweaver-
Burke straight line steady-state kinetics plot of P/GST (black) and PvGST (green), (C). Michaelis-Menten plot of 300
nM PfGST in the presence of 0.5 mM BSP (red) and PvGST in the presence of 0.5 mM BSP (blue), and (D). A
Lineweaver-Burke straight line steady-state kinetics plot of P/GST in the presence of 0.5 mM BSP (red) and PvGST
in the presence of 0.5 mM BSP (blue),

The steady-state kinetic parameters revealed the PfGST and PvGST’s reaction maximum rate
(Vmax) at the point when the enzymes’ active sites are GSH-saturated. It also shows the substrate
concentration (Kwm) at 50 % reaction rate (Vmax) and the enzymes’ catalytic efficiency. This catalytic
efficiency is otherwise known as the reactions’ second-order rate constant rate (kca/Km) towards

GSH. These parameters were 97.56 %, 84.67%, and 85.10 % respectively decreased for PfGST in
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the presence of 0.5 mM BSP. Similarly, there are 87.10 %, 69.66 %, and 52.91 % respective
reductions in the steady-state kinetic parameters of the same 0.5 mM BSP complexed PvGST
(Figures 5A and 5C). These reductions of PfGST and PvGST’s steady-state kinetics
Vinax, Km, and kca/ Kv indicate BSP’s uncompetitive inhibition activity in both PfGST and PvGST.
The non-linear regression (Michaelis-Menten hyperbolic) plots are shown in Figures 5A and 5C,
and the linear reciprocal plots (Lineweaver-Burke plots) are shown in Figures 5B and 5D
respectively. The plots have robustly and precisely aided the determination of the kinetic

parameters (Vmax, KM, kcat and kca/Kn) and the visualization of the mode of inhibition of BSP.

Table 2. Steady-state kinetic evaluation of PfGST and PvGST in the presence and absence of BSP

Kinetic parameters  PfGST PfGST:BSP PvGST PyGST:BSP

Vmax (uM/min) 2.05 0.05 0.31 0.04
Steady-state K (M) 3.00 0.46 1.45 0.44
Kinetics towards
GSH keat/ K 136,333 20,308 41,707 19,638

3.6.  Computational studies result and discussion

In light of Lipinski’s rule of five which allows for examining the drug-likeness of a drug candidate
by delineating the relationship between the compound’s pharmacokinetic and physicochemical
parameters, a SwWisSADME and ProTox-II servers were used to predict BSP’s drug-likeness and
toxicity respectively. Table 3 gives the summary of BSP’s ADME and toxicity parameters and
shows that BSP only violates one of Lipinski’s rule of five (MW>500) and falls within
acceptability regions for most toxicity parameters. Other ADME parameters such as a MlogP
which is less than 4.15; hydrogen bond acceptors, which is equal to 10; and hydrogen bond donors
of less than 5, all validated the drug-likeness of BSP. From the toxicity parameters, BSP was
predicted to belong to toxicity class 4 and was inactive for hepatoxicity, carcinogenicity, and
mutagenicity, and only active for immunotoxicity. The drug-likeness and crucial information on
the pharmacokinetic and toxicological aspects of BSP as predicted shows that BSP can be

positioned as a potential drug to be therapeutically employed for the treatment of antimalaria.
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Table 3. BSP’s predicted physicochemical descriptors, ADMET parameters, pharmacokinetic

properties, and its’ drug-like nature.

ADMET evaluation of BSP
Physicochemical properties Parameters/score
Formula C20HgBrsNaxO10S2
Molecular weight (g/mol) 838
Number of heavy atoms 38
Number of aromatic heavy atoms 18
Rotatable bonds 4
Fraction Csp3 0.05
Hydrogen bond acceptor 10
Hydrogen bond donor 2
TPSA (A2) 197.92 A?
Molar refractivity 135.48
Lipophilicity Value/score
Log P,,,(ILOGP3) -16.89
Log P,,,(XLOGP3) 5.18
Log P,,,,(WLOGP) 6.47
Log P,,,,(MLOGP) 4.12
Log P,,,, (SILICOS-IT) 3.31
Consensus Log P,,, 0.44
Water solubility Prediction/score
Solubility (mg/mL) 3.45e-06 mg/ml; 4.12e-09mol/l
Log S (ESOL) -8.39
Class Poorly soluble
Pharmacokinetics Prediction
GI absorption Low
BBB permeant No
P-gp substrate Yes
CYP1A2 inhibitor No
CYP2C19 inhibitor No
CYP2C9 inhibitor No
CYP2D6 inhibitor No
CYP3A4 inhibitor No
Log K, (permeation) -7.73 cm/s
Drug-likeness Parameters/Prediction
Lipinski Yes/1 violation (MW>500)
Bioavailability 0.55
Distribution VDss (human) (log L/kg)/No
Metabolism CYP2D6 substrate/No
CYP3A4 substrate/No
CYP2D6 inhibitor/No
CYP3A4 inhibitor/No

Toxicity model report

Prediction/Probability
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Hepatotoxicity Inactive/0.56

Carcinogenicity Inactive/0.72
Immunotoxicity Active/0.94
Mutagenicity Inactive(.78
Cytotoxicity Inactive/0.55

Also, given the richness of information MDS can provide at the atomistic level, especially in terms
of ligand-receptor interactions, mobility, and stability, we, therefore, employed this computational
tool to computationally evaluate and validate the ligandin properties of PfGST and PvGST towards
BSP. From the induced fit docking results, BSP strongly binds exergonically with PfGST and

PvGST (Figure 6) in an interaction process that is accompanied with protein-ligand complex

negative Emodel energy and Glide gscores.

Fig. 6. Protein-Ligand complex ribbon representation of the induced fit docking best pose for (A) PfGST:BSP
complex, (B) PvGST:BSP, showing BSP binding at the dimer interphase of PfGST and PvGST. The image is a
snapshot from the induced fit ligand docking algorithm implemented in Schrodinger Maestro v13.0.

Although the docking poses, docking score, Glide gscore and IFD score of PAGST:BSP are 17,
-8.771, —126.314, and —827.860 respectively and for PvGST:BSP are 35, —8.330, -9.657, and
—-915.770 respectively, however, the docking with best Emodel energy, which are —126.314 and
—130.735 for PfGST:BSP and PvGST:BSP, respectively were submitted for the molecular dynamic

simulations.
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Predictably, and preferentially too, the IFD shows that BSP binds at the dimer interphase of both
PfGST and PvGST as shown in Figure 6, with amino acids side chains from the protein subunits
contributing to the binding. Polar side chains (namely GIn73, Gln 71, Gln 104, Ser72, Asn 111)
were mostly involved in the binding interaction in both PfGST and PvGST (Figure 7).
Additionally, side chains with charged functional groups such as Asp105 and Lys15 in PfGST and
Lys109, Lys15 in PvGST were also involved. However, Tyr108 is seen to be involved in n-*
interaction with BSP’s phenyl moiety in both P/GST and PvGST (Figure 7) and this agrees with
other published results from our research group (Padi et al., 2021; Valli & Achilonu, 2023).
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ASN
B: 113-—8 111

Fig. 7. 2-D ligand interaction plot highlighting the side chains involved in the binding between the interaction of (A)
IFD docking pose of BSP with P/GST and (B) amino acid residue’s position of BSP with PfGST over 500 ns
simulation. (C) IFD docking of BSP with PvGST and (D) amino acid residue’s position of BSP with PvGST over 500
ns simulation. Tyr108 is seen as the only non-polar amino side chains (green) involved in n-n* interaction with BSP’s
phenyl moiety in both P/GST and PvGST, while similar amino residues’ involvement were seen during docking and
the average simulation time. These Images were snapshots from the Maestro 2D interaction diagram implemented in
Schrédinger Maestro 13.0
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Also, while utilizing an online multiple sequence alignment algorithm package known as T-Coftee
Expresso (Expresso™), having its server hosted by the Centre for Genomic Regulation
(Barcelona), the PfGST (Q8ILQ7) sequence and that of PvGST (Q0ZS46) were structurally
aligned for similarity specific consensus amino acids residues involved in the binding interaction
of BSP with PfGST and PvGST (Figure 8). Lys15,105, GIn71,73, Cys101, Asp 105, and Tyr108
were all involved in this binding interaction, an indication of similar atomistic binding interaction

in both proteins.

sp|Q8ILQ7 | PLGST

sp|Q0ZS46| PvGST

cons

sp|Q8ILQ7 | PFGST

sp|QO0Z3546 | PVGST

cons

sp|Q8ILQ7 | PfGST
sp|Q0Z546| PvGST
cons

sp|Q8ILQ7 | PEGST
sp|Q0ZS46| PvGST
cons
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Fig. 8. PfGST and PvGST’s structural alignment and sequence analysis reveal the similarity in positions of the amino
acid residues taking part in the bonding and simulation interactions using Expresso™. Lys15, Gln 71, Gln 73, Ser72,
Cys101, Asp105, Tyr108, and Asnl11 were all conserved in both proteins.

Following that, the interactions’ stability between PfGST:BSP and PvGST:BSP was evaluated
using MDS. Data obtained using the Simulation Quality Analysis algorithm reveals the simulated
systems' overall quality. From the results (Table 4), the four systems were adequately equilibrated.
This is because there is no significant variation with respect to the simulated systems’ (PfGST vs
PfGST:BSP and PvGST vs PvGST:BSP) energy, volume, pressure, and temperature throughout
the 500 ns simulation. Since the radius of gyration (Rg) measures the degree of structural
compactness during the MD simulation, hence with the use of the Simulation Event Analysis
algorithm, the average Rg (£SD) of the Ca atoms during the 500 ns MD simulations time of the
four systems were evaluated. They are 17.80 + 0.35 and 21.40 + 0.35 for the apo PfGST and
PvGST respectively and 21.75 £ 0.25 and 21.65 £ 0.25 for the PfGST:BSP and PvGST:BSP

respectively. Given that previous studies have established that lower Rg values indicate a
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structurally compact system, which translates to system stability, while higher Rg values suggest

less compactness and potential instability, hence the results becomes deductible.

Table 4. Simulation Quality Analysis parameters and data of the four systems the 500 ns MD

Simulated systems Parameter Average +SD Slope (ps™)
Apo-PfGST Total energy, Et (kcal/mol) —123300.28 41.45 —-0.000
Potential energy, Ep (kcal/mol) —151605.96 39.58 —-0.000

Temperature (K) 298.73 0.15 0.000

Pressure (bar) 1.37 16.01 —-0.000

Volume (A?) 456221.84 188.16 0.000

Apo-PvGST Total energy, Et (kcal/mol) —-121002.36 41.43 —0.000
Potential energy, Ep (kcal/mol) —148685.19 39.35 —-0.000

Temperature (K) 298.73 0.15 0.000

Pressure (bar) 1.79 16.22 0.000

Volume (A?) 446418.40 179.07 —0.000

PfGST:BSP Total energy, Et (kcal/mol) —123293.56 44.96 —-0.000
Potential energy, Ep (kcal/mol) —151650.01 42.97 —-0.000

Temperature (K) 298.73 0.15 0.000

Pressure (bar) 1.05 15.97 0.000

Volume (A?) 457136.60 204.93 0.000

PyGST:BSP Total energy, Et (kcal/mol) —121084.96 4291 —-0.000
Potential energy, Ep (kcal/mol) —148741.01 40.99 —-0.000

Temperature (K) 298.74 0.15 0.000

Pressure (bar) 0.86 16.90 0.000

Volume, Et (kcal/mol) 445934.53 179.12 0.000

Meanwhile, the Rg profile across PvGST and PvGST:BSP systems shows comparability, as there
were no significant deviations in the average Rg throughout the 500 ns simulation time. This shows
that there were moderate conformation changes throughout the simulation time, Figures 9A and B
compared. However, there is a significant deviation (of 3.95 A) between PfGST and PfGST:BSP
systems, an indication that BSP impacts the compactness of PfGST upon binding. This might be
unconnected to the bulky molecule-like size of BSP which is capable of altering the overall
confirmation of the very dynamic PfGST. However, the apo ‘s (PfGST and PvGST) Rg profiles
were not closely alike, an indication of different structural compactness or conformational stability
and dynamics of these two systems. On the other hand, the Rg profile of the two BSP complexed
systems (PfGST:BSP and PvGST:BSP) are comparable, which is an indication that BSP’s bulky

molecule-like size has a similar effect on the structural compactness of both PfGST and PvGST
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during the simulation time. The highest Rg is observed in PfGST:BSP, followed by PvGST:BSP,
PvGST, and PfGST. While the mobility pattern obtained for BSP bound PvGST did not show
significant mobility difference, though the PvGST:BSP’s system exhibited a Rg pattern that is
higher than that of PvGST. But with respect to BSP bound PfGST, there is a clear show of mobility
difference between the P/GST:BSP and the apo PfGST, indicating a higher conferment of
inactivity. This is in the face of the established fact that a lower Rg values is indicative of a
structurally compact system, which translates to system stability. On the other hand, a higher Rg

values is suggestive of a less compactness and potential instability. This will impact inactivity on

the protein.
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Fig. 9. Simulation event analysis generated profile showing (A) the radius of gyration (Rg) of the apo systems of
PfGST (black) and PvGST (green). (B) the radius of gyration (Rg) of the protein-ligand complex PfGST:BSP (red)
and PvGST:BSP (blue) throughout the 500 ns simulation time plotted in picoseconds (ps)
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After that, the trajectory frames of the four systems’ Ca RMSD were calculated. This measurement
gives the average distance of the atom’s Ca for a specific frame per reference frame. The four
systems’ Co RMSD plotted against the 500 ns simulation time is seen in Figure 10A. The four
system’s global average trajectories are 2.25 £+ 0.75 (apo-PfGST), 2.65 + 0.35 (apo-PvGST), 2.23
£ 0.75 (PfGST:BSP), and 2.77 + 0.25 (PvGST:BSP). These trajectories reveal not more than 3 A
fluctuations in the simulated systems, an indication of well-equilibrated systems and that the data
generated are reliably usable for downstream analysis. Relatedly, the plot also reveals the ligand’s
RMSD with respect to the two proteins (PfGST and PvGST), which expressed the ligand’s degree
of motion within the dimer interphase. It also helps to extrapolate the ligand’s stability with respect
to the proteins and their binding sites. Although BSP was stably bound to P/GST and PvGST
throughout the 500 ns simulation, it showed a higher degree of motion in PGST than in PvGST.
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Fig. 10. Analysis of the simulation trajectory showing (A) the RMSD of the Ca atoms and (B) the RMSF of the side
chains as a function of the 500 ns simulation time for apo-PfGST (black), apo-PvGST (green), PAGST:BSP complex
(red), PfGST:BSP complex (blue).

Similarly, plots of the four systems’ side chain root-mean-square-fluctuation (RMSF) values
against the residue numbers based on the 500 ns simulation trajectory data was made. In Figure
10B, the RMSF plot shows residues 1-211 and 212-424 correspond to both protein subunits A and
B respectively. Also, the side chain fluctuations’ general profiles across the four systems and their
sub-units were seen to be comparable with little or no deviation in the protein-ligand complexes
vis-a-vis their apo structures all through the simulation period with the ligand remaining bound at
both PfGST and PvGST’s dimer interphase. Furthermore, the degree of compactness of each
protein-ligand complexes (PfGST:BSP) and PvGST:BSP) were accessed using the global solvent
accessible surface area (SASA) and molecular surface area (MolSA). While MolSA as a technique
quantitatively reveals BSP’s interaction at both protein’s molecular environment, the technique
however shows that PAGST:BSP’s system (with higher MolSA) is more stable compared to that of
PvGST:BSP. This is because, in the 500 ns simulations trajectory, PAGST:BSP shows a greater
MolSA which is noted at an average of 422.50 A? than PvGST:BSP which is observed at an average
of 416.50 A% as can be seen in Figure 11A. Although the stable interaction during the 500 ns
simulations time reveals that BSP established interaction in both PfGST and PvGST, but the higher
MolSA as seen in PfGST’s system shows that BSP cause more functional inactivity in PfGST
compared to PvGST. This result is in tandem with the protein’s enzymatic specific activities carried

out during the empirical study. In quantitatively describing the binding dynamics of BSP to PfGST

126



and PvGST’s hydrophobic core, the global SASA trajectories of the protein complexes as shown
in in Figure 11B shows a similar binding dynamics of BSP in PfGST and PvGST. Similarly, while
PfGST:BSP’s SASA is greater than that of PvGST:BSP with PfGST:BSP’s average SASA at 150
A? while that of PvGST:BSP at 125 A2, the binding dynamics of the two systems however shows
similarities. The increase in PfGST:BSP’s average SASA implied that P/GST assumed a more
exposed conformation upon binding and during the 500 ns simulations than PvGST, a confirmation
that P/GST is more dynamic in comparison to PvGST. These findings are in tandem with the
kinetic and stability studies profile earlier reported just as the MolSA results correlates with the

SASA of the two protein-ligand complexes.
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Fig. 11. The interaction of BSP with PfGST and PvGST in respect of their (A) MoISA quantitatively revealing BSP’s
interaction at both protein’s molecular environment, with P/GST:BSP’s trajectory (red) showing a higher MolSA than
PvGST:BSP (blue) and (B) global SASA showing similar binding dynamics of BSP in the two proteins. The
PfGST:BSP’s SASA (red) is however higher than that of PvGST:BSP (blue).
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Furthermore, from Figure 12 which summarizes the 500 ns simulations monitored protein-ligand
interactions, it reveals that a combination of interactions namely hydrophobic, hydrogen, ionic,
and salt bridges held and stabilized the ligand (BSP) within the proteins’ dimer interphase.
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Fig. 12. Amino acid side chains interactions and types of interactions stacked bar charts between (A) PfGST:BSP and
(B) PvGST:BSP, throughout the 500 ns simulation. The interaction diagram showed H-bonds are categorized into
backbone acceptor; backbone donor; side-chain acceptor; side-chain donor. Hydrophobic interactions are categorized
into m-cation; n-*; and other, non-specific interactions. The stacked bar charts are normalized throughout the 500 ns
trajectory. The images were obtained with the use of the Ligand Interaction Algorithm implemented in Maestro v13.0.

There is the understanding that the binding energy of molecule’s interaction (vis-a-vis the ligand-
protein interaction) that takes place in a biological system gives the descriptive estimate of the
thermodynamics/energetics in the biological system. In this regard, the MM/GBSA free energy
binding of BSP and the receptors (PfGST and PvGST) were then determined using the MM/GBSA
algorithm implementable in Schrodinger Maestro v13.0. The MM/GBSA calculated energy
components of the interactions are succinctly tabularized (Table 5). The calculated AGpina of BSP
towards PfGST and PvGST are similar, being -13.59 and -16.39 kcal/mol. This negative AGvind 1S
indicative of the possibility of spontaneity in the binding reaction in both P/GST and PvGST. With
that in mind, this result also shows that the interaction of BSP with PfGST and PvGST is

thermodynamically favorable. The results also indicated that, although the gas phase energy acted
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opposite to the solvation free energy, it however contributed chiefly to the overall AGping. In
addition, the result also presents that the binding of BSP with P/GST and PvGST is primarily

brought about by van der Waals interactions.

Table 5. MM/GBSA calculated binding energy of BSP interaction with PfGST and PvGST

Protein Complex Energy components (kcal/mol)
AEvaw AEecle AEgas AEsoal AGpind
PfGST —52.51 —-10.69 —65.37 53.08 —13.59
PvGST —48.84 4549 —6.46 —7.13 -16.59

Furthermore, in deconvoluting the Ca atoms’ dynamics as a function of ligand binding, PCA was
used to expand the conformational changes of the RMSD and RMSF metrics. This is as all singular
mode of PfGST and PvGST in relation to their complexes are related to an eigenvalue. This
eigenvalue corresponds to their fluctuations’ degree along a mode containing different Ca atoms
contributions. With PC1 and PC2, sufficient atomistic description of the conformation’s fluctuation
were revealed. These two PCs (PC1 and PC2) were used to analyze the transitions in conformations
of the RMSD and RMSF simulated systems by deconvoluting their trajectories onto a two-
dimensional subspace (Figure 13). The unnoticeable color changes from black to red and green to
blue scale (Figures 13A and 13B) is an indication of spontaneous conformational transition of
PfGST and PvGST respectively, upon the binding of BSP. Also, the scattered dots of PCA of the
RMSF of the apo PfGST and PvGST with BSP’s system (Figures 13C and 13D respectively) shows

it’s a liganded system.
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Fig. 13. The subspace trajectories projections of the first two principal components (PC1 and PC2) in respect of their
(A) Ca RMSD of PfGST and PfGST:BSP and (B) Ca PvGST and PvGST:BSP, (C) Ca RMSF of PfGST and
PfGST:BSP and (D) Ca PvGST and PvGST:BSP.

4.0 Conclusion

The combinatory empirical and molecular dynamics simulation studies employed in this article
insightfully describes the ligandin properties of P/GST and PvGST towards BSP. The various
empirical characterizations and computational modelling studies showed that BSP (as a ligand)
binds tightly to P/GST and PvGST and showed good inhibitory abilities to their functionalities in
a similar way. Specifically, the potency of BSP to alter the conformational stability and inhibit the
enzymatic activities of these enzymes was fully described empirically and validated through the
computational modelling approaches employed. The MDS correctly simulated P/GST and PvGST
for drug-receptor/ligand interactions towards BSP, and consequently validating the druggability of
PfGST and PvGST as a critical drug targets. The different empirical studies and computational
modelling approaches strongly positioned BSP as a druggable candidate to be further studied and

developed as a potent antimalarial.
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Abstract

The justifiable attention researchers have given to Plasmodium falciparum Glutathione S-
Transferase (PfGST) and Plasmodium vivax Glutathione S-Transferase (PvGST) is unconnected
to their role in detoxification, essentiality in malaria parasites’ survival, and drug mechanism,
making them an important drug target. Hence, these targets holds promise for the development of
novel antimalarial therapies with improved efficacy, reduced drug resistance, and minimal
toxicity. This is because inhibiting these targets represents a novel approach for the development
of effective antimalarial using structure-based drug design and hence making the discovery of new
chemical entities with potent and selective inhibitory activity against parasite GSTs. The
pharmacological effects exerted by natural compounds such as flavonoids with antiplasmodial
activities have potentials explorable as likely scaffold towards the development of new
antimalarials. This is owing to the limitations associated with the various treatment options
currently employed to treat malaria and the fact that flavonoids’ high bioavailability and low
toxicity efficiently position them as drug candidate of choice. Hence this research computationally
screened and probed baicalin (BA) and 5,7,3'-Trihydroxy-6,4',5'-trimethoxyflavone (TTMF) as the
potential inhibitor with improved binding and inhibitory ability than BSP against PfGST and
PvGST respectively. BA and TTMF did respectively show they have the ability to significantly
impact the targets compactness while strongly bound to them at their respective dimer interface
more than bromosulfophthalein, which has shown excellent binding. The molecular dynamics
simulations and post-dynamic analysis carried out revealed that various interactions, including
hydrogen bonds and van der Waals forces stabilize these bindings. Notably, BA and TTMF’s
binding altered the proteins' compactness and conformational dynamics, suggesting a potential
non-competitive, allosteric inhibition mechanism. This study opened up the need to insightfully
look into BA and TTMEF’s candidacy as probable antimalarial drugs that will target PFGST and

PvGST, given their binding ability to disrupt crucial functions of these enzymes.
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1. Introduction

The infectivity of malaria as an annual three million people-killing disease have continued to
necessitate the search for new therapeutics with swift efficacy, affordability, and having minimal
toxicity. This is as malaria remains both a health burden, economically challenging, causing
significant morbidity cum mortality and leading to grave economic loss (Singh and Rathi, 2023;
Siqueira-Neto et al., 2023). The sub-Saharan Africa remains malaria worst hit region health-wise
housing 94% of the global 249 million cases recorded and accounting for 96% of the attributed
global death. Economically, this disease is associated with an annual economic loss and activity
estimated to be USS$ 12 billion (Siqueira-Neto et al., 2023; World Health Organization, 2022). A
number of artemisinin (ART)-based combination therapies and chloroquine alongside either
primaquine or tafenoquine have been used for the treatment of uncomplicated Plasmodium
falciparum and Plasmodium vivax. However, the emergence and development of resistance and
multi-drug resistance occurrence has reversed the hitherto once celebrated gains of antimalarial
fight and effort towards effective treatment and eradication (Rasmussen et al., 2022; Wicht et al.,
2020). While efforts towards the development of new antimalarial drug have been momentously
accelerated in the last decade, there is still need to innovatively find new antimalarial drugs that
do not only treat Plasmodium falciparum but also bring about complete elimination of
Plasmodium vivax (Yang et al., 2021). These efforts are necessitated by the established resistance
of Plasmodium falciparum and Plasmodium vivax to all the clinically proven and effective
antimalarials including the WHO approved frontline artemisinin-based combination therapies

(ACTs) (Haldar et al., 2018; Lucy et al., 2020).

Historically, natural products have often been used as a source of antimalarials. This is because
researchers recognize their potency, which is attributable to their structural diversity and
complexities (Conrad and Rosenthal, 2019; Kingston and Cassera, 2022; Tse et al., 2019).
Although, many natural products have been isolated and structurally modified for use as prime
antimalarials but not without challenges. These challenges have made the continuous
uncomplimentary high-throughput phenotypic screening and unexplored target-based screening of
natural products less attractive as scaffold families to pursue (Guantai and Chibale, 2011; Siqueira-
Neto et al., 2023; Tse et al.,, 2019). Researchers have shown that drug target mechanism’s
understanding will be significant in bringing about a dramatic acceleration from the early-stages

to late-stages structural modifications of target-based antimalarials. This understanding becomes
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pivotal as it helps to circumvent the limitations associated with other drug discovery approaches
including the quintessential phenotypic-based high-throughput screening. Also, this target based
research approach becomes critical to designing new inhibitors with the understanding of the target
structure, function, and mechanism of action (Calic et al., 2020; Gilbert et al., 2011; Swinney,
2013; Sykes and Avery, 2013). This has led to a new paradigm shift which focuses on targeting the
parasite’s (Plasmodium falciparum and Plasmodium vivax) metabolic pathway for drug
development. Plasmodium falciparum glutathione S-transferase (PfGST) and Plasmodium vivax
glutathione S-transferase (PvGST) have come to the fore as new targets for the development of
novel antimalarials (Al-Qattan and Mordi, 2023; Forte et al., 2021; CHINNAPPANNA et al., 2023;
Sarma et al., 2023).

Flavonoids are natural compounds belonging to the phenolic class of phytochemicals that are
commonly found in fruits and vegetables as secondary metabolites. They have been proven to exert
pharmacological effects as antiplasmodial agents and with potentials explorable as likely scaffold
towards the development of new antimalarials (Boniface and Ferreira, 2019; Chepkirui et al., 2021;
Penna-Coutinho and Aguiar, 2018; Song et al., 2021; Zothantluanga et al., 2023). Research interest
in the use of flavonoids continues to gain momentum. This is owing to the limitations associated
with the various treatment options currently employed to treat malaria and the fact that flavonoids’
high bioavailability and low toxicity efficiently position them as drug candidate of choice
(Boniface and Ferreira, 2019; Rameshkumar et al., 2021). Given the therapeutic relevance of
flavonoids, this research explores a high-throughput virtual screening (HTVS) technique to probe
a 506 collection of natural compounds from MedChemExpress (MCE) database of flavonoids
compounds (Cat. No.: HY-L068). This is for the identification of lead compound that could bind
and inhibit P/GST and PvGST targets as inhibitors. In doing this, bromosulfophthalein (BSP), an
anionic phthalein, triphenylmethane dye which has been computationally and empirically explored
as a potent inhibitor of PfGST and PvGST (in our research group) is added to the library as a
benchmark. This is as the findings related to its strong binding and superb inhibitory potentials of
the functionalities of P/GST and PvGST has been published (Onisuru & Achilonu, 2024).
Similarly, ellagic acid (EA), a natural product which has shown to inhibit parasitic GSTs (in
researches conducted in our group) was included in the library as a reference (Akumadu et al.,
2020; Pooe et al., 2022, 2021; Valli and Achilonu, 2022). The hit compound(s) from the HTVS
study with more binding and inhibitory effect on the targets than BSP and EA is expected to be
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better drug candidate. This research approach of benchmarking and referencing the library is
expected to give a deeper insight into the probe. The research becomes necessary as in silico
(HTVS) computational studies continues to play significant role as an employable technique in
designing new inhibitors against targets such as PfGST and PvGST. Baicalin, derived from the
roots of Scutellaria baicalensis and 5,7,3"-Trihydroxy-6,4",5'-trimethoxyflavone, found in plants
such as Artocarpus communis, have been reported through in vivo studies to exhibit strong
antimalarial activity primarily through their ability to inhibit the growth and proliferation of the
Plasmodium parasite in its asexual blood stage. This they achieve by interfering with essential
metabolic pathways within the parasite. To this end, and here in this study, a MCE flavonoid library
with BSP and EA included as benchmarks is computationally probed and studied for binding and
inhibitory effect of PAGST and PvGST using molecular dynamics simulation. This will ultimately
position the top-ranking flavonoids as novel drug candidates for malaria treatment. To the best of
our knowledge, no study has been computationally undertaken to probe such a rich flavonoid

library against these unique drug targets (P/GST and PvGST) in this regard.

2. Materials and Methods

2.1. Computational studies
2.1.1. Computer hardware

This computationally intensive study employed the use of two high performance desktop servers
having specialized configurations such as an Extreme Edition 16 CPU Intel core 17 5960x (3.3
GHz, 20 M cache 16x cores), Nvidia GTX 750Ti graphics card, 32 GB DDR4-2133 MHz memory
on an MSI X99 motherboard and a 264 GB RAM. While for the HTVS and ligand docking
component of the study, an implementable Schrodinger Maestro v13.0 Window OS desktop was
employed, a Linux server equipped with the 2019 GPU-enabled Schrodinger Desmond version
was used for the molecular dynamics simulation studies. A similarly configured computer

hardware was used to perform all the post-dynamic analysis.
2.2.  Ligand and protein preparation

A collection of 506-sized natural flavonoid library from the MCE repository serving as a useful

tool for drug discovery and other applications was utilized to source for lead compounds. A two-
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dimensional (2D) structure data file (SDF) format of the flavonoids were retrieved from the MCE
library after which they were exported to Maestro (Schrodinger suite) to be prepared as ligands for
HTVS. The flavonoids SDF file were then submitted to the Maestro v13.0 module known as
LigPrep for ligand preparation. This preparation becomes imperative in order to generate structures
of high quality forms and having an appropriate ionization state, tautomers, ring conformation,
and stereochemistry (Madhavaram et al., 2019). This process involves energy minimization with
the use of the OPLS 2005 force field. An Epik module algorithm was used to generate possible
ionization states at pH 7.0 + 2 and predict the pKa. The flavonoid ligands were then desalted before
generating their possible tautomeric states at pH 7.0 £2. In addition to this, molecules with multiple
chiral centers were either retained or varied so as to return chemically useful structures having low
energy states and then saved in Maestro (.mae) files in readiness for the HTVS. PfGST atomic
coordinate with PDB ID 2AAW and PvGST’s computed alpha fold structure with UniProtKB ID
Q0ZS46 were retrieved from a Research Collaboration for Structural Bioinformatics Protein Data
Bank (RCSB PDB) repository. They were subsequently submitted to Maestro v13.0 implementable
molecular modelling algorithms’ protein preparation wizard module. Both structures were energy-
minimized (using the optimized potentials for liquid simulations (OPLS) 2005 force field to a root-
mean-square-deviation (RMSD) of 0.30 A) by assigning precise protonation state at physiological
pH. This was followed by the addition of hydrogen atoms using default parameters before their
side chains stereochemistry were checked in order to prevent inducement of major perturbations

in the preparation of the structure.
2.3.  High-throughput virtual screening

A Maestro prepared 506-natural flavonoid molecules and BSP ligand receptor grid file prepared
by the LigPrep algorithm were submitted to Maestro 13.0 implementable Glide module Ligand
Receptor docking for HTVS. The filtering/screening workflow followed three phases as earlier
reported by (Achilonu et al., 2020; Madhavaram et al., 2019) and this include the HTVS, standard
protocol or precision (SP), and the extend protocol or extra precision (XP). The HTVS procedure
was first to be carried out and this involved the ligand docking step of the 506 flavonoid molecules
alongside BSP and ellagic acid. This was done without the option of MM/GBSA and Lipinski
ADME filtering applied, only the application of QikProp filtering and the OPLS 2005 force field
parameters were applied for the HTVS phase and docking calculations respectively. This phase

was subsequently followed by the SP phase, which is a rigorous and systematic phase which
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subjects 10% of the HTVS-docked ligands to further docking to generate Glide docking scores
potential hits. The screening was done separately for PfGST and PvGST and was completed with
an extended protocol (XP) phase with the visual inspection and selection of molecules having the

best Glide score and Glide energy for further analysis.
2.4.  Induced-fit ligand docking

Given the need to understand the proteins’ dynamic nature vis-a-vis their conformational changes
inducible upon ligand binding, an induced-fit docking (IFD) was performed using a Schrodinger
Maestro v13.0 algorithm implementable induced-fit ligand docking. This was carried out to
evaluate the top scoring ligands with least binding energy (selected for PAGST and PvGST) using
the protein’s ligand-binding site geometry, which is vitally dependable upon the protein’s structure-
ligand inducible conformational changes at binding. For the binding evaluation, both chains A and
B (whole dimer) were selected as the binding site given the enzymes’ possible binding sites, which
include the GSH binding site (G-site), the xenobiotic binding site (H-site), and the dimer interface
(Fritz-Wolf et al., 2003). For this process, an OPLS 2005 force field implicit solvent model was
used with both ring conformational sampling having a 2.5 kcal/mol energy barrier and a non-planar
conformation penalty on amide bonds were also applied. The proteins’ receptor and ligand scaling
were both set at 0.5 with 20 maximal limits permitted poses per ligand. At the end of the IFD, a
top-scoring pose of PfGST complexed with baicalin (BA), a flavonoid glycoside which is also an
allosteric carnitine palmityl transferase 1 (CPT1) activator (Hu et al., 2024) was selected and saved
as a system file for the MDS. Similarly, the corresponding top-scoring pose of PvGST complexed
with 5,7,3'-Trihydroxy-6,4',5'-trimethoxyflavone (TTMF), a naturally occurring flavonoid
(Yazdiniapour et al., 2021), was also selected, and saved as a system file in readiness for further

computational studies.
2.5. Molecular dynamics simulations and post-dynamic analyses

To gain deeper insight into the proteins interactions with the docked ligands which will further
provide deeper understanding of the parasites drug target’s structure-function relationship, a
molecular dynamics simulations (MDS) was performed using a GPU-enabled Desmond engine
(Bergdorfet al., 2014; Release, 2014) implementable in Maestro v13.0. A 500 ns simulations were
performed on PfGST:BA and PvGST:TTMF complexes previously saved as PDB files. In doing

this, a System Builder module implemented in the Desmond algorithm was used to build two
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systems (PfGST:BA and PvGST:TTMF) which were consequently submitted to the Linux
(Ubuntu) desktop for MDS. The systems were first solvated using a transferable intermolecular
potential with a three-point (TIP3P) explicit solvent model having the OPLS 2005 force field.
Furthermore, the PAGST:BA and PvGST:TTMF systems were first minimized before counter ions
were added to neutralize the systems. The addition of 0.15 M NaCl into the solvent box was done
to condition the system physiologically. The systems were then submitted for the molecular
dynamics production phase subsequent to the explicit solvent model solvation and ionization
procedures. In concluding the MDS phase, a series of short simulation steps (equilibration) and a
500 ns simulation at a constant temperature of 300 K was carried out placed at least 20 A from the
ligands. Afterwards, the derived trajectories from the MDS studies were further subjected to post-
dynamic analyses using a Schrodinger Maestro v13.0 to compare the protein structures’ system.
This was done using the Simulation Quality Analysis algorithm (implemented in Maestro v13.0).
The analysis puts into consideration the simulation qualities in terms of average energy, pressure,
temperature, and volume of the individual simulated systems. Specifically, the implemented
Maestro v13.0 Simulation Interaction Diagram algorithm was used to analyze the alpha carbon
atoms (Ca)’s root-mean-square-deviation (RMSD), ligand’s RMSD vis-a-vis the receptors. Also,
the residues’ root-mean-square fluctuations (RMSF) and protein-ligand interaction were equally

analyzed.

2.6.  Molecular mechanics/generalized born and surface area solvation (MMGBSA)
calculations

In order to estimate the relative binding energies of BA to P/GST and TTMF to PvGST, a molecular
mechanics/generalized born solvent area (MM/GBSA) calculations were performed using
previously reported methods (Kollman et al., 2000; Massova and Kollman, 2000; Tsui and Case,
2000; Wang et al., 2019). This MM/GBSA calculation method implemented in Maestro v13.0 is
intended to provide further insight into PfGST:BA and PvGST:TTMF complexes binding
interactions. For each of the PfGST:BA and PvGST:TTMF complexes, 2000 independent
snapshots (of the 500 ns molecular dynamics simulations) binding energies were generated,
averaged, and calculated with each ligand’s AGuina active site calculated following the given

equation:
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AGying=AGgrL-(AGR+AGL) €Y

Where AGping in the equation denotes the free energy binding, AGrr represents the free energy of
protein-ligand complex; AGr denotes the free energy of receptor, and AGL the free energy of
ligand. The binding free energy is important to be calculated as it establishes a given protein-ligand
binding affinity. Given that, a more negative AG is an indication of better binding of the ligand to
the protein (Gilson et al., 1997). In the light above, each state’s free energy was calculated with

the use of FF14SB force field, given by the equations:

AGping = AEgqs + AGgoy — TAS (2)
Egas = Eint + Evaw + Eele 3)
Gsor + Ggp + Gsa (4)

Gg, = ySASA ()

The gas phase energy (Egs) which is the sum of the internal energy (Eint), Coulomb energy (Eeic)
and the van der Waals energies (Evaw) were estimated by the terms of the FF14SB force field. For
the solvation free energy (AGsol) estimation, the contributions of energy from the polar states
(Geg) and non-polar states (Gsa) were accordingly used. While the non-polar solvation energy
(Gsa) was derived using the solvent accessible surface area (SASA in A?), the contribution from
polar solvation (Ggs) was determined by solving the Generalized Born equation. In the equation
above, the solute’s total entropy and temperature are represented by S and T respectively. The total
binding free energy profile contribution between BA, TTMF and PfGST, PvGST respectively as
per-residue free energy decomposition were estimated at the atomic level residues with the use of

MM/GBSA implemented in Maestro v13.0.

3. Results and discussion
3.1.  HTVS analysis of flavonoid compound’s potential inhibitor of P/GST and PvGST

Molecular docking and molecular dynamics simulation studies’ valuableness in drug discovery

process has enhanced the performance of systematic prediction of ligand’s ideal pose and
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conformation at the binding site of a protein. Here in this study, HTVS’s computational and
transformative approach in screening large libraries of compounds against specific protein targets
was employed to screen for natural compounds. Specifically, and with the use of Maestro v13.0
implementable LigPrep algorithm, a 506 collection of natural compounds flavonoids from
MedChemExpress (MCE) database alongside BSP and EA were screened against PfGST and
PvGST. Procedurally, this step utilizes the Maestro’s HTVS and Standard Protocol (SP) Glide
Docking algorithm for the library screening with respect to their affinity for P/GST and PvGST.
The QikProp analysis filtering produces 5% of the 4698 compounds which are made up of the 506
natural compounds, bromosulfophthalein, ellagic acid, and their respective conformers. This is as
this phase quickly identify compounds that possess desirable physicochemical properties and
pharmacokinetic profiles, while filtering out those that are less likely to be successful. After this,
the HTVS ligand docking was carried out, 56 and 1 compounds were shortlisted for PfGST and
PvGST respectively. Afterwards, the filtering made by the SP and XP phase of the remaining
compounds, baicalin (BA) and 5,7,3'-Trihydroxy-6,4',5'-trimethoxyflavone (TTMF) compounds
were selected for PAGST and PvGST respectively. Fig. 1 gives the 2D chemical structure
description of BA and TTMF with C2Hi3011; 446 g/mol and CisHi6Os; 360.3 g/mol respectively
as their molecular formula and molecular weight. Table 1 gives the summary of the HTVS XP top-
scoring selected compound for P/GST and PvGST on the basis of the lowest Glide Emodel energy
values and docking score. These compounds were then submitted for docking against P/GST and
PvGST using a Schrodinger Maestro v13.0 algorithm implementable induced-fit ligand docking

algorithm.
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Fig. 1. The 2D chemical structure description of (A) Baicalin, BA and (B) 5,7,3'-Trihydroxy-6,4',5'-trimethoxyflavone,
TTMEF respectively obtained from PubChem database with CID number 64982 for BA and 5496475.

Table 1. HTVS computed binding affinity scores of the BA and TTMF to PfGST and
PvGST’s binding site
System Docking score XP_Gscore Glide energy Glide emodel
PfGST:BA -9.4006 -9.4077 -55.0821 -73.3101
PvGST:TTMF -3.8526 -3.8886 -31.4576 -26.5815

While the docking score succinctly predicts the assigned energy or score of BA and TTMF’s
conformation respectively to PfGST and PvGST, the XP_Gscore (Extra Precision Glide score
specifically gives high-accuracy docking and virtual screening. This is as XP_Gscore takes into
consideration interactions from van der Waals interactions, hydrogen bonding, desolvation energy,
and ligand strain (Choudhry, 2021; Rehman et al., 2019). The similarly observed low docking
score and XP_Gscore values, implies that BA and TTMF’s respectively possess a strong affinity
for the binding conformation with specificity within P/GST and PvGST’s binding site in a manner
that is energetically favorable. On the other hand, the Glide energy and Glide emodel
complimentarily reveals the energy associated with BA and TTMF’s binding as calculated by the
Glide docking algorithm implemented in Schrodinger's Maestro Glide software suite (Friesner et
al., 2004; Kaur et al., 2019). Similarly, their low score is an indication of the flavonoids strong

binding affinity or fitness within the respective sites of the proteins.
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3.2.  Induced fit docking of BA and TTMF respectively to P/GST and PvGST

Given the rich information MDS provides at atomistic level vis-a-vis ligand-receptor interactions,
mobility, and stability, a computational tool with fitted algorithm was hence employed to evaluate
and validate the binding of BA and TTMF to PfGST and PvGST respectively. The Schrodinger
Maestro v13.0 algorithm implementable induced-fit ligand docking reveals that both BA and
TTMF respectively binds tightly and sit at the dimer interphase of PfGST and PvGST (Fig. 2A and
B). From the induced fit docking results, BA and TTMF strongly binds exergonically with PfGST
and PvGST in an interaction process that is accompanied with protein-ligand complex negative

Emodel energy and Glide gscores.

Fig. 2. Induced fit docking analysis of the protein-ligand complex ribbon representation of (A) PfGST:BA complex,
(B) PvGST:TTMF, showing BA and TTMF respectively binding and sitting tightly at the dimer interphase of PfGST
and PvGST. The image is a snapshot from the induced fit ligand docking algorithm implemented in Schrodinger
Maestro v13.0.

The IFD also shows the amino acids side chains from the protein subunits contributing to the
binding. Polar side chains that are positively charged (Lys15, Argl3), negatively charged (Asp105,
Aspl71), and neutrally charged (Ser72, Tyr108) were mostly involved in the binding interaction
of BA with PfGST (Fig. 3A). However, HID107 is seen to be involved in n-n* interaction with
BA’s phenyl moiety with none in involved TTMF’s interaction with PvGST. Similarly, polar side
chain(s) that are positively charged (Lys109), negatively charged (Glul127,Asp 105), and neutrally
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charged nonpolar Gly 102 were involved in the binding interaction of TTMF with PvGST (Fig.
3B). There is however the involvement of more polarly charged amino acid residues in the binding
interaction of BA with PfGST than that of TTMF with PvGST, and this explains why there is lower
Glide emodel in BA with P/GST than TTMF with PvGST. This is as the involvement of these polar

charged amino acid residues are essential in improving binding affinity while also achieving

specificity and stability, thereby contributing to the accuracy of the docking process (Zhou and
Pang, 2018).
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Fig. 3. 2-D ligand interaction plot highlighting the side chains involved in the binding between the interaction of (A)
IFD docking pose of BA with PfGST and (B) IFD docking of TTMF with PvGST. HID107 is seen as the only amino
side chains involved in n-n* interaction with BA’s phenyl moiety in PfGST and not in TTMF interaction with PvGST.
Not too similar amino residues’ involvement were seen in the induced fir docking process. These Images were
snapshots from the Maestro 2D interaction diagram implemented in Schrédinger Maestro 13.0

3.3.  Molecular dynamics simulation and post-dynamic analysis of PfGST, PvGST, PfGST:BA,
and PvGST:-TTMF

After that, the trajectory frames of PfGST:BA and PvGST:TTMF systems’ Ca RMSD were

analyzed for the average distance of the atom’s Ca for a specific frame per reference frame. Both
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systems’ Ca. RMSD were plotted against the 500 ns simulation time (Fig. 3A and B). While the
PfGST and PfGST:BA’s system global average trajectories are 2.25 + 0.75 and 3.20 £ 0.70
respectively, those of (apo-PvGST) is 2.25 + 0.50 and 30.50 + 30.00 (PvGST:BSP). For the PfGST
and PfGST:BA’s system, the trajectories reveal not more than 1.5 A fluctuations in the simulated
systems (Fig. 3A), an indication of well-equilibrated systems and that the data generated are
reliably usable for downstream analysis. This low RMSD fluctuation also reveals the stability of
PfGST:BA during the 500 ns simulation time. This is as low RMSD fluctuations indicate that BA
maintains a relatively stable conformation with PfGST. However, the high fluctuations observed
between PvGST and PvGST:TTMF systems’ Ca. RMSD (Fig. 3B) suggest that TTMF induces
significant conformational dynamics within the dimer interphase of PvGST. This is as the Ca
RMSD helps to extrapolate the ligand’s stability with respect to the proteins and their binding sites.
Although TTMF was stably bound to PvGST throughout the 500 ns simulation, it showed a higher
degree of motion in comparison with PfGST:BA.

Similarly, plots of the PfGST, PfGST:BA, PvGST, and PvGST:-TTMF systems’ side chain root-
mean-square-fluctuation (RMSF) values against the residue numbers based on the 500 ns
simulation trajectory data was made. This is to give the measure of the average atomic fluctuations
and thereby provide valuable information about the flexibility and dynamics of individual atoms
or residues within the systems. In Fig. 3C, the RMSF plot shows the typical GST residues 1-211
and 212-424 correspond to both protein subunits A and B respectively. Also, the side chain
fluctuations’ general profiles across the four systems and their sub-units were seen to be
comparable with little or no deviation in the protein-ligand complexes (Fig. 3C and D). compared
with their apo structures all through the simulation period. In Fig 3C, the Ca-RMSF pattern is
PfGST (black) and P/GST:BA (red), while in Fig. 3D the PvGST (green), and PvGST:TTMF (blue)
are represented. The significantly low Ca-RMSF values indicate that the proteins’ amino acid
residues are relatively stable and have minimal fluctuations around their average positions. This is
also an indication that these regions where BA and TTMF binds are structurally well-defined and

that both BA and TTMF maintain a stable conformation throughout the simulation period.
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Fig. 4. Analysis of the simulation trajectory showing (A) the Ca-RMSD of PfGST (black), PfGST:BA (red) and (B)
Ca-RMSD of PvGST (green), and PvGST:-TTMF (blue). Also, the RMSF of the side chains as a function of the 500
ns simulation time for (C) apo-PfGST (black), P/GST:BA complex (red), and (D) apo-PvGST (green), PvGST:-TTMF
complex (blue).

Furthermore, in view of the understanding of the need to analyze the interactions which are

essential for understanding the mechanisms of protein-ligand recognition, binding, and specificity,
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the protein-ligand interactions was monitored and presented in Fig. 5. This knowledge is
particularly useful in rational drug design, especially in the early stages Given that, the 500 ns
simulations summarized and monitored protein-ligand interactions reveals that a combination of
interactions namely hydrophobic and ionic interactions, hydrogen bond, and water bridges held
and stabilized the two ligands within the proteins’ dimer interphase. The hydrophobic interactions
(which occur between nonpolar residues of the protein and hydrophobic regions of the ligand)
played more role in the binding than the ionic (which occur between charged residues of the protein
and oppositely charged groups of the ligand) interactions. While the role played by water bridges
were significant, that of ionic interactions were insignificant in the binding and stability of BA

with PfGST (Fig. 5A) and TTMF with PvGST (Fig. 5B).

A
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Fig. 5. Amino acid side chains interactions and types of interactions stacked bar charts between (A) PfGST:BA and
(B) PvGST:TTMF, throughout the 500 ns simulation. The interaction diagram showed H-bonds are categorized into
backbone acceptor; backbone donor; side-chain acceptor; side-chain donor. Hydrophobic interactions are categorized
into m-cation; n-*; and other, non-specific interactions. The stacked bar charts are normalized throughout the 500 ns
trajectory. The images were obtained with the use of the Ligand Interaction Algorithm implemented in Maestro v13.0.

3.4. Molecular mechanics/generalized born and surface area solvation (MMGBSA)
Analysis

The integral role of binding energy involved in molecule’s interaction vis-a-vis the ligand-protein
interaction that takes place in a biological system is seen in the descriptive estimate of the
thermodynamics/energetics of the different components of the interaction energy that contribute
to the binding. In this regard, the MM/GBSA free energy binding of BA and TTMF to the
respective receptors PfGST and PvGST were then determined using the MM/GBSA algorithm
implementable in Schrodinger Maestro v13.0. The calculated MM/GBSA energy components of
the PfGST:BA and PvGST:TTMF interactions are presented in Table 2. The calculated AGping of
BSP towards PfGST and PvGST are similar, being -13.59 and -16.39 kcal/mol. This negative
AGhwing 1s indicative of the possibility of spontaneity in the binding reaction in both PfGST and
PvGST. With that in mind, this result also shows that the interaction of BSP with PfGST and
PvGST is thermodynamically favorable. The results also indicated that, although the gas phase

energy acted opposite to the solvation free energy, it however contributed chiefly to the overall
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AGhindg. In addition, the result also presents that the binding of BSP with PfGST and PvGST is

primarily brought about by van der Waals interactions.

Table 2. Calculated MM/GBSA energy binding of BA and TTMEF’s respective interaction with

PfGST and PvGST
Protein Complex Energy components (kcal/mol)
AEvaw AEele AEgas AEsol AGpind
PfGST —38.92 25.88 -0.19 0.60 —23.05
PvGST —21.40 -21.07 —29.76 35.82 —4.05
4. Conclusion

High-throughput virtual screening robustness as a computational tool to identify potential drug
candidates against specific protein targets was employed to screen for natural compounds
efficiently and reliably from vast libraries of compounds has been demonstrated in this research.
Despite the inclusion of bromosulfophthalein and ellagic acid (with reported efficient binding and
inhibitory activities against PfGST and PvGST) in the screened library, BA and TTMF showed
best binding respectively with PfGST and PvGST. This is as they both came out as compounds
with best top-scoring poses and with the lowest Glide Emodel energy values and docking score
while docked with PfGST and PvGST. This result showed that BA and TTMF are predicted to bind
tightly to PfGST and PvGST with lowest total energy associated with binding interaction. This is
desirable for drug discovery and design identifying BA and TTMF as promising drug candidates
as effective antimalarials targeting PfGST and PvGST. The results also showed that polar charged
amino acid residues involvement in the binding interactions were essential in improving the
binding affinity while also contributing to the specificity and stability of the bound complexes.
The respective Ca RMSD and Ca RMSF revealed that the regions where BA and TTMF binds are
structurally well-defined and that both BA and TTMF maintain a stable conformation throughout
the simulation period. This is significant in that the various results positioned the two natural
compounds as having better binding capabilities (than BSP and EA) to be explored as a potent
antimalarials. While these results needs to be empirically validated, it has however spotlighted BA

and TTMF for further studies as novel flavonoids to be developed as effective antimalarials.
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Chapter 7

Summary and conclusion of the study

There has been extensive research into the targetability of Glutathione S-Transferase (GST) as a
potential drug target in Plasmodium falciparum (PfGST) and Plasmodium vivax (PvGST). The
literature review put together in this study has insightfully and novelly provided the scientific
significance of targeting the inhibition of phase II detoxification enzymes in Plasmodium parasite vis-a-vis
in PfGST and PvGST. The significance and different approaches employed in targeting GST’s
inhibition in both Plasmodium falciparum and Plasmodium vixax, which are two most responsible
malaria causing parasites in Africa and Asia respectively, have been sufficiently presented in this
study. The PfGST and PvGST enzymes was successfully and recombinantly overexpressed and
purified to high purity, thereby making the suitable for the various biophysical characterizations
carried out in this study. All techniques employed in this study were according to standard

protocols previously reported and are done with reproducibility quality in view.

The effective management and drug treatment of malaria using glutathione-conjugation and
biotransformation enzyme inhibition pathway, vis-a-vis the binding by antimalarial drugs, has not
been fully explored till date. This study, therefore, systematically characterize PfGST and PvGST’s
ligandin properties towards artemisinin, artemether, artesunate, amodiaquine, lumefantrine,
mefloquine, and pyrimethamine. While various characterizations techniques employed in this
study show not all the antimalarials used in this study are glutathionylated, all are however
biotransformed by PfGST and PfGST. This result is not totally unexpected given the reported
inefficiency and resistance associated with the antimalarial drugs. This result therefore led to the
search towards the discovering potent drug candidates that could be positioned as an alternative
effective antimalarial. Given that background, a first time insightful and novel description via an
empirical and computational modelling studies of the ligandin ability of bromosulfophthalein
(BSP) towards PfGST and PvGST was there carried out in this study. Through the systematic
integration of different biophysical techniques and computational modelling studies, the study
shows BSP’s ability to tightly bind and inhibit Plasmodium falciparum GST (PfGST) and
Plasmodium vivax GST (PvGST). This result further reveals BSP’s excellent ability to disrupt
both target’s detoxification ability and also reduce their antioxidant capacity. This result ultimately

positions BSP as a potent antimalarial having critical features expected of an effective antimalarial.
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In the face of natural compounds’ vis-a-vis flavonoid’s pharmacological effects as antiplasmodial,
with potentials explorable as likely scaffold towards the development of new antimalarials, this
study further explore a high-throughput virtual screen to probe a large library of flavonoids for
potent compound. Hence this research computationally screened and probed baicalin (BA) and 5,
7,3'-Trihydroxy-6,4',5'-trimethoxyflavone (TTMF) as potential inhibitor with improved binding
and inhibitory ability than BSP against PfGST and PvGST respectively. Both Baicalin and 5,7,3'-
Trihydroxy-6,4',5'-trimethoxyflavone results validated their reported antioxidant properties, which
help mitigate the oxidative stress induced by Plasmodium infection. This additional therapeutic
benefit will contribute to their overall antimalarial efficacy. Given these reported mechanisms of
action and the results obtained in this study, flavonoids indeed represent a promising class of
compounds for developing new antimalarial drugs, particularly in the face of growing drug
resistance. Justifiably, the attention as potential antimalarial agents due to their significant
effectiveness against the Plasmodium parasite has been scientifically proven. These naturally
occurring polyphenolic compounds, commonly found in various plants, have unique biochemical
properties that disrupt the malaria parasite's life cycle, making them promising candidates for
antimalarial drug development and need to be positioned as future antimalarial.

The systematic integration and use of empirical and computational studies to investigate protein-
ligand interactions is critical and has proven effective in this study in the search for effective
antimalarial treatments. These approaches provide complementary insights that significantly
enhance our understanding of how potential drug candidates interact with specific protein targets
within the malaria parasite. The empirical methods provide detailed insights into the binding
affinities, kinetics, and structural conformations of the protein-ligand complexes. By empirically
determining/affirming the binding site and interaction strength, the study assesses the potential
efficacy of the ligands as antimalarial agents. Additionally, these studies help identify key amino
acids involved in the interaction, validating the design of ligands with improved binding efficiency
and specificity. On the other hand, the computational studies employed in this study with advanced
algorithms and simulations, help predict and analyze protein-ligand interactions on a molecular
level. Techniques like molecular docking, molecular dynamics simulations, and molecular
mechanics/generalized born solvent area (MM/GBSA\) calculations offer valuable insights into the
dynamic behaviour and energetics of these interactions. High throughput virtual screening allows

for the screening of large libraries of compounds rapidly, predicting their binding modes and
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affinities before empirical testing. This combinatorial approach will, in no doubt help accelerate

the drug discovery process by focusing experimental efforts on the most promising candidates.

Conclusively, the following probable inhibitors discovered in this study, namely BSP, BA and

TTMF, need to be further investigated so as to be validated as antimalarial.

Limitation of the study

Despite the successful completion of this study, the following limitations are however worthy of

note and they include

a.

Unavailability of the synthesizable flavonoid compounds (BA and TTMF) from
MedChemEXxpress as at the time this study was nearing completion. This led to inability to
empirically validate the results of the HTVS and MDS results component of the study.
The insufficiency of time to solve a crystal structure of BSP complexed PfGST. While
preliminary attempts showed successful crystallization and diffraction at 1.7 A resolution,
however the data collection were not as good as expected.

The lack of time to crystalize and solve for the first time, the crystal structure of PvGST.
This is as no crystal structure of PvGST has been deposited in the Protein Data Bank as at

the time of submitting this study for examination.

Future Perspective.

The limitations itemized above form the basis for the work to be carried out relating to this study.

This will include

a.

Empirical studies through biophysical characterizations to validate BA and TTMF’s ability
as an effective inhibitor of the functionalities of the ligandin properties of PfGST and
PvGST.

Putting together the systematic integration of the empirical validation of (a) above with the
theoretical studies already carried out, and submit the important findings as manuscript for
publication in a peer-reviewed journal

in vitro, in vivo, and ex vivo studies will be conducted to ascertain the efficacy of these

three identified compounds on malarial cell and animal models.
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d. Based on the study's results, some of the compounds may be derivatized from theoretical
chemistry perspectives to give compounds with better pharmacokinetics and
pharmacodynamics properties.

e. Crystallization of BSP complexed PfGST, Apo PvGST and complexed with any other

discovered ligands.
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